WO 03/ 025993 PCT/ US02/ 26158 -1 PLASMA CURI NG PROCESS FOR POROUS LOW K
MATERI ALS This invention relates generally to a process which is enpl oyed
in 5 manuweaaBeimgy sem conductor chips. Mre particul arl ypcrhesoz/eeaent i on
relates to a process for inproving the structural properties of certain
porous materials that are wutilized as integrated circuit (1C) dielectrics.
New materials with low dielectric constants (known in the art as "lowk -
dielectrics") are being investigated T6r their potential use as insulators
in 10 sem conductor chip designs. A low dielectric constant material aids
in enabling further reductions in integrated circuit feature dinensions.

The subst ance REABMACLURING RRACEHSS FOR PORGUSEOW-KaMATERIALS .

Therefore, porous dielectrics are very pronm sing candi dates since they
have the potential to provide very |low dielectric constants.
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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 ceramic coatings by heating tetraethoxysilane in the
presence of ammonia. This reference teaches the use of anhydrous ammonia and
that the resulting silica coatings are nitrided.

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 to

aqueous quaternary ammonium hydroxide and/or alkanol amine compounds. Jada



aqueous quaternary ammoni um hydr oxi de and/ or al kanol am ne conpounds. Jada
WO 03/ 025993 PCT/ US02/ 26158 -2 requires that the coating be dried prior to
heati ng. woompecifically limted to hydrolyzed or par Pcalusy2/bods ol yzed
silicon al koxides. U S. Patent Nos. 5,262,201, to Chandra et al., and
5,116,637, to Baney et at., teach the use of basic catalysts to |ower the
tenperature necessary for the 5 conversion of various preceramc materials,
all invol ving hydrogen sil sesqui oxane‘,z't 0 ceramc coatings. These
references teach the renoval of solvent before the coating is exposed to
the basic catalysts. U S Patent No. 5,547,703, to Camlletti et at.,
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constants. The nmethod conprises depositing a coating on a substrate wwth a
sol uti onc%rgﬂjd?'i sing a resin containing at least 2 Si-H groups and a sol vent

in a U.S. Patent No. 5,523,163, to Ballance et al., teaches a method for forming

15 Si-O containing coatings on substrates comprising heating a hydrogen
silsesquioxane resin to convert it to a Si-O containing ceramic coating and then
exposing the coating to an annealing atmosphere containing hydrogen gas. The
resultant 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 dissolved in saturated alkyl hydrocarbons
useful for forming thick ceramic coatings. The alkyl hydrocarbons disclosed are
those up to dodecane. The reference does not teach exposure of the coated
substrates to 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 to an environment comprising a basic
catalyst and water. Finally, the solvent is evaporated from the coating to form a

porous network. If desired, the coating can be cured by heating to form a ceramic.



manner in which at |east 5 volune % of the solvent remains in the coating
after 30 deposition. The coating is then exposed to an environnent

conpri si yoasbawpx catalyst and water. Finally, the sol vertr/uissz/saspor at ed
fromthe coating to forma porous network. |If desired, the coating can be
cured by heating to forma ceramc. WO 03/025993 PCT/ US02/ 26158 -3 Fil ns
made by this process have dielectric %nstants in the range of 1.5 to 2.4
with an elastic nodul us between about’"2 and about 3 GPa. As was descri bed
in US. Patent Application Serial No. 09/681,332, entitled "PLASMA CURI NG
PROCESS FOR POROUS SILICA THIN FILM and 5 incorporated herein by
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cured to produce a plasnma cured porous dielectric nmaterial having a second

di el ect rinaterimis hawingwhiovhdieleatiimrpamnsibhicandan énpvest @astihenedulus. fihest
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greater édi%%aﬁthﬁaflihfﬁé fiflst brashia s ags, i haangarfsl fnt ardwessBaierent theequal
to and 25 slightly l'ess than, such as a second dielectric constant which is
0. 0519 esRoroRgKliglpetric material is not a porous methylsilsesquioxane-based dielectric
material. By “methylsilsesquioxane-based dielectric material” we mean a dielectric
material that comprises 100% methylsilsesquioxane resins, and not a mixed
methylsilsesquioxane/hydrogen silsesquioxane dielectric material, or any other
mixed dielectric material which includes less than 100% methylsilsesquioxane
20 resins. The porous dielectric material is plasma cured to produce a plasma cured
porous dielectric material having a second dielectric constant which is comparable to
or greater than 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. By “comparable to” we mean both equal to and
25 slightly less than, such as a second dielectric constant which is 0.05 less than the
first dielectric constant. The increase in elastic modulus is typically greater than or
about 100%, and more typically greater than or about 200%.
The plasma cured porous dielectric material can optionally be post-plasma
treated fo provide a post-plasma treated, plasma cured porous dielectric material
30 having a third dielectric constant, having a third elastic modulus, and having a third
film hardness. Post-plasma treatment of the plasma cured porous dielectric material

in some cases reduces the dielectric constant of the material while maintaining the
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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 to the
deposition of coatings on electronic devices or electronic circuits where they can

25 serve as interlevel dielectric layers, doped dielectric layers to 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 limited 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 invention

can be used on substrates such as plastics including, for example, polyimides,



The process of the present invention is particularly applicable to the
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material is the porous network coating disclosed in U S. Patent No.
6, 2315 gguse withdipe present invention are available from Chemat Technology, Inc.

(Northridge, CA) and JSR Corporation (Tokyo, Japan).

The production of typical porous dielectric materials for use with the present
invention is well known in the art. One method of making such a porous dielectric
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.



20 is incorporated herein by reference for its teaching on how to produce
porous dielectric materials having ultra |Iow dielectric constants. The
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ampl es of substituted groups include CF3 CF2) nCH2CH2, where n 0- 6.

