
(19) United States 
US 20020001973A1 

(12) Patent Application Publication (10) Pub. No.: US 2002/0001973 A1 
Wu et al. (43) Pub. Date: Jan. 3, 2002 

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

(76) Inventors: Hui-Jung Wu, Fremont, CA (US); 
James S. Drage, Fremont, CA (US) 

Correspondence Address: 
Richard S Roberts 
PO. BOX 484 
Princeton, NJ 08542-0484 (US) 

(21) Appl. No.: 09/841,453 

(22) Filed: Apr. 24, 2001 

Related US. Application Data(60) 

Division of application No. 09/488,075, ?led on Jan. 20, 
2000, Which is a non-provisional of provisional application 
No. 60/117,248, ?led on Jan. 26, 1999. 

Publication Classi?cation 

(51) Im. c1? ......................... .. H01L 21/47; H01L 21/76 

(52) Us. 01. .......................................... .. 438/780; 438/421 

(57) ABSTRACT 

A process for treating a silica ?lm on a substrate, Which 
includes reacting a suitable silica ?lm With an effective 
amount of a surface modi?cation agent, Wherein the silica 
?lm is present on a substrate. The reaction is conducted 
under suitable conditions and for a period of time suf?cient 
for the surface modi?cation agent to form a hydrophobic 
coating on the ?lm. The surface modi?cation agent includes 
at least one type of oligomer or polymer reactive With 
silanols on the silica ?lm. Dielectric ?lms and integrated 
circuits including such ?lms are also disclosed. 
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USE OF MULTIFUNCTIONAL SI-BASED 
OLIGOMER/POLYMER FOR THE SURFACE 
MODIFICATION OF NANOPOROUS SILICA 

FILMS 

CROSS REFERENCE TO RELATED 
APPLICATION 

[0001] This patent application is a continuation-in-part of, 
and claims the bene?t of provisional application serial No. 
60/117,248, ?led on Jan. 26, 1999, the disclosure of Which 
is incorporated by reference herein in its entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates to loW dielectric 
constant silica ?lms and to improved processes for produc 
ing the same on substrates suitable for use in the production 
of semiconductor devices, such as integrated circuits 
(“ICs”). 

BACKGROUND OF THE INVENTION 

[0003] As feature siZes in integrated circuits (ICs) 
approach 0.18 microns and beloW, it is believed that elec 
trical insulation layers having a dielectric constant 22.5 Will 
be required for interlevel dielectric (ILD) and intermetal 
dielectric (IMD) applications. 

[0004] Nanoporous Silica Films 

[0005] One material With a loW dielectric constant (“k”) is 
nanoporous silica, Which can be prepared With relatively loW 
dielectric constants, by the incorporation of air, With a k of 
1, in the form of nanometer-scale pores. Nanoporous silica 
is attractive because it employs similar precursors, including 
organic-substituted silanes, e.g., tetramethoXysilane 
(“TMOS”) and/or tetraethoXysilane (“TEOS”), and/or meth 
yltriethoXysilane, as are used for the currently employed 
spin-on-glasses (“SOG”) and chemical vapor deposition 
(“CVD”) of silica (SiOZ). Nanoporous silica is also attrac 
tive because it is possible to control the porosity, and hence 
the density, material strength and dielectric constant of the 
resulting ?lm material. In addition to a loW k, nanoporous 
silica offers other advantages including: 1) thermal stability 
to 500° C., 2) substantially small pore siZe, i.e., at least an 
order of magnitude smaller in scale than the microelectronic 
features of the integrated circuit), 3) as noted above, prepa 
ration from materials such as silica and TEOS that are 
Widely used in semiconductors, 4) the ability to “tune” the 
dielectric constant of nanoporous silica over a Wide range, 
and 5) deposition of a nanoporous ?lm can be achieved 
using tools similar to those employed for conventional SOG 
processing. 
[0006] One dif?culty associated With nanoporous silica 
?lms is the presence of polariZable functional groups on 
internal pore surfaces. Functional groups present in previ 
ously available nanoporous ?lms 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, or an alkylsilane (SiR), Where R is as 
de?ned previously. In particular, silanol groups are highly 
polariZable and hygroscopic. Since nanoporous silica has a 
relatively large (internal) surface area associated With its 
porous structure, the contribution of the highly polariZable 
silanol groups results in higher than desired dielectric con 
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stant values. Adsorption of environmental Water by the 
silanol groups can potentially raise the dielectric constant of 
such materials even further. 

