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USE OF MULTIFUNCTIONAL SI-BASED OLIGOMER/POLYMER FOR THE
SURFACE MODIFICATION OF NANOPOROUS SILICA FILMS

10

: FIELD OF THE INVENTION
The present invention relates to low diclectric constant silica films and to  improved
_ processesforprodumngthesame on subsu-ates suitable foruseinthepmducuonof
15 semiconductor devices, such as mtegmted cnrmnts ("ICs")

BACKGROUND OF THE INVENTIO
As feature sizes in mtegmted circuits (ICs) apiwioach 0.18 microns and below, itis - -
believed that electrical insulation layers having a dielectric constant < 2.5 will be -
20 required for intetlevel dnelecinc (ILD) and mﬁermeta] dtelectnc (IMD) applxcahons

" One material with a low dielectric constant ("k") is naimporous silica, which can be _
prepared with relanvely low dielectric constants by the mcm-poranon of mr. with ak of
25 1, in the form of nanomewr-scale pores. Nanoporous silica is attractive because it
_employs similar precursors, including organic-substituted silanes, e.g.,
tetramethoxysilane ("TMOS") and/or tetracthoxysilane ("TEOS"), and/ar -
niethy]uieﬂlbxysilane, as are used for the currently empl_t').y'ed spin-on-glasses ("SOG") '
" and chemical vapor deposition ("CVD") of silica (SiOz). Nanoporous ailicaisalso’ -
© 30" attractive-because it is posmbletocon&o%e—pmsrﬁy—and—heaee&w—denmyrmamml '

" strength and dielectric constant of the resulting film material. Jn addition to a low k,.
TIanoporous snhca offas other advantages mcludmg: 1) thermal stability to 5000C, 2y
substannallysmall pomslze, i.e, at least an order of magnitude smallerm scale than the
mncroelectromc features of the integrated circuit), 3) as noted above, preparanon from .

35 materials such a8 silica and TEOS that are widely used in semlconductom 4) the ability
to "tune” the dielectric constant of nanopomus silica over a wide mge and 5) deposmon
1
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of a nanoporous film can be achieved using tools similar to those employed for
conventional SOG processing.

One difficulty associated with nanoporous silica films is the presence of polarizable -

functional groups on intemal pore surfaces. Functional groups present in previously

available nanoporous films include silanol (SiOH), siloxane (SiOSi), alkoxy (SiOR),
where R is an organic species such as, but not limited to, a methyl, ethyl, isopropyl, or
phenyl groups, ar an alkylsilarie (SiR), where R is as defined previously. In particular,

- silanol groups are highly polarizable and hygroscopic. Since nsnoport_)us silicahas a

relatively large (intemal) surface area associated with its porous structure, the
oonmbntton of the highly polanzable snlanol groups results in higher than desired -
dielectric constant values. Adsorption of environmental water by the silanol groups can

_potentmlly rmse the dlelectnc constant of such materials éven further.

Even if the dtelectnc ﬁlm is out-gassed by heating before subsequent processmg. the
presence of the polar stlanols can contribute negatively to the dielecttic constant and
dielectric loss. Previously employed methods for overcoming this limitation and - .
rendering the internal pore surfaces of nanoporous silica less polarizable and less - |
hydrophilic include reacting the internal sutface silanols with surface modifying agents, '
‘dlso referred to in the artas mlylauon agents orcappmg agents. Such capping agents
include, e.g., chloros:lsnes or dtstlazanes

.In one prewously employed method of capping silanol groups on pore surfaces, an

orgamc reagent such as hexamethyldisilazane (HMDZ) is introduced into the pores of the
film and allowed to react with the surface silanol groups to cap the silanols by forming
trimethylsilyl groups. These stlylaﬁed smface groups are significantly less polarizsble
than the ongmal stlanols, and render the.pore surfaces of the ﬁlm hydmphobxc One -

dxsadvantage in the use of trimethylsilyl groups is that they are not very thermally stable

_ and may out-gas dunng processnng of the IC an‘d cause Via poisoning.

" Another critical parameter of a nanoporous silica film is its mechanical strength.

Generally the mechanical strength of a material decreases in proportton to mydecrease
mdensntymthatmatenal ForananopomusﬁlmtobeusefulasadxeleMcﬁlmmlC

dev:ces_, it is imyportant that the combination of mechanical strength and low dielectric
. 2 .
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constant be optimized. For a given dielectric constant (which is proportional to refractive
index and density), the density is fixed, at least for a specific chemical composition.
With fixed density, the strength of the nanoporous silica is maximized by having the
greatest fraction of solid within the skeleton of the film rather than as appended chemical

‘groups on the surfaces of the nanometer-scale pores. Thus, in another drawback,
. reagents such as HMDZ introduce a significant additional mass, in the form of

trimethylsily] groups, to the pore surficés_. The disproportionate mass of the
trimethylsilyl groups is not available to contribute to mechanical strength, but it does
raise the density of the film and therefore is an obstacle to achieving the lowest possible '

For these reasons, and in view of the need for rapid competiﬁve advances in the art of

_ semiconductor, and/or microprocessor or IC fabncauan, thete remains a constant need in

thearttoi improve upon previous methods and materials. In parmular therens anwdto
provide silica dielectric films with hydrophobic surfaces, and in particular to_l provide .
nanoporous silica films with hydrophobic pore surfaces, while desirably enbancing the
mechanical strength of such treated hydrophobic films. ‘The successful solution of this

" problem will provide greater material film strength fora gwen desired dielectric-

constant.

| . SUMMARY OF THE INVENTION |
Surprisingly, the micthods of the present inverition are able to solve these.and other
problems in the art by providing surface modification agents that are able to render

“treated silica dielectric films hydrophobic while also enhancing the mechanical strength

of the treated films, relative to previously employed methods and agents or reagents.

Aecordmgly, the invention provndes novel processes for formmg silica dielectric ﬁlms or
coatings on a desired substrate by the sneps of reacnng a smtable silica film witha

conducted under suitable conditions, and for a period of time sufficient for the surface

' modlficatnon agent to form a hydrophobic coanng on the silica dielectric film.- The
surface modification agent comprises at least one type of oligomer or polymer reactive -

with silanols on the silica film. Compositions, including silica dielectric films and -
integrated circuits with at least one silica dielectric film treated by the processes of the
. _ 3
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invention are also provided. The processes of the invention are unexpectedly applied to

silica dielectric films without sxgmficantly degmdmg the obtamable range of desu'able
dielectric values. :

‘Optionally, the silica ﬁlm is pretreated with a monomcr-type surface modification agent

that can cap or silylate snlanols in the dlelectnc film surface. In a further opnon, the
silica film is treated with a composmon that includes both an. ohgomer or polymer .
surface modification agentand a monomer-type surface mod.lﬁcahon agent. '

The silica dielectric ﬁlm to be treated may be non-po:ous, but is prefeiably a nanoporous

'snhcaﬁlmpreparedonthe substxatetmmedlatelypnortotheumeoftreaunent, ormaybe

pmevnouslyprepatedandstoredorobtmnedfmmanothersomce. It should alsobe
mennonedthatthes:hcadnelmﬁlmstobeneatedbythenovelprooessesofthe .
invention are opnonally aged or gelled, although this is not reqmred. ¥an agmg stepis .
employed, it can be conducted before or after appltcauon of thc surface modification
treatment as described herein, but pxeferably, the film is aged pnor to surface '

modification.

The processes of the mventnon maybeconducted in either a vapor phase or a liguid -
phase, as desired. Further, the processes are optionally oonducted in the presence ofa .
solvent or co-solvent, and it shool_d be apprecmted that when the surface modification is.

" to be canducted in the liquid phase, the solvent or co-solvent is effective to dissolve

_ and/or suspend the surface mod:ﬁcanon agent or agents without sxgmﬂcantly dlssolvmg -

30

the film to be treated.

Any suitable material may be employed as a solvent or co-solvent, including both
ketones and non-ketones, but preferably, such solvent or co-solvent is selected from the
groupconsisting: ofethets,-estets, ketoses—glyool—ethers—chlonnaﬁd—selvents—low
viscosity slloxanes, and suitable combmmmns thereof.. . ' '

~ While ﬂ:esﬂtcaﬁlmtobeueatedneednotbeporous,preferably, the film to be treated is

a nanoporous dielectric film having a poxe structure with a high surface area, ‘and the _
surface modification process is conducted for a period of time sufficient for the surface

- mochficatlon 'agent to surface modification agent to effectively coat the surface of the

"4
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film. and to produce a treated oanopomus silica film having a dieiéoﬁic constant of about
3 orless. Preferably, the surface modification reaction is conducted for a time period
ranging from about 10 seconds to about 1 hour and ata temperature ranging from about

10"Ctoabout300°c.