15  propyl, butyl, and the like, with alkyls of 1-6 carbons belng typlcal Examples of
alkenyl groups include vinyl, allyl, and hexenyl. Examples of aryls include phenyl.
Examples of substituted groups include CF3(CF2),CH>CH,, 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)x(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(CF,),CH,CH,, 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=11to
3,and x +y + z = 3. These resins may be essentially fully condensed (HSiO3/2),
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 ladder-type, cage-type, or mixtures



Useful in the present invention are various hydridosil oxane resins, known
as hydrogen silsesqui oxane resins, conprising units of the formul a

HSi (OH) X(voBopeep2. 20 In this fornula, each R is indepeacadarsnt/gsisel ect ed
fromthe group consisting of alkyl, alkenyl, or aryl groups, or alkyl,

al kenyl, or aryl groups substituted with a hetero atom such as a hal ogen,

nitrogen, sulfur, oxygen, or silicon. anpl es of al kyl groups are nethyl,
et hyl, propyl, butyl, and the |like, with al kyls of 1-6 carbons being
typical. Exanples of al kenyl groups include vinyl, allyl, and hexenyl.

Exanpl es of aryls 25 include phenyl. Exanples of substituted groups include
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t t i i ni ngat least 2 Si- i te it ed.
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m xt ur esghQp83/ 025993 PCT/ US02/ 26158 -7 thereof. The HSQ resins may
cont ai n endgroups such as hydroxylséaroups, triorganosil oxy grou
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conprising hydrolyzing hydridosilanes in an arylsulfonic acid hydrate
hydr éﬁyswgiqlw ithen centestad with @gieutralizing agent.
Other hydridosiloxane resins, such as those described in U.S. Patent No.
4,999,397, to Weiss et al., and U.S. Patent No. 5,210,160, to Saive et al., those
produced by hydrolyzing an alkoxy or acyloxy silane in an acidic, alcoholic hydrolysis
medium, those described in Japanese Kokai Patent Nos. 59-178749, 60-86017, and
20 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, fo Mine etal. A
typical fraction comprises material wherein at least 75% of the polymeric species
25 have a number average molecular weight above about 1200, and a 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 contain other components as long as these
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.
Ceramic oxide precursors may also be used in combination with the Si-H

containing resins. The ceramic oxide precursors useful herein include compounds
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Sasaki. The Si-H containing resins are applied to the substrates as sol vent
di sper siisaprapyl alsohok acomatia gydiocarmnsubech asdepzeneior éxduengdaaneled or
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wi t hout aikéRed,isightdienhepidrid, d8deeatd, i tefradddtheS ke®inea! SuchTasafethyl vents
can include al cohols, such as ethyl alcohol or isopropyl alcohol; aromatic

hydr dearisebstyl ketoReassteesi athersosuchvas eheol eingngadinger or cyclic siloxanes,
such as hexamethyldisiloxane, 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 more typically from about 70 to about 95 wt%,
based on the weight of the resin and 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 %
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15 isooctyl alcohol, propylene glycol, dipropylene glycol monomethyl ether, diethylene
glycol diethyl ether, dimethyl sulfoxide, 2,5-hexanedione, 2-butoxyethanol acetate,
diethylene glycol monomethyl ether, 1-octanol, ethylene glycol, Isopar L™,
dipropylene glycol monomethyl ether acetate, diethylene glycol monoethyl ether, N-
methylpyrrolidone, ethylene glycol dibutyl ether, gamma-butyrolactone, 1,3-

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

25 ether, diethylene glycol dibutyl ether, diphenyl 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.
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Examples of the amines that may be used herein include methylamine,
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, etc.

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
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15 functional herein. It is also contemplated that methods, which generate basic
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 to 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 dielectric 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



hydr oxi de solution. 5 The SiH resin coating is typically exposed to an

envi ronnment conprising the basic catalyst and water in the vapor state,
nore typiwalosy2zeeioni a and water vapor. For instance, thec®udorzash coated
substrate may be placed in a container and the appropriate environnent

I ntroduced therein, or a streamof the basic catalyst and water may be
directed at the SiH resin coating. 10, The nethod used to generate the basic
catal yst and water environnment is génerally not significant in the present
enbodi nent. Met hods such as bubbling the basic catalyst (e.g., ammonia
gas) through water or anmoni um hydroxi de solutions (to control the anpbunt
of wat erbasapoatapst asdtyatehealutiong. & bdditioncecuiuys infiltrationamay alssy be headi ng
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15 for the time necessary to hydrolyze the Si-H groups to form silanols (Si-OH) and for
the silanols to at least partially condense to form Si-O-Si 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 limited 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 % of the



basi c catal yst and water solution. In addition, vacuuminfiltration may
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exposed to one, of the above envifonnents, the solvent is. 25 then renoved
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starting matgr'tal . 30é_$"rg)orous nﬁtwork coating") in the present invention.
In a typlEAFOYIBRNRR AIAEPORIERIEEONE IS5bus net work coating, a substrate is

coated with t{es Spatdne N¥sabPI2H24, 6,359,096 and 6,313,045, and U.S. Patent
15  Application Serial No. 425,901 to Zhong et al., which are hereby incorporated herein
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 to 60 mol % of an organosilane described by formula R’SiX3,
where R’ is an hydrogen or alkyl group containing 1 to 6 carbon atoms, and 15 to 70
20 mol % of an organotrialkyoxysilane described by formula R”Si(OR™)3, where R” is a
hydrocarbon group compromising about 8 to 24 carbon atoms or a substituted
hydrocarbon group compromising a hydrocarcon chain having about 8 to 24 carbon
atoms.
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 porous

coatings made from silicone resins having the general formula
(R1SiO3/2)X(HSiO3/2)y where R1 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