[0007] Even if the dielectric ?lm is out-gassed by heating 
before subsequent processing, the presence of the polar 
silanols can contribute negatively to the dielectric constant 
and dielectric loss. Previously employed methods for over 
coming this limitation and rendering the internal pore sur 
faces of nanoporous silica less polariZable and less hydro 
philic include reacting the internal surface silanols With 
surface modifying agents, also referred to in the art as 
silylation agents or capping agents. Such capping agents 
include, e.g., chlorosilanes or disilaZanes. 

[0008] In one previously employed method of capping 
silanol groups on pore surfaces, an organic reagent such as 
heXamethyldisilaZane (HMDZ) is introduced into the pores 
of the ?lm and alloWed to react With the surface silanol 
groups to cap the silanols by forming trimethylsilyl groups. 
These silylated surface groups are signi?cantly less polar 
iZable than the original silanols, and render the pore surfaces 
of the ?lm hydrophobic. One disadvantage in the use of 
trimethylsilyl groups is that they are not very thermally 
stable and may out-gas during processing of the IC and 
cause via poisoning. 

[0009] Another critical parameter of a nanoporous silica 
?lm is its mechanical strength. Generally the mechanical 
strength of a material decreases in proportion to any 
decrease in density in that material. For a nanoporous ?lm 
to be useful as a dielectric ?lm in IC devices, it is important 
that the combination of mechanical strength and loW dielec 
tric constant be optimiZed. For a given dielectric constant 
(Which is proportional to refractive indeX and density), the 
density is ?Xed, at least for a speci?c chemical composition. 
With ?Xed density, the strength of the nanoporous silica is 
maXimiZed by having the greatest fraction of solid Within the 
skeleton of the ?lm rather than as appended chemical groups 
on the surfaces of the nanometer-scale pores. Thus, in 
another draWback, reagents such as HMDZ introduce a 
signi?cant additional mass, in the form of trimethylsilyl 
groups, to the pore surfaces. The disproportionate mass of 
the trimethylsilyl groups is not available to contribute to 
mechanical strength, but it does raise the density of the ?lm 
and therefore is an obstacle to achieving the loWest possible 
k. 

[0010] For these reasons, and in vieW of the need for rapid 
competitive advances in the art of semiconductor, and/or 
microprocessor or IC fabrication, there remains a constant 
need in the art to improve upon previous methods and 
materials. In particular, there is a need to provide silica 
dielectric ?lms With hydrophobic surfaces, and in particular 
to provide nanoporous silica ?lms With hydrophobic pore 
surfaces, While desirably enhancing the mechanical strength 
of such treated hydrophobic ?lms. The successful solution of 
this problem Will provide greater material ?lm strength for 
a given desired dielectric constant. 

SUMMARY OF THE INVENTION 

[0011] Surprisingly, the methods of the present invention 
are able to solve these and other problems in the art by 
providing surface modi?cation agents that are able to render 
treated silica dielectric ?lms hydrophobic While also enhanc 
ing the mechanical strength of the treated ?lms, relative to 
previously employed methods and agents or reagents. 
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[0012] Accordingly, the invention provides novel pro 
cesses for forming silica dielectric ?lms or coatings on a 
desired substrate by the steps of reacting a suitable silica ?lm 
With a surface modi?cation agent. The silica ?lm is present 
on a substrate, and the reaction is conducted under suitable 
conditions, and for a period of time suf?cient for the surface 
modi?cation agent to form a hydrophobic coating on the 
silica dielectric ?lm. The surface modi?cation agent com 
prises at least one type of oligomer or polymer reactive With 
silanols on the silica ?lm. Compositions, including silica 
dielectric ?lms and integrated circuits With at least one silica 
dielectric ?lm treated by the processes of the invention are 
also provided. The processes of the invention are unexpect 
edly applied to silica dielectric ?lms Without signi?cantly 
degrading the obtainable range of desirable dielectric values. 