Preferably the film to be treated is on a substrate, ¢.2,., a wafer suitable for production of
an integrated circuit. :

The invention also provides for dielectric films and an integrated circuit or circuits that

include at least one dielectric film produced by the processes of the invention. .

Preferably, dielectric sﬂlca-based films produced by the inventive processm reveal no

slgmficant silanol absorbance in the wavelengths ranging from about 3200 to about 3700
! under Founer transform infrared spectroscopy

 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
Accordingly, in contrast to previously reported methods for rendering silica dielectric *
films and materials hydrophobic, the-present invention provides for polymer and/or
oligomer-based reagents for surface _modiﬁcah"on treatment. - This approach has a number
of advantages over previous methods. In particular, surface modification using a o

the inventive reagents might operate, it is believed that weakest part of the fine structure © -
of a nanoporous silica film is the contact point between the particles or grains of the film.

-Thus, a polymer coating on the film surface, particularly a coating on the surfaces of the -

nanometer-scale pores, is believed to both eliminate the moisture absorbing problem, and

. to strengtho_n the mechanical properties of the film, by'ovemoatin'g and binding together .

the fine particles or grains that make up the film. Whatever the underlying reasons for '

the positive effect on film mechanical strength, the examples provided hereinbelow -

" confirm that the methods and reagents of the invention in fact provide enhanced film -

30

strength.

The processes and reagents of the invention are applied to silica dielectric ﬁlms A number

: ofmethodsfortheprepamuonofnanopomus sxhcaﬁlmsonsubsu'atesmknowntotheart.

as summarized in the "Background of the Invention”, above. In addmon, a number of
5
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variations and improvement to these generally known methods for the preparationof
nanoporous films are taught by co-owned U.S. Patent Application Ser. Nos., 09/046,475
and 09/046,473, both filed on Maich 25, 1998; U.S. Patent Application Ser. No.
09/054,262, filed on April 3, 1998; and U.S. Patent Application Ser. Nos. 09/055,244 and

09/055,516, both filed on April 6, 1998, as well as co-owned U.S. Patent Application Ser.

Nos. 09/379,484, filed on 8/23/99,09/392,413, filed on September 9, 1999, the
dlsclosm'es of which are incorporated by reference herein in their entireties. In any event, .
the artisan will appreciate that the methods and materials of the invention are teadxly
apphed to a wide vanety of art-known dielectric matenals mcludmg organic-based
dielectric materials, and pueferably, to slhca-based dlelectnc matenal: and most prefembly -
to nanoporous dielectric sﬂxca matenals, to provide for enhanced strength andlor a

protective hydrophobic coating.

In order to better appreciate the scope of the invention, it should be understood that unless
the "SiO," functional group is specifically mentioned when the term "silica” is employed,

the term “silica” as used herein, for example, with ret'exence to d:electnc ﬁlms ns )

intended to refer to dielectric films prepared by the inventive methods from an orgamc or |
- inorganic glass base matenal £.g., any suitable sxhoon-based material. In addmon, it -

should alsobeundeustoodthatﬂxeuse ofsmgulartennshmnxs notmtendedtobeso :
lmnted, but, where appropnate, also encompasses the plural, _,g., exemplary pmeesses of
the invention may be desmbed as applymg to and producmg a "ﬁlm" but it is intended that o
mult:ple films can be pmduced by the described, exemphﬁed and cla:med pmoesses, as .

Funher theuseofthetenns "agent" or agents"he:em shouldbeconsxdetedtobe
synonymous with the aenns, "reagent" or "reagents," unless otherwise indicated. Use of. the_
term, ' mtegrawd._mmu:_t, ; _qr G s intended to represent any semiconductor “product for
which the processes and compositions of the invention are employed, unless othérwise

.specified.

" Purther still, although the description provided herein generally describes processes

employed for treating nanoporous dxelecmc materials, the artisan will readﬂy apprecxate
that the instantly pmvxded méthods and compositions are readily applied to nonpomus

'dxelectnc mhcafilmsaswell. Thus,nonpomusﬂlmsapphedto a suitable subsm.gg a '

6
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semiconductor wafer suitable fof producing an integrated circuit, as described below, will
also benefit from the methods and materials provided by the present invention. For _
examplé, adsorption of environmental water vapor onto hydrophilic silica filims employed
as insulators and the like in fabricating integrated circuits will cause problems such as an
excessively high dielectric constant, current leakage and via poisoning. These additional
problems are solved by the methods and compositions of the invention.

Broadly speaking, a "substrate” as described herein.includes any suitable composition " _
formed before a nanoporous silicaﬁlm of the invention is applied to and/or formed on
that composition. For exémple, a substrate is typically a silicon wafer suitable for
producing an integrated circuit, and the base material from which the nanoporous silica
film is formed is applied onto the substrate by any methods, &.2., including, butnot

limited to, the art-known methods of spin-coating, chemical vapor deposition or CVD, -

and dip-coating. Prior to app'licaﬁon of the base materials to form the nandporoun silica
film, the substrate surface is optionally prepared for coating by standard, art-known
cleaning methods. '

" Suitable substrates for the present invention non-exclusively include semiconductor
- materials such as gallium arsenide ("GaAs"), silicon and compositions oontmmng slhcon

such as crystalhne snhcon, polysnhoon, amorphous silicon, epitaxial silicon, and slhcon S
d:ox;de ("Si0,") atid mixtures thereof. On thie surface of the substrate is an optional
pattern of raised lines, such as metal, oxide, nitride or oxynitride lines which are formed
by well known lithographic techmques Suitable materials for the lines include silica,
silicon mtnde, titanium nitride, tantalum nitride, aluminum, aluminum alloys, copper, -

" copper alloys, tantalum, tungsten and silicon oxynitride. These lines form the conductors

. orinsulatars. of an integrated circuit, Such are typically closely separated from one

30

another at distances of about 20 microns orlcss, preferably 1 mxcrons or less, and more -

_ preferably from abouto 05 to about 1 microns. Otherophonal features of the surfaoeof
a suitable subsn'ate mclude prewously fonned nanoporous silica dielectric films

The startingmmﬁals forcomducting the processes of the invention also include a _
' nmopomuss:hcaﬁlmfonmed on the substrate by applying a silica precursor; such as a

spin-onglasscomposiﬁonontoﬂusui:strate and then optionally aging the film. If an
: 7 .
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aging step is applied, this is typically cenducted,-for example, by u'eaiing the _cqateil
substrate with, ¢.g., ammonia and water vapor, to promote: gelation.

Generally, the processes of the ;nvent_idn areconducted on the nanoporous film while it
is atll wet film, directly after aging. In alternative embodiments, the processes of the
invention are optionally conducted on nanoporous silica films not yet subjected to aging,
to dried nmw films and to hanoporous silica films that have been stored for a time
period after _compleﬁng the aging process. ' : ‘

While a number of alternative aging met_h-ng are known to the-m.preferab]y. i_n'_th_e
processes of the invention, the film is aged by treatment with ammonium hydroxide. As
exemplified hereinbelow, the film is aged statically by exposmg the ﬁlm-beanng
substrate to 15SM ammmumn hydmxlde and water vapar in a conﬁned chambet foratime
period and under condmons effective to’ allow the water and ammoma vapot to diffuse

 into the film.

Polymeric/Oligomeric Surface Modification Composi

In order to optimize the densnyldlelectnc constant parametets together with the need for
sufficient mechanical strength, the invention provides a surface modification pmcess

using one or more polymer/ohgomer surface modlﬁcauon compositions, able to form a | . .
hydrophobic surface film c over the silanol-containing sutfaces of the silica dlelectnc

films. Thus, within these broad parameters, a surface modification conipasition mcludes

* one or more surfaoe modification agents, prepared in a composmon that allows for the

formation of a hydrophobic coatmg upon contact with the surface of a silica dlelectnc
film, '

More pamcnlarly. itis contemplaﬁed that the surface modxﬁcatmn agent is prepamd from'
amonomer i.g., 8 monomer precursor; that can be induced to polymenze and cross-lmk
with itself and/or other types of monomers present m thie reaction mlxture to form a

| surface modification reagent, The formed smface modlﬁcanon reagent is, for example, a
" mixture that includes oligomers, ¢.g., multuners of 100 or fewerrepeat units, and/or-

polymers, £.2., multimers of 100 or more repeat units. This surface modification reagent
is then applied to a silica dielectric film in need of such treatment where it will react
with, ., cap, a substantial proportion of silanol groups thereon to form a desired -
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hydrophoblc coating. This surfaoe modification reagent can be prepared from
polymerization of suitable monomer(s), including organosilicon monomers able to form

polymers that can react with silanols, e.g., methyltriacetoxysilane, tris(dimethlyaimino)-

methylsilane, and tris(diethylamino)methylsilane.