30 above-referenced patent application further provides the following description of a



resin and solvent in a manner which ensures that at |east about 5 volume %
of the WD 03/025993 PCT/ US02/ 26158 -13 solvent remains in the coating. The
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formul a RE4rdRos)tion ovhihecallyy/l dhgirg u ha@lamawe)oﬁo grtop7;00hps aniatuagf (abQut 8
to 24 carbon atons or a substituted %/dr ocar bon group conprom sing a

hydr 8@ arledhbcra hShevt Adasirovalug of §- thtc@/paRd Uat ¥rsW *Z S 1.Pat ent
Application Serial No. 09/951,819 entitled "SILICONE RESINS 25 AND POROUS
MATERI ALS PRODUCED THEREFROM', to Zhong, filed Septenber 12, 2001 and

her eby i ncor por at e@tdpet eiAvesin $zﬁﬁ§l‘e&ma§pr@tia$edj @y&mmﬁiﬂnmgs coati ngs nade
fromsilicone resins havi n t he a}hera (R Si O3/ 2)x(HS| B/ 2)y

where Rl is a‘PPrHPRW”tér(ﬁ*Qrd ain (Ebaﬂ&j(é:élaﬁdjr?s&f'@ﬁ% befaygin the

amounts described in Table 1 of the above-referenced U.S. patent
15 application:
(A) 0.45 mole parts of triethoxysilane,
(B) 0.25 mole parts of an organotriethoxysilane, RSi(OR’)3
where R is 3,7,11,15-tetramethyl-3-hydroxy-hexadecyl,
(C) 0.30 mole parts of tetraethoxysilane, and
20 (D) a mixture of methyl isobutyl ketone (MIBK) and isobutyl
isobutyrate (6:4 weight ratio), enough to make the concentration of the
resulting resin 9%.
To this mixture was added a mixture of (E) water and (F)
hydrogen chloride in the amounts described in Table 1 of the above-
25 referenced U.S. patent application. The resulting reaction product was
stripped of volatiles under reduced pressure at 60°C until the solid
content became 14 to 21%. Isobutyl isobutyrate was added to make
the solid content 14%. The solution was then heated to reflux for 2
hours and water produced was removed continuously. The solvent
30 was then changed to cyclohexanone by stripping off isobutyl

isobutyrate and adding cyclohexanone.



coatings produced therein have a dielectric constant between 1.5 and 2. 3.
The 30 above-referenced patent application further provides the follow ng
descri pt iwo 00/02399300 03/ 025993 PCT/ US02/ 26158 - 14 porous [PomAlsot2@b®ectric
coating made in two steps froma resin with a fornula of

(R Si0312)x(HSIi O3/ 2)y where Ris 3,7,11, 15-tetranet hyl - 3- hydr oxy- hexadecyl .
U. S. Patent Application Serial No. 094,?951, 899 entitled "SILICONE RESI NS AND
POROUS MATERI ALS PRODUCED THEREFROM' o Zhong, filed 5 Septenber 12, 2001
and hereby incorporated herein by reference, discloses porous coatings
made from silicone resins having the general fornula

(R1Si @3/ 2) u( HSI G3/ 2)v(Si &4/ 2) w( HOSI @B/ 2) z Wnere Rl is a branched al kyl

group having 8 t bon at ns_cont t l. one -

el ectron-w t hdr aW| gf aEIBe ﬁs“ﬁ n%@%‘éﬁ? uﬁ o '@%%%'Wép %rlltf?ﬁ'hcgﬁai n; u has

a val ue of O.dafefs Qun?ablé’ forafielRcHR wsﬁént%éé’&ﬂr@nieﬂ(s hd cOrlin a

wt+zhasaval ueof 0. 15t 00. 7; andu+v+w+z=1. D;) 1. Aresin sanple was prepared
e

by conbi ni ng NikeapdAewal 4485 C fpry houp) Th@ |e@‘E)3 copgftant Masas descri bed
bel oy in the Mﬁsasd ? AI%‘?ﬂ%ﬁM a[%%ui] Tfttl{brels@ﬁ%\()%’[éc?fﬂﬁ{seﬂﬁ% d us.

pat en 15 app |cat|on hoxysi ['ane B) 0.25

mol e parts ofbeacewigaited WIthtm@ema ianaliae, U‘R&s(si@t:éo) procebsg® R is
3,7,11, 15-t et ranet hyl - 3- hydr oxy- hexadecyl, (C) 0.30 nole parts of
tetraet hoxysilane, and 20 (D) a m xture of nethyl isobutyl ketone (M BK)

and isobutyl S“F‘%ﬁéﬂtrﬁée]ﬂl %ﬁbﬁs&iagmo. 8%91 89 {?)C’Ml%u{gﬁ e'i"%i(ewh,&

concentration of ting resin O this mxture V\iasa d8d a

m xt ur e hedrebEjnosap@atechbereh) by mgibremsn diddlarasdmwrouns thatirgoiiomnsedmscr i bed i n
Table 1 of the above- 25 referenced U. S. patent application. The resulting
r eactQ@ orcontaidingt (RE© 3R Bisesi2 iR Si6)3)iresins withseine Iadmee@llml @5 bavng60C
until the solid content becane 14 to 21 % | sobut | sobutyrate was added
to make 1 {he caariatent ena hydwgeniosy IRids arbrm@wetcﬁ@lhoneatw arsl Refs ax for

2 substituted or un-substituted linear, branched, or cyclic monovalent organic group
having 6 to 30 carbon atoms.

U.S. Patent Application Serial Nos. 09/915,902 to Albaugh et al. and

15 09/915,903 to Boisvert et al., which are hereby incorporated herein by reference,
disclose porous coatings made from resins of the formula TRTR’ where R is either a
methyl or hydrogen group and a R’ is a branched alkoxy group.

Although porous dielectric materials having low dielectric constants are
desirable, it would be advantageous to have a porous dielectric material with a

20 higher elastic modulus and film hardness.