[0013] Optionally, the silica ?lm is pretreated With a 
monomer-type surface modi?cation agent that can cap or 
silylate silanols in the dielectric ?lm surface. In a further 
option, the silica ?lm is treated With a composition that 
includes both an oligomer or polymer surface modi?cation 
agent and a monomer-type surface modi?cation agent. 

[0014] The silica dielectric ?lm to be treated may be 
non-porous, but is preferably a nanoporous silica ?lm pre 
pared on the substrate immediately prior to the time of 
treatment, or may be previously prepared and stored or 
obtained from another source. It should also be mentioned 
that the silica dielectric ?lms to be treated by the novel 
processes of the invention are optionally aged or gelled, 
although this is not required. If an aging step is employed, 
it can be conducted before or after application of the surface 
modi?cation treatment as described herein, but preferably, 
the ?lm is aged prior to surface modi?cation. 

[0015] The processes of the invention may be conducted 
in either a vapor phase or a liquid phase, as desired. Further, 
the processes are optionally conducted in the presence of a 
solvent or co-solvent, and it should be appreciated that When 
the surface modi?cation is to be conducted in the liquid 
phase, the solvent or co-solvent is effective to dissolve 
and/or suspend the surface modi?cation agent or agents 
Without signi?cantly dissolving the ?lm to be treated. 

[0016] Any suitable material may be employed as a sol 
vent or co-solvent, including both ketones and non-ketones, 
but preferably, such solvent or co-solvent is selected from 
the group consisting of ethers, esters, ketoses, glycol ethers, 
chlorinated solvents, loW viscosity siloXanes, and suitable 
combinations thereof. 

[0017] While the silica ?lm to be treated need not be 
porous, preferably, the ?lm to be treated is a nanoporous 
dielectric ?lm having a pore structure With a high surface 
area, and the surface modi?cation process is conducted for 
a period of time suf?cient for the surface modi?cation agent 
to surface modi?cation agent to effectively coat the surface 
of the ?lm. and to produce a treated nanoporous silica ?lm 
having a dielectric constant of about 3 or less. Preferably, the 
surface modi?cation reaction is conducted for a time period 
ranging from about 10 seconds to about 1 hour and at a 
temperature ranging from about 10° C. to about 300° C. 

[0018] Preferably the ?lm to be treated is on a substrate, 
e.g., a Wafer suitable for production of an integrated circuit. 

[0019] The invention also provides for dielectric ?lms and 
an integrated circuit or circuits that include at least one 
dielectric ?lm produced by the processes of the invention. 
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Preferably, dielectric silica-based ?lms produced by the 
inventive processes reveal no signi?cant silanol absorbance 
in the Wavelengths ranging from about 3200 to about 3700 
cm-1 under Fourier transform infrared spectroscopy. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0020] Accordingly, in contrast to previously reported 
methods for rendering silica dielectric ?lms and materials 
hydrophobic, the present invention provides for polymer 
and/or oligomer-based reagents for surface modi?cation 
treatment. This approach has a number of advantages over 
previous methods. In particular, surface modi?cation using 
a polymer-based reagent Will provide improved mechanical 
strength, relative to previously employed reagents. Without 
Wishing to be bound by any hypothesis or theory as to hoW 
the inventive reagents might operate, it is believed that 
Weakest part of the ?ne structure of a nanoporous silica ?lm 
is the contact point betWeen the particles or grains of the 
?lm. Thus, a polymer coating on the ?lm surface, particu 
larly a coating on the surfaces of the nanometer-scale pores, 
is believed to both eliminate the moisture absorbing prob 
lem, and to strengthen the mechanical properties of the ?lm, 
by overcoating and binding together the ?ne particles or 
grains that make up the ?lm. Whatever the underlying 
reasons for the positive effect on ?lm mechanical strength, 
the eXamples provided hereinbeloW con?rm that the meth 
ods and reagents of the invention in fact provide enhanced 
?lm strength. 