More typically, the surface modification reagent is prepared from silicon-based monomers, e.g.,
' siloxanes, silazanes, silanes, carbosilanes, and the like, and combinations thereof, e.g,, by -
hydrolysis/condensation or other type of polymerization/reactions. Simply by way of example,

and without limitation, one such reaction will proceed as follows.

CH;Si(OCOCH;) + Hz0 > [-0-Si(CHs)(OCOCH:)-In + CH;COOH
wherein "->" symbohzesthe proceeding of the polymenzatlon, in the case,
hydrolysnsleondensanon, and "n" is an integer rangmg in value from 2 to about. 10, 000

or greater.

The molar ratio of water to monomer in the reaction mixture is readily adjusted -
according to the parﬁeuiar products. In'preferred embodiments, the water is present
during the 1eact|on in propomon to the monomer in a ratio rangmg from about 0. 50.1.5

to about 1.5:0.5, mole/mole.

" While not wxshing to be bound by any theory of hypothesis as to how the reagents of‘the

invention operate, based on this illustrative reaction scheme, the polymeric — OCOCH;;
moiety is the functional group that is beheved to react with silanols (Si-OH) onthe

_porous silica surface. While it is believed that such surface modification reagents will

primerily link to the surface silanols, it is also contemplated that in certain optional -
embodunents, a significant amount of cross-linking within the resultmg hydrophobic '

' coating will take place during formation of that coating.

y Thus, one exemplary class of siloxane polymerlohgomers that have mlﬂn-funeuonal

groups that can react wnth silanol (SI-OH) have the followmg general formula

(-sam-o-)n ' " Formulal
wherechanbeH, alkyl, or aryl group and X is, e.g., selectedfromoneormore of the
following moieties: H, acetoxy (OCOCHL), enoxy (_CH3=C(CH3)-O-S|), oxime (R,C=N- .

- 0s-8i), alkoxy(RO-Si), amine(R;N-Si) and/or silanol (Si-OH), and n is an integer

9
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ranging, for examplie, in value from 2 to about 10,000, or greater. In a further option, nis

an integer ranging in value from about 2 to about 1000. It should also be understood
that, in a given preparation, the sizes of the oligomers and/or polymer species formed,
and therefore the value of n, will typ:cally be distributed over a range of values.

Another general class of suitable surface modification reagents include silazane

polymer/oligomers that have multi-functional group that can react with silanol (Si-OH)
having the general formula: o '
(SIXR;-NRy)n . Formulal

wherein R; and R, are independently H, alkyl, and/or aryl, and i is, e.8., selected from one

or more of the followmg moieties: acetoxy (OCOCH), enoxy (CI-I:-—-C(CH;)-O—S:),
oxime(R,C=N-0s-Si), alkoxy(RO-Si), and amine(R;N-Si), and n is defined as for
formula,_l. '

Tt will also be appremated that since the backbone of sxlazane polymers is Si-N, this
group can opuonally provide additional functionality and opuons for denvmzanon and
cross-linking. Suitable silazane reagents include, e.g., poly(l ,2—d1methylsnlazne). a2-
d:methylsxlazane)(l -methylsifazane) copolymer, and N-methylsﬂazane resin in toluene,
These silazane polymers can be synﬂmsxzed by the reaction of an appmpnate amineor

NHs with the des:red silane reagents

Yet another general class of suitable surfoce modiﬁcation'reagenﬁs include silane
polymer/ohgomers that have multi-functional group that can react with silanol (Si-OH) -

having the general formula
(-SiXR-)n .7 FormulaIl

- wherechanbeH.alkyl orarylgroupandXxs,_,g selected from one or more of the

following moicties: H, acetoxy (OCOCHs), enoxy (CH,=C(CHj3)-0-Si), oxnne(RzC=N- .

Os-Sr), alkoxy(RO-Sx). and amine(R;N-Si), and n is deﬁned as for fommla L It wxlralso
be appreciated that since the backbone of silane polymers is Sl—Sx, this group can

: - optionally provide addmonal functionality and options for denvanzatmn and cross- _
' lmkmg Typical silane reagents that can be used for this application include, ¢ L.

polyd:methylsllane, polyphenylmethylsﬂane, and the like, as well as combmanons
thereof.

10 .
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Another general class of smtable surface modification reagents inclide carbosilanes
polymer/oligomers that have multi-functional group that can react with silanol (Si-OH)
havmg the general formula:

(-SiRsRz-Rs-)a -FormulaIV

. Wherein R, and R; can independently H, alkyl, ary] groups, acetoxy (OCOCH), enoxy

(CH=C(CH;)-O-Si), oxime(R;C=N-Os-Si), alkoxy(RO-Si), or amine(R,N-Si), and R;
can be _substittited or un-substituted aikylene or arylene,

Suitable siloxane polymers having multi-furictional groups and silanol groups, are also .
commercially available. For example, the artisan will be famrhar with the T-11 series of
siloxane reagents available from the Advanced throelectmmc Matenals division of
Honeywell (formerly AlhedS:gnal) (Smmyvale, Cahfoxma) Many suitable ulane and .

silazane polymers are also commetcnally ava:lable, e.g., from Umted Chemical
Technology (Bristol, PA). ' '

It. is also contemplated that combinations of one or more of the above, €.g., of reagents
repmsenhéd by Formulas I, I, I and/or IV, in the form of polymer and/or copolymer
combinations, are also usefully employed in the methods and composmons of the

’ mventlon

Preferably, the surface modification agent is the hydrolysis/condensation product of a
spin-on-glass type silica reagei:g e.g., methyltriacetoxysilane ("MTAS"). The - i

'hydrolysis/condensation product 6f MTAS has a siloxane backbone structure with

acetoxy multi-functional groups, formed by mixing a suitable MTAS solution with a

- defined proportion of water under appropriate conditions,

Methods of Réacting Silica Diclectric

. Films with Surface Modification Agents

Although the exemplified methods for reacting silica films with surface modification”

: aégnts are conducted in the liquid phase, the artisan will appreciate that surface

modification agent or agents may be delivered into contact with the film to be treated in

* cither a liquid phase, with or without an optional co-solvent, or in the vapor phase, with

or without an optional co—solvent, as descnbed.s_gg, in co-owned Serial No. 09/111 084
' 11 :
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filed July 7, 1998, incarporated herein by reference in its entirety, provided that the -
reaction is conducted with an amount or concentration of surface modification agent(s)
effective to provide a treated dielectric film having the desired range of dielectric
constant and mechanical strength to produce a snitable integrated circuit on the substrate.

In one embodiment of the invention, the silica film is exposed to a vaper phase material

that includes emone'r_ner for formlng a polymer/oligomer surfa,ce modification agent as '
described herein, and optionally in combination with a carrier gas, in an arount and

. under conditions effective to cap silanol moieties on the film surface.

‘Tt will be appréciated that a suitable vapor phase monomer forproducinga
polymerleligomet surface modxﬁcauon agent will e_xhibit a SﬁﬁSfacmryl iling
poimlvapor pressute. feac,t_ivity, pm'ity, a_nd will yield an eﬁ‘ectwe and heat stable -

Monomers for formmg surface modlﬁcauon agents des:rably employed in the vapor -

phase will have suitable vapor pressures in the temperature range for conductmg the

surface modlﬁcauon treatment. Sunply by way of example, and wﬂhout hnntauon,.the. i |
vapor pressure of a suitable monomer will range from sbout 1 to sbout SO0 torr. ©
Preferably, the vapor pressure of a smmble surface modnﬁcanon agent wxll range from -
about 5 to about 100 torr. More preferably, the vapor pressure ofamonomerwmmge'
from about 5-100 torr. Most preferably, the vapor pressure of 2 ‘monomer for fornung a
surface modification agent will range from about 10 to about 50 torr. :

As exemplified herein, the monomer was mixed with a suitable solvent/co-solventin -

" liquid phase. Suitable co-solvents are those solvents in which the surface modification

agent and any other Opnonal materials are soluble, but which w111 not dissolvethe =
dxelectncmatenaltobetteahedormterferew:ththecappmgofthe sxlanolsonthet:eaoed
@fface and which can be readxly removed by evapmnon and/or heating after the smfaee
modification reaction is complete. Simply by way of example and without hmntatlon, '

such co-solvents include ethers, esters, ketones, glycol ethers, chlorinated solvents. low
h v:seosxty siloxanes and suitable combmanons of the members of these solvent classes.