In order to raise the elastic modulus of the porous dielectric material, it is
exposed to a plasma cure. The plasma cure can be done by radio frequency (RF),
inductive coupled, RF capacitive coupled, helical resinator, microwave downstream,
and microwave electron cyclotron resonance (ECR) plasma. The plasma curing

25 process improves the mechanical properties of the porous low-k dielectric material,
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 plasma

30 cured.
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



hours and water produced was renoved continuously. The solvent 30 was then
changed to cycl ohexanone by stripping off isobutyl isobutyrate and addi ng
cycl ohexawora/023983 03/ 025993 PCT/ US02/ 26158 -15 Step 2. TIireTrussubdlshg resin
sol ution was spin-coated onto silicon wafers suitable for dielectric
constant measurenents and cured in a nitrogen flow at 440C for 1 hour. The
dielectric constant was 5 neasured as,1.9. Alternatively, the curing of the
spin-coated films nmay be accel erat ed'®i th pl asma and/ or WV assi sted
processes. U. S. Patent Application Serial No. 09/915,899 to Al baugh et al.,
which is hereby incorporated herein by reference, discloses porous

coat i ngProcesn pressuese tlel\:\tﬁmt@boutﬁgTQrRShdiﬂbZ))JQ rROSiams/ EX@RD&S@%ZPIC%Q ns

wherein Ris an a r Vi n C ato or._a hydrogen atom
Rl e o Bk Platta e St ter 200 fm SRHE plb HeR AR TR E L o
| i near, gaigpched, or cyclic nonoval ent organic group having 6 to 30 carbon

atons. U. S. Patent Application Serial Nos. 09/915,902 to Al baugh et al. and
15 09/915, 903_to_tBO| svert et aI , Whi chare hereby |ncorporat ed here| n by

reference, d Mo _Hor-ous—coat--hRgs—AES d NP E TRTR
where R is ei P' ' "ﬁg al koxy
group. Altho eg ¢ IJ;I € ooRpst ant s

S 143 o §
are desirablg amﬂ . be advantageong 9%9@%@ a porous dis &eLldsC
mat efgal wt fPlema?@as ég er elastic modyngcred il m har dneggy, dryoyrder to
rai se the el agHi plowpadt: us of the porousodueboaktmi ¢ materi alg- nooo@smﬁwposed
to a plasma ocwrpw Adte pl asma cure can he-dotoschy radi o fregoenopod Kicin,
i nducti ve coujH,ethyw Hffe:capaci tive coupl=ed;-4b@sdcoal resi nat or 0 —rtDed emve
downstream and mi crowave el ectron cyclotron resonance (ECR) plasnma. The
pl ashm curi ngTI%ellasﬁcemummaodéknhaedm@srm‘rthewlaqmn@peretd payous di¢lectpior ous
| ow k dielfclg5 I ncr easi i Pa &h nEness(ghile inpt?jning
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typical phRSER THE fiBaBe QLRSS eldshe nYst s isshétiweeklabdueatdPararmd aB@id
3.5 GPa when the dielectric 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
20 than or about 200%. Typically, the elastic modulus of the plasma cured porous
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
25 material is greater than or about 0.25 GPa, and more typically between about 0.25
GPa and 0.8 GPa.
The plasma cured porous dielectric materials of the present invention have
improved chemical stability and improved dimensional stability. By improved
chemical stability, we mean that the porous dielectric materials are more resistant to
30 chemicals, such as cleaning solutions and chemical polishing solutions, and plasma
damaging during photoresist ashing and dry etching processes.
In addition, the plasma cure significantly reduces or eliminates the outgassing
of oliomeric polysilica and other substances from the porous films. However, plasma
cure can for some low-k materials, generate a notable amount of polar species in the
35 film.
The plasma cured porous dielectric materials can optionally be post-plasma

treated using any type of thermal and/or UV and/or plasma exposure to reduce the



tenperature ranp-up step to the desired tenperature, and the wafer is
plasma 30 cured. The exact conditions for the plasma cure depend upon what
type of pwesnm2s9esre i s being used. Typically, the porousPdiraiSev2dsg
material is plasma cured at a WO 03/025993 PCT/ US02/ 26158 -16 process
pressure between about 1 Torr and about 10 Torr. Exanples of typical

m crowave plasma cure conditions for 0 mm and 300 mm wafers are shown

bel ow. 5 Condition 200 mm system 300 mm system M crowave Pl asna Power: 500
W- 3000 W500 W- 3000 W Wafer Tenperature: 80C - 350C 80C - 350C
Process Pressure: 1.0 Torr - 4.0 Torr 1.0 Torr - 5.0 Torr Plasma Cure
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por ous diel ectric materials are i ncreased as conpar e ur nace

dtoaf
(t her mal $4oh asipkd tgypPelAiu of ketweep abet 4PPHP andirboul AR ce feiublwesnast i ¢
nmodul s | . a ] [ Ll C
const%nté$%&g’;g¥§m£d;% Qﬂﬁé%ﬁa@gg @ﬂ?g&?%ﬂ\?ee g“&%sg??’h%“@g? P% nl?rré[;(gﬁ%lﬁs S
t%pi cal |iyxv©lwesfaﬁhelta1h@gjlthn;]p@blnm cdr@ﬁ%o(;anlnwldm:e]fcﬂri% yrmtfrzkjalbyn gr%’fjiémnﬁéai han or
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i s typi clithbyand eadled totedout 00RO oD, AP may Inpt bemecessanyhaisdnmess of
t he %;gsrra cured porous dielectric 25 material is greater than or about
0. 25 1@pa2PRIGAYRRS-e t ypi cal |y between about 0.25 GPa and 0.8 GPa. The

plasma cured ppsieaioplratisg chhéitiBRs fr the RAP prb&ed fre&how @BV, on have

Ramp rate: 15 - 150°C/sec

Wafer Temperature: 150 - 450°C

Annealing Time: < 120 seconds
15 Process Pressure: atmospheric

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 elevated
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, Na, Ha, Ar, He, CxHy, air, and mixtures
thereof, may be utilized for different applications. UV generating bulbs with different
spectral distributions may be selected depending on the application. The wafer

25 temperature may be controlled 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 mW - 320 mW

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

Purge Gases: Ha/N2/CxHy/O2



I mproved chem cal stability and inproved di nensional stability. By inproved
chem cal stability, we nean that the porous dielectric naterials are nore
resi st antwom3@gsdgheni cal s, such as cl eani ng sol uti ons andPcharsnzadiss
polishing solutions, and plasnma damagi ng during photoresist ashing and dry
etching processes. In addition, the plasm cure significantly reduces or
elimnates the outgassing of olloner g polysilica and ot her substances
fromthe porous filns. However, plasni cure can for sonme lowk materials,
generate a notabl e amount of polar species in the 35 film The plasma
cured porous dielectric materials can optionally be post-plasma treated

usi ng any typh fairth typenefl pastglasmatreaimienirthpt eamhe aispddavavestheeduce t he WO