The artisan will apptecxate that the term, "low viscosity" as appl:ed to sxlomes is that

~ which is generally undemood in the art, and will preferably range from about 1 to about

100 centistokes and pxefembly have a molecular weight ranging from about 160 to sbout.
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3800 Daltons. Exemplary low vlscosnty siloxanes useful in the i ntive processes are
commercially available, e.g., from Dow Corning.

Suitable solvents/co-solvents can be employed in concentrations rangmg generally from

" about 0.5 to about 99 percent, or greater, by weigint of the total solution. Bxgmplary'

ethers useful in the inventive processes include diethyl ether; diisopropyl ether, dibutyl
ether and cémbinatidns_ thereof. Exemplary ethers useful in the inventive processes
include: ethyl acetaté. isopropyl acetate, n-butyl acetate, and combinations thereof. |
Exemplary hydrocarbons useful in the invéntiv_e processes _inclucie: n-hexane, n-heptane,
cyclohexanes, toluene, and combinations thereof. Eiemplary ketones nseful in the
inventive processes include: acetone, 3-pentanone, methyl isobutyl ketone, and.
combinations thereof. Exemplary glycol eﬂm useful in the inventive processes
include: tri(cthylene glycol) dimethyl ether, tetra(ethylene glycol) dimethyl ether,

tri(propylene glycol) dimethyl ether, and combinations thereof. Exemplary chiorinated
solvents useful in the inventive processes include:1,2-dichloroethane, carbon tetrachloro,
chloroform, and combinations theteof As exemplified in the examples below, 3-
pentanone is a preferred co-solvent. 3~pentanone is useful in amounts ranging from '
about 0.5 to about 99 percent, or greater, ormompreferably,mamountsrangmgfrom .
about 50 to 80pacent by weight of the total solution.

In the exemphﬁed embodlments of the i_nvention, the monomer was mixed with a solvent . -
or co-solvent containing water, and the surface modification agentis a -

: hydrolysnslcondensanon product formed in the presence of water. The water content of

the co-solvent ranges from about 0.05 percent or.greater. Preferably, the water content of
the solvent or co-solvent ranges from.about 0.05 percent to a_bout lO percent, or greater. .
More preferably, the water content of the solvent or co-solvent ranges from about 0.5 - -

pexcent to about 4 percent,
‘The solution was then mixed with various defined propartions of the co-solvent solution,
and applied by art-standard methods to the diclectric film on the substrate, &.g., the solution

" or suspension containing the hyd_rolysislcbndensation product was spun onto various test

films. The monomer is rixed with the water containi_ng,saliientléo-solvent ina

. concentration (monofner to co-solvent) ranging from zbout 5 to about 90 percent, or

greater. Preferably, the concentratiéi of the monomer in the co-solvent ranges from
] ) 13 '
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about 5 to about 50 percent. More preferably, the concentration of the monomer in the
co-solvent ranges from about 10 to about 30 percent. The prdportion of monomer to
water ringes from about 0.50:1 to sbout 1:0.50, mole/mole. More preferably, the
proportion of monomer to waterrangesfrom about 0.75:1 to about 1: 0.75. Inthe
examples below, the monomer was exemphﬁed by MTAS ' '

Thereafter, the substrate and the treated film was heated to a temperature and for a time
period sufficient to drive off remaining surface modification agent and solvent. h one
preferred embodiment ‘the film is then cured. Optionally, the heatlng sleps canbe

conducted in apluxahtyofstages eachstageunhzmgsmnlarordlﬂ'enngumes and
temperatures,orcombmedmto a single process step. Forexample,meheattreatmentwas -
conducted under air at 175 and 320°C, respectxvely The treated film was thereafter

cured, ¢ &L at 400°C.

Combmanons with Other Methods and Reagents
M er-Type Surfac

'As noted above in the Backgmnd of the Invention, one previously employed method of

capping silanol groups on dielectric filim pore surfaces employed an organic reagent
monomer, such as hexarethyldisilazane (HMDZ), that is introduced into the pores of the
film and allowed to react wrth the surface silanol groups. This reaction caps the silanols
by forming hydrophobic tnmethyls:lyl groups. As noted above, one dxsadvantage in the
use of mmethylsrlyl groups is that they are not very thermally stable and may out-gas
during further processing of the IC, and cause v1a porsomng

However, an optional embediment of the present invention provides for a combination of
this other method, i.e., capping silanor groups with monomers to produce & hydrophobic

- surface, with the methods.and campasitions of the present invention.  Advantageously, 8

combined treatment provxdes additional capping of intemal silanols, &.,, onfilm
surfaces located inside the pore structure ofa nanoporous film, which is believed to -
further reduce the film dlelectuc constant. Further, the ohgornerorpolymer surface
modification agent acoordmg to the mvenuon seals the film surface, provrdes added
mechanical strength, xmproved hydrophoblclty and is believed to inhibit out-gassmg .

dunng IC processing.

14
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The combined process may be conducted sequentially, by first reacting the film with a
monomer-type surface modification agent, and then reacting the film with the oligomer
or polymer surface modification agent of the invention. Preferably, the reactions are

" conducted simultaneously by (1) forming a solution of the oligomer or polymer surface

modification agent and then (2) adding an additional quantity of a selected monomer
agent to that solutioni. ‘The combined solution is then applied to the dielectric ﬁlm to be
treated by the methods previously described supra.

A number of monomer-type surface modification agents and methods for producing
hydrophobié, low dielectric nanoporous silica films have beendesmbed, for exmple. in
co-owned U.S. application serial numbers: ‘60/098,068 and 09/140,855, both filedon
August 27, 1998, 09/234,609 and 09/235,186, both filed on January 21, 1999, the

One preferred monomer-type surface mddiﬁéation agent is a compound haﬁng a formula
selected from the group consisting of Formulas V (1-(6): .
(l) R;SlNHSle, (#))] R;SICI,, 3 R,SI(OH), , (4) R;Si0SiR3,

o) R,sl(on),, andlor (6) R,Si(OCOCH),

and combinations thereof, whu'emxxsanmtegerrangmgfmmlto?a ynsanmteger .
rangmgfrom1t03suchthaty=4-x,p1sanmtegermgmgfmm2to3 each R is an

mdependently selected from hydrogen and a hydrophobic organic mmety The R groups

" are preferably independently selected from the group of organic moieties consisting of

alkyl, aryl a_nd combinations thereof The alkyl moiety is substituted or unsubstituted and -
is selected from the group consisting of straight alkyl, branched alkyl, cyclic alkyl and
_combir_lations thereof, and wherein said alkyl moiety ranges in size from C; to about C{;. :

The-arylmoiety-is substituted-or unsubstituted-and ranges-in-size from Cs to-about Cs-

Preferably the monomer-type surface modification agent is an acetoxysilane such as,

“acetoxytrimethylsilane, diaoetox_ydimethyisilané, methyltriacetoxysilane,
. phenyltriacetoxysilane, diphenyldiacetoxysilane, and/or an alkoxysilane such as, -

trithethylethoxysilane, trimethylmethoxysilane, 2-trimethylsiloxypent-2-ene-4-one, 1~
(trimethylsilyl)acetamide, andlor one or more of the folldwing: 2-(trimethylsilyl) acetic
acid, n-(nimqﬂ;ylsilyl)i_niidazole, trimethylsilylpropiolate, uimethylsiiyl(uimeﬂlylsﬂoxy)— .
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acetate, nonamethyltnsﬂazane hexamethyldtsﬂazme, hexamethyldisiloxane,
tnmethylsxlanol methy!nlanol, mphenylmlanol t—butyld:methylsllunol
dlphenylsﬂanedxol and combmanons thereof. :

The monomer-iype surfaoe moﬁiﬁéation agent may be mixed with a suitable solvent such

. as acetone, apphed to the nanoporous silica surface in the form of a vapor or hqmd, and

then dried.

Additional monomer-type surface modification agents include multifunctional surface
modification agents as described in detail in co-owned UL.S. serial number 09/235,186, .
incorporated by reference hercin in its entirety, as described sbove. Such multifunctional
surface mod:ﬁcnuon agents can be apphed in cither vapor or hqmd form, optionally with

or without co~solvents Suitable co-solvents mclude, e.L., keumes such as acetone, 3~

pentanone, diisolpropylketon, and others, as described m?étml in co-owned U.S.

application serial number 09/111 ,084, filed on Iuly 7, 1998, the disclosure of wluch in
mcorporated by reference herem inits enutety Forexample, as descnbed in detail i m .

U.S. serial number 09/235,186, as incorporated by reference above, certain prefened _
surface modlﬁcatxon agents wxll have two or more fxmcnonal groups and react thh

surface silanol functional groups while minimizing mass present outside the stmctlnal L

* framework of the film, and include, ¢.g., suitablé silanols such as

: R;Si(OR2)s _ Formula VI
wherem R; and R, are mdependently seleoted moieties, such as H andlor an orgamc
mo:etysuch as an alkyl, aryl or derivatives ofthese When R, or Rzis an alkyl,thealkyl
moiety is optlonally substltuted or unsnbsumted, and may be straight, branched or cyclic;
and preferably ranges in size from C; to about Cis, or greater, and more preferably from -'
C) to about Cs. When R, or R is aryl, the aryl moiety preferably consists of a single -

- aromatic ring that-is-optionaily substituted-or-unsubstituted; and mg'@mmmmo.

about Cyg, or greater, andmorepteferablyfromcstoabouth.Inamrﬂwropnon,the
axylmmety:snotahetemaryl : S

Thus, R, or Rzare independently selected from H, methyl ethyl propyl phenyl and/or

" derivatives thereof, pmv:ded that at least one of Ryjor Rz is orgamc In one embodtmem,

16
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both R; and R; are methyl and a trifunctional surface modxﬁcanon agent accordmg to

Formula VI is methyltrimethoxysilane.

_ In another embodiment, a suitable silane according to the invention has the general fonnula of

" RiSI(NRzR3)5 - Formula VIL.
Wherein Ry, R2, R are independently H, alkyl and/or aryl. ‘When any of R;, R;, Rz are
alkyl and/or aryl, they are defined as for R, and R; of Formula VI, above. In preferred -
embodiments according to Formula VII, R; is selected from H, CH;, C¢Hs, and R and R3 -
are both CHa. Thus trifunctional monomer-type surface modlficatlon agents accomdmg to
Formula VI mclude eg., ms(d:methylammo)methylsxlme, '
ms(dxmethylammo)phenylsxlane, and/or tns(dlmetlutlmmno)si.lm.

In yet another embodiment, a suitable silane according to the invention has the general
fommaTt—

R]Sl (ON=CR2R3); Formula VIII
wherem Ri.Ra, R; are mdepcndently H, alkyl and/or aryl. When any of Ri, Ra, R3 are
dlkyl and/or aryl, they are deﬁned as for R; and R of Formula VI, above. Inone .
preferred embodiment, R; and R, are both CHs, and R is CH,CH;. Thus trifunctional
monomer-type surface modification agents according to Formula v mclude, _g -

: methylms(meﬂlyleﬂlylkcoxxme)sxlm.

In yet a further embodiment, a suitable silane according to the invention has the general

R;SiCl;s ‘Formula IX
wherein R, is H, alky! or aryl. When R, is alkyl and/oraryl they are defined as for
Formula IV, above In one prefened embodlment R; is CHs. Thus trifunctional

methylmchlorosilame

- Inamore prefeﬁe&anbodiment, the capping re.agent includes one or more
' orgmoacetoxysﬂanes which have the following general formula,

_ _ (RixSi(OCORz)y  FormulaX.
Preferably, x is an mtegerrangmg m valnefrom 1t02, andx andycan bethesameor

dlfferentandyns an mhegermgmgﬁ'omaboutZtoaboutS or greater.
: 17
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Useful organoacetoxysilanes, including multxfuncuonal alkylacetoxysllane and/or
arylacetoxysilane compounds, include, simply by way of example and without hm:tat:on,
methyltnacetoxys:lane ("MTAS"), dlmethyldxacetoxysllane (DMDAS), .
phonylmacetoxysllane and d:phenyldlacetoxysxlane andcombmatlons thereof.

Properties of Produced Nangpm Dielectric Films -

Nanoporous silica films formed on a substrate for use accordmg to the invention are
generally formed with a porosnty of about 20% or greater and thh pore sizes that range
from about 1 nm to about. 100 nm, moxepreferablyfromabouthmtoabout:iOnm,and
most preferably from about 3 nm to about 20 nm. The density of the smcon contammg
composition, including the pores, ranges from about 0.1 to about 1.9 g/em®, more
preferably from about 0.25 to about 1.6 g/cm’, and most preferably from about 0.4 to -

Thus, the nanoporous silica ﬁlms produced by the processes of the invention pneferably

" have a moisture stable d:electnc constant that is less tham about 3. More preferably, the

nanoporous s1hca films of the mvenoon have a dxelecmc constant ranging from about 11
to. about 3.0, even more preferably from about 1 3to about 2 5 and most preferably from

', about 1.7 to about 2.

mm&a@_:smam
Ina furﬂaerbeneﬁctal result of the present mvenoou, it will be apprecxated that the

above-described methods and composmons can be optionally applied to non-porous

silica dielectric materials, in order to, £.2., stabilize such materials against the effects of
environmental moisture and the like, for use as insulators and dielectricsin
microelectronic and/or mtegrated circuit products, as may be desnred, for utilities where. a
verylowﬂei%c-constantmdlorwmtyrsm&reqmmd. Sueh—noa-porous-s:hca_-— -
based dielectric materials include, for example, films deposited by art-standard miethods,
e.g, che_mical vapor deposition ("CVD"), dip coating, spray coating, or any other similar
miaterials that have surface silanols which it is desirable to cap. |

. Prefersbly, such silica dielectric materials are formed by CVD. However, the produced
- film ténds to have free silanols on the surface that will adsorb environmental moisture. -

18
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Thus, application of the methods of the present invention will usefully cap these free-

silanols, even on non-porous dieigctric silica materials.
The following non-limiting examples serve to further explain and illustrate the invention.

EXAMPLE 1

This example illustrates the prepaiation of dielectric films treated with a 25% solution of
MTAS-derived siloxane polymer, that contained an average of 1 .5 reactive funct:onal

group per repeating unit.

Preparation of Hydrolyzed MTAS for Surface Modification
Methyltriacetoxysilane ("MTAS", pm'chased from United Chemical Technologws,

antol, PA) was punﬁed by vacoum dtstdlahop prior to use. 3-pentanone(Pacific Pac) - '

" a5

1.78 g ofwatcrm aSOOmLﬂaskwnhamagnenc stir bar. Then 29 gofMTAS was
added to the above 3-pentanonelwater mixture-with proper stirring, which was contmued
ovemnight at room temperature to produce a clear, colorless solution. Gas

chromatography-mass spectmscopy was used to’ analyze this product and found no sxgn

of MTAS presence in the product, suggesung that all of the MTAS has reacted. This

solution was then filtered through 0.2 micron Teﬂon° filter and used for the surface - .

treatment descnbed below

 Preparation of Nanoporous Film

A nanoporous silica pieémsor was synthesized by adding 208 mL of tetraethoxysilane;
94 mL of qiemyleneglycol monomethyl mmm, 16.8 mL deionized water,

and 0.68 mL of IN nitric acid togethm'iﬁ a round bottom flask. The solution was heated ._
. .to about 80°C mtthrous stirring (heating and stirring were begun at the same time)

and :eﬂuxed for 1. 5 hours, to form a clear solution. The resulting soluuon was allowed

to cool down fo room temperature and then it was diluted 25% by welght with ethanol.
 and filtered through a 0.1 micron Teﬂon" filter.

About 2 mL of the nanoporous silica precursor, was deposited onto a 4” silicon wafer
and then spun at 2500 rpm for 30 seconds Then the resulting film was gelledlaged m a

: vacuixm chamber asfollows
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. The chamber was evacuated to 250 torr.
2. 15M ammonium hydroxlde was heated and equthbrated at 45°C and introdnced into
" the chamber to tnerease the pressure to 660 torrfor 10 minutes .
3. 'The chamber was reﬁlled with air and the film was removed from the chamber for

next step surface u'eatmentlsolvent exchange

i NG Trea ent of F:lm

The surface treatment/solvent exchange of the film was camed out using the followmg

conditions:

L.. The reagent used forthe surface treatment was prepm'ed as descn’bed above.
2. Theaged filmwas putonthe spmmngchuck andspunatZSOrpm.

30

thefilml:odryforZO seconds

4 ThenthefilmwasspmdryatzSOOrpmformseconds andthentheﬁlmwas L

removed from the chuek and suhjecte,d to heat treatment.

The film obtained from the above process was then heated at 175 and 320°C, under au',
for two 60 second steps, respecnvely Then the film was cured in a furmace at 400°C for .

30 minutes under mtrogen.

‘The refractive index and tluckness of the obtatned films were measured by Woollam _

ellipsometer by standard. methods

' Dmmo_n;_omm_cmm .
"~ Thé dxeleetﬁc ‘coOnistant was'measmed byﬁesmndardﬁchrvetecluuque, usmg-Mes—

capacitor ("MOSCAP") structure as follows The MOSCAP structure is formed by .