03/ 025993 PCT/ USP2/ 26158 - 17 di el /
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const ant | asma cured porous dielectric material is annealed at a

t ypi cal th@rﬁi@?'“a@ Gueeq eorwwehepﬁlcgﬁ@terﬁl ifePlagia teripd @t ePrapetn Pregse e
However, | o] VALY -
oper at i ng con |°(r)]u(ri:ts1 ‘f%?rr gﬁ ﬁ éﬁéxngo%ézsg?aarpé ﬁ@v%blgéf%gv%a aarrp t§§[p OSt
150C/ seCpIernertré'e&nmit avnditiond & 200D Candidd@ahimyafErsere shaa@n bebaends 15
ProcE@s Pressure: atnospheric Athird type of post-plasma treatnent that
can used i vo(]I es the exposure v spen@srra cured39@'rn ' I ectric
materials to -'v'c_u,- oJary: EV3 TRIITN
post - pl asna .
purged with nplobRgeResSliredr gon to ahloomrrthen ¢ r adi at i on. otmrrem(erort he

15 Plasma Treatment Time: < 90 seconds < 90 seconds
Plasma Gases: Ha/No/CF4/O4/Ar/He/CH, Ho/No/CF4/O,/Ar/He/CH,
NoH, Flow Rate: >0 —4000 sccm >0 - 10,000 sccm
O, Flow Rate: >0 —4000 sccm >0 -10,000 sccm
CF, Flow Rate: >0 —-400 sccm >0 —1000 sccm
20 Ar Flow Rate: >0 — 4000 sccm >0 —10,000 sccm
He Flow Rate: >0 —4000 sccm >0-10,000 sccm

The dielectric constant of the post-plasma treated, plasma cured porous
dielectric materials is reduced as compared to the plasma cured porous dielectric
25 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,
film hardness, hydrophobicity, and dielectric constant, as well as the Si-H, Si-OH,
and/or Si-CHs contents of the porous low-k film. Different partial conversion
conditions are achieved by utilizing different plasma cure cdnditions, 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%.



process chanber with m ni mal spectral absorption. The process chanber is
purged separately and process gases, such as 02, N2, H2, Ar, He, C, eHy,
ai r, and wDxBw02®33 thereof, may be utilized for different PappiSovatisons. UV
generating bulbs with different spectral distributions may be sel ected
depending on the application. The wafer 25 tenperature may be controll ed
ranging fromroomtenperature to 450% and the process pressure can be
| ess than, greater than, or equal to 'atnospheric pressure. Exanples of
typi cal post-plasnma UV treatnent conditions for a 200 mmwafer are shown
bel ow. UV Power: 0 mW- 320 miW 30 Wafer Tenperature: 100C - 450C Process
Pressure: <, Irprder that thedhvergjsmemiay beoRureadily maderstgod, reéarenes isPur ge

post - pl Fte to BaalminoremRe Ran GO A THopiod L et e eIt Bt 1 arma

cured pepPhsitdhesespsiiserdBi.erials to a second plasma condition at el evated
tenperatures. In a typical plasnma-assisted post-plasma treatnent, process
gases, such as 02, N2, H2, Ar, He, CXHy, fluorine-containing gas, 5 and

m'xtgsre t herreqf, may be utilized for different applications. The wafer
tenp ragﬁé@%ﬁ& be controlled ranging fromroomtenperature to 450C.

Typically,  tAgoRuddown-icdictstime matisrial ivitres compositioardfapprexiplatelpd % r eat ed
at a process pressure between about 1 Torr and aboyt b}% Torg)ci' gg]anpl es of
t ypi cal MPRswsiInaRd 86%HEE tesinfragrRowreaininthEomaraion Glidlang, Midatm and

300 nm wafer : iy pelalepy m
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gas flows of 2000 to 3000 sccm, CF4 flows of 0 to 100 sccm, pressures of 1.0 to 4.0
Torr, microwave powers of 500 to 3000 W, and temperatures ranging from 150 o
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
90 285 p 1800 | 2000 CF4
THICKNESS DATA Reflective Index
Process o} CF4 |Before| After | A | Before | After{ A |E (GPa)| Contact
Cond. RAP RAP RAP | RAP Angle (°)
1 3.5| 100 4312 3909 -403] 1.193} 1.195| 0.002 8.2 97
2 4 100 4237 3936|-301| 1.193| 1.198| 0.005 7.1 109
3 3 10 4311 3649(-662| 1.190| 1.241] 0.051 12.5 69

25



N2H2 Fl ow Rate: > 0 - 4000 sccm> 0 - 10,000 sccm 02 Flow Rate: > 0 - 4000
sccm> 0 - 10,000 sccm CF4 Flow Rate: > 0 - 400 sccm> 0 - 1000 sccm 20
Ar Fl ow Rai0®#3/025983 - 4000 sccm > 0 - 10,000 sccm He Fl ow ReCce/uss2/2158 4000
sccm> 0 - 10,000 sccm The dielectric constant of the post-plasnma treated,
pl asma cured porous dielectric materials is reduced as conpared to the

pl asma cured porous dielectric 25 materials. The dielectric constant of the
post-plasna treated, plasma cured porolis dielectric materials is typically
bet ween about 1.1 and about 3.5, and nore typically between about 1.8 and
about 2.4. For sone applications it is desirable to utilize the plasma for
a parti &xanggaver si on of the porous lowk films. The partial conversion

process allo to 3Q cantrol .the teri.al. t 0f ow k
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are shown in Table 2 below.
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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

rangi ng fwormaz®93 o 300C. The rapid anneal process (RAP) PETA[somadss
performed at tenperatures ranging 15 from 400 to 450C in a nitrogen
environment for up to 120 seconds. Successful plasma curing results have
been obtained from (i) blanket porous,Jowk thin filns wth thickness

rangi ng from 4000 to 15000 A, and (i T% “patterned porous lowk structures.
Typical material properties of the porous lowk dielectric constant filns
that 20 have been plasma cured are shown in Table 1 belgw. Table 1. 5% MSQ
I 95% HEbledt hesganig-Qcopniceybrid Preagen Gerprated Reyeys iovn MatariahRlagmag)