. sputtering aluminum onto the film through ¢ a cxrcular dot mask and an aluminum blanket

film is also sputtered onto the back side of the wafer. An appmpnately biased voltage
was apphed to the MOSCAP and the capacxtance was then measured at 1 MHz, 'Ihxs )

| method was employed for dxelectnc consmt determinations in all subsequent examples
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Determination of Film Mechanical Sm gth

The force required to break theﬁlm was determined by an art-standérd stud-pull test.

The film to be tested was placed on substrate wafer, and an aluminum layer was placed . |
on top of the film to prevent penetration of the pore structure by the suBsequently applied
epoxy. An epoxy test stud was then epoxied to the top of the aluminized film. Once the
epoxy was cured, the stud was pulled away from the film, with a measured fbréé, until
some component broke. The measured pull force at the moment just prior to breakage -
was reported as the stud pull strength. As described below and in the following
examples, the stud-pull is defined as the force exerted on the workpiece, at the moment
of mechanical failure, measured in kilopounds per square inch ("KPST"). '

The measured film properties are summarized in the following table.

- Table 1
Refractive Index | Film Thickness (A) | Dielectric constant | Stud pull (KPSI)
1.221 7206 2.23 2.54
EXAMPLE 2

This example illustrates preparation of dielectric films treated with a 30% solution of
MTAS-derived siloxane polymer that contained 1 reactive. functional group per repeating -
unit. | '

. Preparation of Hydrolyzed MTAS for Surface Modification

MTAS and 3-pentanone were obtained and prepired as for Exampl.e 1, above.

76.3 g of 3-pentanone was added to-2.67 g of water in a 250 mL flask with magnetic stir-
bar. Then 32.7 g of MTAS was added to the above 3-pentanone/water mixture with
proper stirring; which-wascontinmdwefnight at room-temperature-to-produce-a-cleas,
colorless solu_tion. Gas chromatography-mass spectroscopy was used to analyze this

“product and found no sign of MTAS presence iri the product. suggesting all of the MTAS
. has reacted. This solution was then filtered through a 0.2 micron Teflon® filter and used

for surface treatment described below.

21
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of Nano; s Film
About 2 mL of a nanoporous sxhca precursor prepared as descnbed in Example 1, above, .
was deposlted ontoa4” sxhcon wafer and then spun at 2500 rpm for 30 seconds. Then
the film was gelledlaged m a vacuum chamber using the thxee-step method described
above for Example 1. = : ' '

The surface treatment/solvent exchange of the film was carried with the above-described
surface modification reagent using the four-step process descnbed by Example 1.

'lheﬁlmobtamedfromtheaboveprocesswasthenheamd:nthetwo-steppmcess and
cured under nitrogen gas, as described above for Example 1. The refractive index,
dielectric constant and stud pull test were all conducted as for Examplc 1. The measuted
film properties are shown in the following table. : '

Mzmm-f_l‘lﬂmﬂkg

Refractive Index | Film Thlclmess jA) ‘Dielectric constant Smd Jull'(KPSl)
13144 6115 313 - 39
: M.ES

This example 1llusttates preparatzon of dielectric films treated with a 20% solution of .
MTAS-derived srloxane polymer that contained 1 reactive functtonal group per repeating -

unit.
ion of H fe S Modtﬁca

MTAS and 3-pentanone were obtamed and prepated as for Example 1, above.
lZZgofB-pentanonewasaddedtoZS g of water in aSOOmLﬂaskwrthmagnehc stir

" bar. Then 30.5 g of MTAS was added to the above 3-pentanone/water mixtare with
'pmﬁsﬁiﬁﬁg‘,'wmclrwsconmued‘overmghramom temperatmcto-producca—clcar,—-—-

colorless solution. Gas chromatography-mass spectroscopy was used to analyze this .

. product and found no sign of MTAS presence:in the product. suggesting all of the MTAS

hds reacted. This solution was then filtered through a 0.2 micron Teflon® filter and used
for surface treatment descnbed below.
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About 2 mL of a nanoporous silica precursor prepared as described in Example 1, above,
was deposited onto a 4” silicon: v"\'?afer and then spun at 2500 rpm fér 30 seconds. Then
the film was gelled/aged in & vacuum chamber using the three-step method descnbed
above for Example 1.

The surface treatment/solvent exchange of the film was carried with the above_'-descﬂbed
surface modification reagent using the four-step process described by Example 1.

The film obtained from the above process was then heated in the two-step process, and

10  cured under nitrogen gas, as described above for Example 1. The refractive index, '
dielectric constant and stud pull test were all conducted as described for Example 1. The
measured film properties are shown in the following table. | |

: __Table3 : i R
[Refractive Index | Film Thickness (A) | Diclectric constant | Stud poll (KPSD) |~
1.2329 6390 218 - 221 :

15 | | EXAMPLE4

Tlns example illustrates pteparat:on of dielectric films treated with a 10% solutlon of
MTAS-derived siloxane polymer that contained 1 reactive funcuonal group per repeatmg
unit.

of lyz MT Sfor rface i ion

20
MTAS and 3-pentanone were obtained and prepared as for Example 1, above

185.4 g of 3-pentanone was added to 1.68 gofwaterm a 500 mL flask with magneuc stir -
bar: Then 20:6 g of MTAS was added to the above 3-pentanonelwater mixture with
proper stirring, which was contmued overnight at room temperature to produce a clear,
25  colorless solution. Gas chromatography-mass spectmseopy was used to analyze this
~ product and found no sign of MTAS presence in the product, suggeshng_all‘o'f’th_m
has reacted. This solution was then filtered through 2 0.2 micron Teﬂon" filter and used
 for surface treatment described below.

30 mm_mnmm_ﬂ_
About 2 mL of a nanoporous sihca precursor prepared as described i in Exanmle 1, above,

was depomted onto a 4” silicon wafer and then spun at 2500 rpm for 30 seconds. Then
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the film was gelledlaged ini a vacuum chamber using the thrce-step method described
above for Example 1. :

The surface treamrcntlsolvent cxchunge of the film was carried with the above-described
sutface modification reagent ns_ing thc four-step process descn'bed by Example 1.

" The film obtamed from the above process was then heated in thc two-step process, and

cured under nitrogen gas; as described above for Example 1. The refractive. mdex
dielectric constant and stad pull test were all conducted as described forExample L The
measured film properncs are shown in the followmg table. '

. Table 4 :
Refractive Index } Film Thickness (A) | Dielectric constant | Stud pull (KPSD
1.1933 5871 249 . - 11.70 :
. ; .. . - _ o

-This example illustrates preparatron of drelectnc ﬁlms treatcd wrth a10% soluuon of -

MTAS-denved srloxane polymcr that contamod 1.5 reactive functional group per
g um it. . y _

xion of rolyzed MTAS for Surface odificaton

MTAS and 3-pcntanonc were obtarned and prepared as for Example 1, above‘ 223. 2g of

_ 3-pentanone was added to 1. 52gofwater1na500mLﬂaskwrthamagneuc stir bar.

Then 24.8 g of MTAS was added to the above 3-pcntanonelwater mixture with proper
stirting, which was contmued overmght at room temperature to- produce a clcar, colorless
solution. Gas. chromatography—mass spccn'oscopy was used to analyze this product and

. found no sxgn of MTAS presence in the product, suggesting all of the MTAS has reacwd. .

This solution was then filtered through a 0. 2 micron Teﬂon" ﬁlter and used for surface.

_ucatmemdescnbedbelow - | . o

ti ano /)

- About 2 mL of a nanoporous silica precursor prepared as described in Example 1, sbove,

was deposited onto a 4” srhcon waferandﬂrenspun at25001pmfor303econds.'l‘hcr)

' thefilm was gelled/agedin a vacuurn chambcr ustng the three-stcp method descnbed
abm for Example 1. : .
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The surface treatment/solvent exchange of the film was carried w:th the above~described
surface modification reagent usmg the four-step process described by Example 1.

The film obtained from the above process was then heated in the two-step process, and
cured under nitrogen gas, as described above for Example 1. The refracttve index,
dielectric constant and stud pull test were all conducted as described for Example 1. The
measured film properties are shown in the following table. '

: Table 5
Refractive Index | Film Thickness (A) | Dielectric constant | Stad pull KPSD | -
1.1766 | 6694 ' 2.25 1.54

This example is provided for comparison purposes and illust'ra'tes'prepmﬁon of

dielectric films treated only with MTAS monomer No polymer/oligomer was apphed to
these films. '

mammﬂom

About 2 mL of a nanoporous silica precursor prepared as described in Example 1, above,
was deposited ontoa4" silicon wafer and theh spun at2500rpmfor30 seeonds Then

‘the film was gelledlaged in'a vacuum chamber using the three-step method described

above for Example 1. -

''The surface treatmentisolvent exchange of the film was conducted according to the

method of Example 1, but the reagent used for the smfaee modiﬂcdtion was prepared by
mixing 5 grams of MTAS thh 95 grams of 3-pentanone (each obtained as described by

* Example 1) to form a clear colorless sollmon

The film obtained from the above process was then heated in the two-step process, and -

.cured under nitrogen gas, as described above for Example 1. The refractive index,
 dielectric constant and stud pull test wete all conducted as described for Bxample 1. The

measured ﬁlm propernes are shown in the following table

Table 6 .
Refractive Index | Film Thickness (A) | Dielectric constant | Stud pull (KPSD
11665 |7518 — |ios 115
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This example rllustrates preparatron of dlelectnc films treated wrth a (monomet)
silylation surface reagent followed by treatment with a 25% solutron of MTAS-denved

siloxane polymer that contamed an average of 1.5 reactive funct:onal group per

f Hydrolyzed MTAS fi urfaceModrﬁc tion _
MTAS and 3-pentanone were obtained: and prepared as for Example 1, above. 50, g of
MTAS was dissolved in 150.g of 3-pentanone 3 05 gram of water was then added to the .
above solution with proper stirring. The resulted clear eolorless solunon that inchided
hydrolyzed MTAS was filtered through 0.2 mreron filter prior tq_ase for surface

About 4 mL of a nanoporous silica precursor prepared as descnbed in Example 1, above,
was deposrted onto a 8” silicon wafer and then spun at 2500 rpm for 30 seconds. 'I‘he
spun film was gelledlaged ina vacuum chamber using the followmg condmons :

- L 'mechamberwasevacuatedtozso torr

2. 15M ammonium hydroxrde was heated and ethbrated 4t 45°C and mtrodueed
into the chambertomereaseﬂrepressme 10 660 torrforSmmutes
3. The chamber was evaeuated to 250 torr.

4, 1M ammonium hydroxlde was heated and equrhbrated at 45°C and introduced

mto the chamber to i :nc:ease the pxessure to 660 tomr for 5 minutes.

-~ 5. The chamber was reﬁlled wrth air and the aged film was removed from the

: chamb_er.

onventional S eModrﬁcatr f rl lat: S .

_' The aged film was then subjected to surface treatmentlsolvent exchange. The solutron

. used for surface treatment/solvent exchange was prepared by drssolvmg MTAS, prepared

' anddrshlledasdescnbedbyExamplel m3-pentanonetomakea5wt.%MTAS
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concentration in 3-pentanone. The surface treatment/solvent exchange of the film was

carried out using the followmg ¢onditions: ':;';,-,.:.; oo

L The aged film was put bn the spinning chuck and spun at 250 rpm. .

2. About 30 mL of the above MTAS solution was spun onto the film, without

allowmg the film to dry, for 20 seconds

3. Then the film was spun dry at 2500 rpm for 10 second, removed from the chuck,
and subjectcd to heat treatment at 175 and 320°C, under axr, for 60 seconds
respectively, to produce a balaed film.

Pol Iolidmchu Treatment

The baked film resultlng from step 3 of the abovc procedm was then treated wnth the .
hydrolyzcd MTAS solution dcscnbed :

The surface treaunentlsolvent exchange of the film was carried out usmg the followmg

conditions:
1. - The baked film obtained from the above process was put on the spinning chuck

mdspunatZSOrpm.

2. ' About 30 mL of the above described hydmlyzed MTAS solution was spun on the

film without allowing the film to dry for 20 seconds.
3. ThenthcfilmwasspnndryatZSOOrpmforlOsecondandthenthcﬁlmwas _
mmoved from the chuck and subjected to heat treatment. -

' The film obtained from the sbove process was then heated at 175 and 320°C under air for

60 seconds, respectively. Then it was cured in a furnace at 400°C for 30 minute under
nitrogen. Refractive index and tluclmess of the obtamed film was measured by a
‘Woollam ellipsometer. S

Mgmmm

- Dielectric constant was measured by the standard CV curve techmque, as descnbed by -
. Example 1, supra. ' '

Film Mechanical Strength Measu rement

Thecohes:vesuengﬂmfdleﬁlmwasmeasuredbyastudplmwsnasdcscnbcdby

Examplelsupm -
27
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The modulus of the prepared films was measured with Nano IndenterXP (MTS Systems
Corp., Oak Ridge, TN 37830) This measurement prowdes the modulus of the films in

GPa (10‘ N/m’)

Table 7

Refractive [Film | Dielectric Coheslve M_odulus
Index ‘. | Thickness(A) Constant Strength | (GPa)
Ex.7Data 12565 | 7823 24 8.3.f _-.f? 6.3
| Multifunction- : R
Polymer
| Ex. 6 Data S . ’ SR :
Treated by 1.1665 ... | 7518 1.98 1.5 NA
MTAS without - ' - S EETET
H,0 @nonomer)

-As can be appreciated ﬁ-om Table? above, the properties ofthe film ueated by the
exemplified mulufuncﬂonal polymer/ohgomer compares are nmproved relative to the
properties of the film treated with just MTAS monomer. In partrcular thereisa gteater
- than 5-fold increase in the coheswe sirengﬂa, combined with a relatwely modest increase

.10 inthe dielectric constant. -
This example illustrates preparanon of dielectric films treated w1th a solutxon that

contained both a S% monomeric s:lylanon reagent (MTAS monomer) and a25% MTAS-
15  derived siloxane polymer that eontmned an average of 1.5 reacuve functional groups per '

repeating unit.
reparation of H '3 : AS for Surface Modifica
MTASand—S-pentanonewere-obtmned md-prepmd—as—for—ExampleJ,-abm.-zSO-g_
20 . MTAS was mixed with 750 g 3-pentanone and then 15.3 g water was added while the -
. solution was  properly stme_d. The solution was then stirred ovenught 154gof MTAS - -
was added to 185 g of clear solution obtained from previous step. The resulting clear _
colorless solution was filtered through a 0.2 micron filter prior to use for surface

25 E !c EN ‘ .'.:E-! ) . .
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A nanoporous silica precursor was synrhesized, spin-deposited onto a 8” silicon wafer
and then gelledlaged ina vacuum chamber as described. by Example 7, supra.
Pol {oligo: urface Trea

The resultmg aged film was then treated with the hydrolyzed MTAS polymer solutron,
which also included monomer MTAS, as described above. :

The surface treauneiltlsolvent exchange of the film was carried out using the following ~

conditions:
1. The aged film obtained from the above process was puton the spmmng chuck
and spun at 250 rpm.

2. About 30 mL of the above hydrolyzed MTAS solunon was spun on the film
_ without allowing the film to dry for 20 seconds. S '
3 - Then the film was spun dryat2500rpmfor 10secondand-then theﬁlm
removed from the chuck and sub_lected to hea treannent.

The film obtained from the above process was then heated at 175 and 320°C under air for -

60 seeonds respectively. Then it was cured in a furnace at 400°C for-30 minute under
mtrogen Refractive index and thickness of the obtamed film was measured by Woollam

ellipsometer.

Table 8

Refrkctive' Film Thickness. " Dielectric Coli'esive . )
Index (Angstrom) Constant Strength (KPSD)
1.3054 6808 238 . 827

This process demonstrated a umphﬁed co-treatment process (compared to Example 7)
with beth silylation of surface sxlanols by MTAS monomer and by the hydrolyzed MI‘AS

polymer compos_it;on The result is a film with physical properties (dielectric . c_onstant,

cohesive strength) similar to those obtained by the process of Example 8.

EXAMPLE9
This example 1llustrames preparation of dielectric films treated with a srlylatlon reagent
(MTAS monomer) followed by treatment with a 25% solution of MTAS-denved

29°
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siloxane polymcr that contained an average of 1.5 reactive functional group per
rcpcaung unit. e ' :

Preparation of ch_lgglM. MTAS for Surface Modification o :
250 g MTAS was mixed with 750 g 3-pentanoi:e and then 15 .3 g water was added while

the solution was properly suned. The solution was then stmved overnight. The resulting
clear colorless solution was filtemd through 0.2 micron filter pnor to use for surface

treatment.

A nanoporous silica prccnrsor was synthestzed spm-deposlted onto a 8" sxlxcon wafer
and then gelledlaged in a vacuum chamber as dcscnbed by Example 7, supra. :

Po foli

Thc surface ueatmcntlsolvcnt exchange of the film was carried out using the hydmlyzed _

- MTAS polymer composmon of this examplc applied using the process as descnbed

above for Example 8.

* The film obtainc'd:from. ' t'l;ccl.wovc'pmces' ocess was then heated at 175 and 320 C under air for
. 60 seconds respecnvely Then it was cured in a farnace at 400C for 30 minute under

~ nitrogen. Refractwe index and thickness of the obtained film was measured by Woollam s

20

elhpsomcter, as descnbed abovc in Example 1.