Char act Bracess €ondlitians. andhMateriat GhaeacterisdicsEG cE4 M N 285 X 2000 CF4 90
285 p 1800nR000 Cremp TH| CRIMESSreOATA Rewpect | ve Fdex Pro&kds pl CF4 Before
After () BulNre| Aitdr A E (GPha) ContactX Congd. RAPORAP| RAPIRAP iAngle () 1
3.5 100 43P 3909 T403 1.193p1.195 0.18302 8.2 978009 4 100 #P37 3936 -301
1.193 1.198 0.005 7.1 109 3 3 10 4311 36491-6621 1.190 1.241 0.051 12.5 69
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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, (i) furnace anneal at 200°C for 30
minutes, and (iii) 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.I. |Modulus | Hardness | Thick- R.I. | Modulus | Hardness k
ness ness
1130 minutes 9331 1.248 2.4 0.26] 10176|1.2012 2.6 0.32] 2.436
at 200°C
2{30 minutes 9445| 1.240 2.5 0.30 8365|1.2771 3.1 0.34| 1.951
at 400°C
3|2 minutes at 9516| 1.239 24 0.29 8853]1.2418 3.2 0.33] 1.990
450°C
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1.0to 4.0 Torr, mcrowave powers of 500 to 3000 W and tenperatures
ranging from 150 to 350C. 10 Successful plasnma curing results have been
obt ai ned Woogiokdsanket porous lowk thin films wth thi ckir€TgaS02/26158
approximately 12,000 A. Typical material properties of the porous |ow
dielectric constant filns that have been plasma cured are shown in Table 2
bel ow. 15 WD 03/ 025993 PCT/ US02/ 26158,,,-21 Tabl e 2: Inorgani c-Organic

Hybri d Porogen Generated Porous Low I@%?ateri al Plasma Process Conditions
and Material Characteristics. Tine Tenp Pressure Power FG CF4 MN T X 3000
10 60 T p 1800 3000 10 THI CKNESS DATA Refl ective Index Process p T Before
After BdExamplaf4er k E Contact Cond. Plasma Plasma Plasma Pl asma ( GPa)

1923 1. 200 9ol EAtOEhbalEt dufelools for) iy Gt e 7,
180 1190R/iQRH, MIPREs bedf plabmi® cdredl With ciiffdret pdrti@itcdhv@rsion conéitien) Ard
Subsequent annealing of the filnms may further increase the elastic dul us

and fi | rivegligriaision (i 9 ) dewnstreain dlasroa agher Was utilizrd. jut iynet hmigagite théineal
Processi - at £ I i Cf 30
m nut%s,&gﬁdg?ﬁl}”lr% e{x@%%@:@%%fﬁtgg 'Hg%rﬂ?dbg*%?élggaéh&%ut es anvs‘gftolggﬁetﬂ teg[ ed.
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t hat have been pl a I ' .
3. Pre- @ﬁ%&%fqm(s 4 roCvl\Jlg %9 06%8 %O%nsrg:%?n,ep(rj'egsrueress r(])?% tlon5.6albo|rre, rr%icpoev!/é)\\/é Table

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
10 from 400 to 450°C in a nitrogen environment for up to 120 seconds. Successful
partial conversion 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 dielectric constant films that

15 have been plasma cured are shown in Table 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 3.4 2.6 2.52 13
B 50 190 4.2 2.36 2.25 5.5
C 60 190 4.6 2.47 2.29 0.93
D 40 210 4.1 2.47 2.47 12.5
E 50 210 4.7 2.36 2.46 6.4
F 60 210 5.4 2.36 2.32 1.25
G 40 230 4.9 2.48 2.52 11.4
H 50 230 6 2.53 2.54 6.39
I 60 230 6.5 2.44 2.41 1.81

20



Piece Treatnent Thick- R 1. Mdul us Hardness Thick- R 1. Mdulus Hardness k
ness ness 1 30 mnutes 9331 1.248 2.4 0.26 10176 1.2012 2.6 0.32 2.436 at
200C 2 30wnionm0ems3 9445 1.240 2.5 0.30 8365 1.2771 3.1 0. 3#CT/1H8426188 400C 3
2 minutes at 9516 1.239 2.4 0.29 8853 1.2418 3.2 0.33 1.990 450C 15 WO

03/ 025993 PCT/ US02/ 26158 -22- Exanple 4 A porous HSQ resin-based | ow k
dielectric from Dow Corni ng Corporati%ﬂ (Mdland, M) has been plasma
cured with different partial conversi©h conditions. An Axcelis Fusion (ES)
downstream pl asma asher was utilized, but is not limting to the 5 plasna
curing applicability of this invention pi cal ocess conditions for the
pl asma cure iWhiteedoh repregemniativel @ﬂb@de$69nﬂé{)€é@lﬁ have Peemrishewgder f | ows

of 4000 _to 8000 5 5.0

Sorr CinrBaieer RESE G henbBH Rt st fe b ST aPasE SkIET i ind i > 2,
to 300C. valivRisic@ingde8 M e chnpesiiond BAPmetheds Wisslgeedf lesrafrdmal tieenmpeleat ures

ranging 10 from 400 to 450C in a nitrogen environnment for t;]l@ to 120

seconds. Witheusleppiting framthgiscepawiikg tveptiarnhiel s Aglined I the apRAREASEen
obt ai d‘déi‘%n (i) blanket porous Ilowk thin filns with thickness ranging
from 400 15000 A, and (ii) patterned porous |lowk structures. Typical
mat eri al properties of the porous |low dielectric constant filnms that 15
have been plasma cured are shown in Table 4 bel ow. Table 4. HSQ Porous
Low-K Material Plasma Partial Conversion Process Conditions and Materi al
Characteristics Tinme Tenp Pressure Power 3%42/ N2 CF4 Post- Pl asma Process
MNT 4.5 X 5000 250 RTP: 450C, 2nmin, N2 tine T 4.5 1500 5000 250 purge
DCC system



Time Tenp Modulus k after k after SiH RUN (s) (C) (GPa) plasma anneal (%
A 40 190 3.4 2.6 2.52 13 B 50 190 4.2 2.36 2.25 5.5 C 60 190 4.6 2.47
2.29 0.93W0D34059230 4.1 2.47 2.47 12.5 E 50 210 4.7 2. 36 PRTABIH2458 F 60
210 5.4 2.36 2.32 1.25 G 40 230 4.9 2.48 2.52 11.4 H 50 230 6 2.53 2.54
6.39 60 230 6.5 2.44 2.41 1.81 20 WD 03/025993 PCT/ US02/ 26158 -23 Wile
certain representative enbodi nents an24detalls have been shown for
purposes of illustrating the inventicdf,” it will be apparent to those
skilled in the art that various changes in the conpositions and nethods
di scl osed herein may be nmade w thout departing fromthe scope of the

i nvention, which is defined in the aﬁhéﬂﬁﬁb 5 claims. WD 03/025993

PCT/ US02/ 26158 -24- CLAIM5S 1. A process for making a plasma cured material
conpri sing: providi ous dielectri terial having a first

diel ectric co ﬂraﬁ?ssgi?éw%j”gg a?m?ﬁ“r%(fgg’??%alrﬁ?&" "9"and having a first

fil m har dnesspgifitih§labdrbas @l%l@étﬁc%@tbﬁéﬁlﬁé\ﬁn? %r@trdhéiectrﬁ: mstmpﬁéﬂug
met hyl si | sesqw oxane-based dielectric nmateri pl asma curi

porou§ da élrﬁ@dastm madeaiusagnd bapingdaitiest dlnp hamxuw@@relpéhwgmsa%@mncc

mat eri al a secand d| e | t I
greater ‘?‘Pq ﬁ%n?f? SPTYIM gbﬁ'ﬁ% @eggﬁ@f(%ﬁ?%aﬁ% dﬁ%e{;cﬁgi@%%ﬂaﬁ% gt I C m)dul us
which is 10 gprehff c@r’i‘r@tﬁel”tﬁ)rBUQ gliel6ttas hhatemariol produssd glasthagusedecond
fil mhardness which is greater than the first fil m hardness.
porous dielectric material having a second dielectric constant which is comparable to
or greater than the first dielectric constant, having a second elastic modulus which is
10 greater than the first elastic modulus, and having a second film hardness which is

greater than the first film hardness.

2. The process of claim 1 wherein the porous dielectric material is selected from
a hydrogen silsesquioxane dielectric material, a mixed hydrogen
15 silsesquioxane/methylsilsesquioxane dielectric material, an organic dielectric

material, an inorganic dielectric material, or a combination thereof.

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

20
4. The process of claim 1 wherein the porous dielectric material is selected from
a porogen-generated porous dielectric material, a solvent-based porous dielectric
material, or a molecular engineered porous dielectric material, or combinations
thereof.

25
5. The process of claim 1 wherein the porous dielectric material is plasma cured

at a temperature less than or about 350°C.

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

30 at a process pressure between about 1 Torr and about 10 Torr.



2. The process of claim1 wherein the porous dielectric material is

sel ected from a hydrogen sil sesqui oxane dielectric material, a m xed

hydr ogen Wb osiokwexsqui oxane/ net hyl si | sesqui oxane di el ect ri ®CRAISEZ/2@F8 an
organic dielectric material, an inorganic dielectric material, or a

conbi nati on thereof. 3. The process of claim1l wherein the porous
dielectric material is produced by a,spin-on process or a chem cal vapor
deposition process. 20 4. The process“of claim 1 wherein the porous
dielectric material is selected from a porogen-generated porous dielectric
material, a solvent-based porous dielectric material, or a nolecular

engi neeréd poflripraiessedclain huhereinithe perausndiplestiomaterial és plgsmapgired The
process i i i jc material is plasma cured
at a teﬁ%&?ghﬁégbﬁg%§$%ﬁggtggggggﬁgHggg%sgés&#%e process of claim1 wherein
the porous dielectric material is plasma cured 30 at a process pressure
bet ween about_1 Torr and about 10 Torr. WO 03/025993 PCT/ 502(26158 -25 7.
The process ol N PEGasE Qlisaiay hwheeeipdhe perelsilislaciic MaieT# isiPlas g suyefn

cur eds f@gh% |5§§ ween about 15 and about 120 seconds. 8. The process of
claiml erel & porous dielectric material is plasma cured 5 with a

pl asma gas. 9. The process of claim8 wherein the plasma gas is sel ected

fromH2 plas as, N2 plas as,. fJuorine-containin as as, 02

bl aorm dhs. - oIne Sitaskal G § MEREIN the G 938 'opBeble i g anber ei n
the incr j IC fIBEHE- i [ la8h@Sda< ofedHibitfatinst he
porous dre g\g[é'?ghﬁa eSr’ iﬂal an??%?@gggﬁﬁgaa%t?%é ﬁodul us 'Oof t he pl gssma
cured potheosofdi el ectric material is greater than or about 100% 15 11. The

procg?és of claim1l wherein the second elastic nodulus of the plasma cured
porous dielectric material is greater than or about 2.5 GPa.

10.  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 material is greater than or about 100%.

15 11.  The process of claim 1 wherein the second elastic modulus of the plasma

cured porous dielectric material is greater than or about 2.5 GPa.

12.  The process of claim 1 wherein the increase in film hardness between the first
film hardness of the porous dielectric material and the second film hardness of the

20 plasma cured porous dielectric material is greater than or about 50%.

13.  The process of claim 1 wherein the second film hardness of the plasma cured

porous dielectric material is greater than or about 0.25 GPa.