.Table 9

Refractive | Film Thickness | Dielectric | Cohesive
Index (Anggtron_l) Constant | Strength (@SI)

1.2826 '._'64393--“ 215 829

This process demonstmted a slmphﬁed process (comparcd to’ examplc 8) and provxde
films with similar phys:cal pmpemes (dnclectnc constant, cohesxve strength).

While there havebecn descnbcdwhat arepmenﬂybeheveduobethcprefened
: embodlmems ofthcmvcnuon. those skilled in theaxthllreahzcthatchmgesand

modiﬁcauonsmaybemadcﬂmtownthoutdeparnngfromthespmtofthemvenuon It |
30
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is intended to claim all such changes-and modifications that fall within the true scope of
the invention.. Numerous references are cited in the specification, the disclosures of
which are incorporated by reference in their entireties. '

31
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What is claimed is: L | |

1. A process for treating a silica film on a substrate, which comprises reacting a suitsble
silica film with a composition compﬁsing'a surface xﬁodiﬁcaﬁon agent, wherein said .
silica film is presenton a substrate and wherein smd reacuon is conducted under

conditions and fora pcnod of time sufficient for said surface modnﬁcanon agent to form a

. hydrophobxc coating on sald film and smd surface modxﬁcat:on agent comprises at least

one type of oligomer or polymer reactive thh sﬂanols on said sx_l;ca film.

2. The process of clann 1 wherem smd reactton is conducted in the presence of at least '

one solvent or co-solvent.

3. The process of cla:m 1 wherein sand silica ﬁlm isa nnnoporous dxelectnc film havmg a
pore structure that comprises silanols, and wherein sald reaction is conducted for a penod

" of time sufficient for said surface modification agent to produce a treated nanoporous
'uhcaﬁlmhavmgadxelecmc constantofaboutSorlcss |

4. The proocss of clmm 3 that produces a nanoporous silica film havmg a dielectric -

constmtrangmgfromaboutl 1toabout30

5. The process of claun l whencm said reaction 1s conducted at a tcmperatmc rangmg o

fromaboutlo"Ctoaboutsoo"C

6. Thcprocessofclalm 1 wherein smd:eacuonns conducwdforaumcpenodrangmg
fromabouthsecondstoabomlhour ‘

7. The process of clain_;l whcxcii; said surface njodiﬁcation agcnt is a polymer or

oligomer that comprises functional groups that will react with silanols.

8. The process of claim 7 wherein said surface modification agent is prepared by

reacting a suitable monomer with waterin a solvcnt to form said surface mod:ﬁca—non '

0. The process of claim 2 wherein said solvent or co-solvent is selected from the group.

consxsung of ethers, esters, ketones, glycol ethers, hydrocarbons. chlorinated solvems,

 low v:scosnty siloxanes and combmanons thereof. .

2
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10. The process of claim 2 wherein said co-solvent is selected from the group consisting
of ethers, esters, ketones, glytol ethers, hydrocarbons, chlorinated selvents, low viscosity

PCT/US00/01626

siloxanes and combinations thereof.

11, The process of claim 8 wherein said monomer is selected from the group consisting
of a siloxane, a silazane, a silane, a carbosilane, and combinations thereof.

12, The process of claim 8 wherein said water is present in said co-solvent in a.
concentration ranging from about 0.05 to about 10 percent, by wexght, relative to the co-

solvent.

13. The process of claim 8 wherein said water is present duririg seid reaction in
proportion to said monomer in a ratio rangmg from abouto S0:1. 5 to about 1 5'0.5 ‘
mole/mole. : L

14. The process of claim 8 wherein saxd monomer compound is selected from the group
consisting of said monomer compound is selected from the group consisting of ._
methyltnacetoxysxlane, phenylmacgtoxysﬂane, ms(d:meﬂﬂymmnno)methylgtlane, _
tris(dimethylamino)phenylsilane, tris(dicthiylamino)methylsilane and combinations |
thereof. '

15. The procéss of claim I wherein the composition comprises an oligomer or polymer
surface modificat_ion agent and a monomer surface modification agent, wh_erein said _
monomer is reactive with silanol groups on said silica film. ' '

16. The process of claim 1 wherein said silica film is pre-treated with a monomer sutfaoe

modification agent, wherein said monomer is reactive with silanol groups on said silica
film. '

17. - The p_:bcés of 'clait_n's further comprising adding at least one addmonaﬁmn_;mer to .

_ said solution after the water is fully reacted, wherein said monomer is reactive with

silanol groups on said silica film.

8: The process of claim 15 wherein the monomer surface modification agént is an.
selected from the group conmstmg of siloxanes, silazanes, silanes, carbosnlanes and

’ oombmauons thereof.

33
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19. The process of claim 15 wherem the monomer surface modification agent is selected
from the group consisting of acetoxymmethylszlane, d:acetoxydxmethylsxlane,
methyltnacetoxysxlane. phenylmacetoxysﬂane, dnphenyldlaoeto' :_jsﬂane,
trimethylethoxysilane, mmethylmed\oxysllane, 2-mmethylsxloxypent-2-ene4-one, n-
(mmethylsﬂyl)acetamlde, 2—(lnmethyls'ly1) acetic acid, n-(mmethylsxlyl)mudazole,
trimethylsilylpropiolate, mmethylsﬂyl(mmemylsﬂoxy)-acetate nonameﬂiylmsxlazane,
hexamethyldrsxlazane, hexamethyldlsﬂoxane, mmethylsﬂanol methylsnlanol
triphenylsilanol, t-butyldlmethylsxlanol dlphenylsllanedlol,
tns(dlmethylammo)methylsﬂane, ms(d:methylammo)phenylsﬂane,
ms(dxmethylannno)sﬂmemeﬂ:yltnmethoxysilane, methylms(methyleﬂ:ylkeonme)sﬂane
methylmchlorosnlane, and combmatrons thereof. L :

20. A dielectsic film produced by a process compnsmg the steps of reactmg a su:table
silica film with a composmon comprising a surface mochﬁcauon agent, wherein saxd

" silica film is present on a substrate and wherein. said reaction 1s conduewd under -

conditions and for a penod of time sufficient for said sm'faoe mod:ﬁcauon agent to form a
hydrophobrc coatmg on said film and sald surface modaﬁcatxon agent comprises at least

" onetype of ol:gomer or polymer reaehve thh sllanol groups on said silica film. .

.21, 'l‘hed:eleetncﬁlmofclmmmwhmnastud-testconducwdon smdfilmexhrb:tsa

ﬁlmbreakstrengﬂl of greaoerthanZKPSIandadrelecme constant ranging fromabom
1.1t0 about 3.0. - o : Co .

22. An integrated cxrcmt eompnsmg at least one d:eleetnc s:hca ﬁlm treated by reacnng
said silica ﬁlm with a surface modification agent, wherein said reaction is conducted
under conditions and for a penod of time sufficient fo said surface modification agent to

. form a hydrophobic coatmg on sard film, and said surface modlﬁcahon agent comprises-

at Teast onﬁ‘y‘p?e"ofolig‘omer orio‘_lymactfve‘v}'i'tﬁ'sﬂﬁﬁ groups‘oumﬁh’_ﬁm—

. 23. The integrated circuit of clann 22 whe:em said surfaoe modlﬁcatxon agentis. '

prepared by reacting a smtable monomer with water in a solvent to form smd surfaoe
modlﬁcanon agent. -



10

15-

T,

WO 00/44036

24. The integrated circuit of claim 23 wherein said solvent is selected from the group

consisting of ethers, esters, ketones, glycol ethers, chlorinated solvents, low viscosity
siloxanes and combinations theréof. '

25. ;I‘fle integrated circuit of claim-23 wherein said ﬁ:onomgr is selected from the group

consisting of a siloxane, a silazane, a silane, a carbosilane, and combinations thereof.

26. The integrated circuit of claim 23 wherein said water is present in said co-solvent in a
concentration ranging from about 0.05 to about 10 percent, by weight, relative to the co-

solvent.

27. The mtegrated circuit of claim 26 whm'em said water is present during said reaction
in propomon to said monomer in a ratio ranging from about 0.50:1.5 to about 1.5.0 s,
mole/mole :

28. The mtegrated cncmt of claim 24 wherem said monomer compound is selected from
the group consisting of methylmacetoxysllane, phmylmacetoxys!lme,
ms(d:mgthlyaxmmo)methylsﬂane, tris(dimethylamino)phenyisilane,
tris(dicthylamino)methylsilané and combiriations thereof.

29. A polymer or oligomer surface modification reagent prepared by reacting a suitable
monomer with water in a solvent to form said surface modification agent.

35
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