25 14. The process of claim 1 further comprising post-plasma treating the plasma
cured porous dielectric material to provide a post-plasma treated, plasma cured
porous dielectric material having a third dielectric constant which is less than or
equal to the second dielectric constant, having a third elastic modulus which is
comparable to or greater than the second elastic modulus, and having a third film

30 hardness which is comparable to or greater than the second film hardness.



12. The process of claim1 wherein the increase in film hardness between
the first filmhardness of the porous dielectric material and the second
fil m har dwexs/0z$993 he 20 plasma cured porous dielectric neRCEMiSat/26188 gr eat er
t han or about 50% 13. The process of claim1 wherein the second film

har dness of the plasma cured porous dielectric material is greater than or
about 0.25 GPa. 25 14. The process of gl aim1l further conprising
post-plasnma treating the plasna cure'g porous dielectric material to

provi de a post-plasma treated, plasma cured porous dielectric materi al
having a third dielectric constant which is |less than or equal to the
second dilel ectThePreesss efiglaim# whgreintthe third figdectdc ppasipotolihediests

conpar ab e t i i a
Chivd £ PasHD RéeEEBlRind Bta i EaaPRIsae st falT Bihiten BEMRY 4810 g
fil m har dbests3.5WO 03/ 025993 PCT/ US02/ 26158 -26 15. The process of claim 14

wherein the third dielectric constant of the post- plasma treated, plasma
cured porous dielectric material is between about 1.1 and about 3.5. 5 16.

The pgocegs o =Y 4 ! | -Plef iWis shriddngag! i ng. 17,
The p?oczg's oﬁrhgﬁg?‘%s]fao%@f‘ﬁ??V%’%ie@ﬁg{%r?g’%gé%@%@%fb@%a;*l ectI ﬁgc mat eri al
is annealed at a tenperature |ess than or about 450C. 10 18. The process of

For o et T sepCabuReo’ b iheBan S s ShikCedhs e odtuter
the postfsobﬁﬁeaa_eareﬁ%tierﬁﬂoe%rﬁtdryléésetﬁbhraﬁ_a%ut@5@@@! ng the plasma cured

porous dielectric material to UV radiation at elevated 15 tenperatures.
20. The process of claim 19 wherein the plasnma cured porous dielectric
mat er,j.al

IS treated at_a ower .hetween about O and,.about 1000
o o 38" 51 TS el TR RIERG RREA 2B poe R RPLG mehaL
di el ectr iCammdsd fdr nd Mo ildreat ssbiateoanireager at ur e bet ween about 100C and
about 300C. 22. The process of claim19 wherein the plasna cured porous

dielectric material 1is UV treated for no nore than or about 300 seconds.
25 19.  The process of claim 14 wherein the post-plasma treating is UV treating by

exposing the plasma cured porous dielectric material to UV radiation at elevated

15 temperatures.

20. The process of claim 19 wherein the plasma cured porous dielectric material
is UV treated at a UV power between about 0 and about 1000 mW/cm?.

20 21. The process of claim 19 wherein the plasma cured porous dielectric material
is UV treated at a temperature between about 100°C and about 300°C.

22.  The process of claim 19 wherein the plasma cured porous dielectric material
is UV treated for no more than or about 300 seconds.

25
23. The process of claim 19 wherein the plasma cured porous dielectric material
is UV treated with a gas purge, wherein the gas is selected from the group

consisting of H2, N2, 02, Ar, He, C,H,, air, or combinations thereof.

30 24. The process of claim 14 wherein the post-plasma treating is plasma treating
by exposing the plasma cured porous dielectric material to a second plasma

condition at elevated temperatures.



23. The process of claim 19 wherein the plasma cured porous dielectric
material 1s UV treated with a gas purge, wherein the gas is selected from
t he groupwowmensisss i ng of H2, N2, 02, Ar, He, CxHy, air, orPCrarsb/mas$ ons
thereof. 30 24. The process of claim 14 wherein the post-plasma treating is
pl asma treating by exposing the plasma cured porous dielectric material to
a second plasma condition at el evateg, tenperatures. W 03/025993
PCT/ US02/ 26158 -27 25. The process of' claim 24 wherein the plasma cured
porous dielectric material is plasma treated at a plasnma power between
about 500 Wand about 3000 W 5 26. The process of claim 24 wherein the
pl asma cured porous dielectric material 1is plasma treated at a tenperature
bet ween out T ' n the
ol asma i ed POt B ar of St 2P WieisH! hef BRRATRS itral e MARERE | 12
or aboutjs %‘ﬂaeﬁﬁ@%@ﬁad aa pRismihpowepbetweat al&blalBOOZW aviceabout 3009 Y.asma
cured porous dielectric material is plasma treated at a process pressure
between about 1 Torr and about 10 Torr. 29. The process of claim 24
mher e (=1 t ed
W eh 8 el R ErocEs B RATAP WAL BlE blaciRl BB nctays BidhyaRehla
consi st i is@ladm& Brealdd] at- temperatire igtigenfdboot 1A@°C antdaboubd50ds, or a
conbi nation thereof. 30. A plasma cured porous dielectric material having a
di el ectri c constant 20 between about 1.1 and about 3.5 and an el astic
modul us @Rﬁ?&étssjo%fa%% APeHin 300 WaaneRtGedt fABuS dRectat AsHBrigur ed
por ous eI ectric material.

is plasma treated for no more than or about 90 seconds.

10
28.  The process of claim 24 wherein the plasma cured porous dielectric material

is plasma treated at a process pressure between about 1 Torr and about 10 Torr.

29. The process of claim 24 wherein the plasma cured porous dielectric material
15 is plasma treated with a plasma gas, wherein the plasma gas is selected from the
group consisting of 02, N2, H2, Ar, He, CH,, fluorine-containing gas, or a

combination thereof.

30. A plasma cured porous dielectric material having a dielectric constant
20 between about 1.1 and about 3.5 and an elastic modulus between about 100 and

about 300% greater than a non-plasma cured porous dielectric material.