[0021] The processes and reagents of the invention are 
applied to silica dielectric ?lms. A number of methods for 
the preparation of nanoporous silica ?lms on substrates are 
knoWn to the art, as summariZed in the “Background of the 
Invention”, above. In addition, a number of variations and 
improvement to these generally knoWn methods for the 
preparation of nanoporous ?lms are taught by co-oWned 
US. patent application Ser. Nos. 09/046,475 and 09/046, 
473, both ?led on Mar. 25, 1998; US. patent application Ser. 
No. 09/054,262, ?led on Apr. 3, 1998; and US. patent 
application Ser. Nos. 09/055,244 and 09/055,516, both ?led 
on Apr. 6, 1998, as Well as co-oWned US. patent application 
Ser. Nos. 09/379,484, ?led on Aug. 23, 1999, 09/392,413, 
?led on Sep. 9, 1999, the disclosures of Which are incorpo 
rated by reference herein in their entireties. In any event, the 
artisan Will appreciate that the methods and materials of the 
invention are readily applied to a Wide variety of art-knoWn 
dielectric materials, including organic-based dielectric mate 
rials, and preferably, to silica-based dielectric materials, and 
most preferably to nanoporous dielectric silica materials, to 
provide for enhanced strength and/or a protective hydropho 
bic coating. 

[0022] In order to better appreciate the scope of the 
invention, it should be understood that unless the “SiO2” 
functional group is speci?cally mentioned When the term 
“silica” is employed, the term “silica” as used herein, for 
eXample, With reference to dielectric ?lms, is intended to 
refer to dielectric ?lms prepared by the inventive methods 
from an organic or inorganic glass base material, e.g., any 
suitable silicon-based material. In addition, it should also be 
understood that the use of singular terms herein is not 
intended to be so limited, but, Where appropriate, also 
encompasses the plural, e.g., eXemplary processes of the 
invention may be described as applying to and producing a 
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“?lm” but it is intended that multiple ?lms can be produced 
by the described, exempli?ed and claimed processes, as 
desired. 

[0023] Further, the use of the terms, “agent” or “agents” 
herein should be considered to be synonymous With the 
terms, “reagent” or “reagents,” unless otherWise indicated. 
Use of the term, “integrated circuit,” or “IC,” is intended to 
represent any semiconductor product for Which the pro 
cesses and compositions of the invention are employed, 
unless otherWise speci?ed. 

[0024] Further still, although the description provided 
herein generally describes processes employed for treating 
nanoporous dielectric materials, the artisan Will readily 
appreciate that the instantly provided methods and compo 
sitions are readily applied to nonporous dielectric silica ?lms 
as Well. Thus, nonporous ?lms applied to a suitable sub 
strate, e.g., a semiconductor Wafer suitable for producing an 
integrated circuit, as described beloW, Will also bene?t from 
the methods and materials provided by the present inven 
tion. For example, adsorption of environmental Water vapor 
onto hydrophilic silica ?lms 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. 

[0025] Substrates 

[0026] Broadly speaking, a “substrate” as described herein 
includes any suitable composition formed before a nanopo 
rous silica ?lm of the invention is applied to and/or formed 
on that composition. For example, a substrate is typically a 
silicon Wafer suitable for producing an integrated circuit, 
and the base material from Which the nanoporous silica ?lm 
is formed is applied onto the substrate by any methods, e.g., 
including, but not limited to, the art-knoWn methods of 
spin-coating, chemical vapor deposition or CVD, and dip 
coating. Prior to application of the base materials to form the 
nanoporous silica ?lm, the substrate surface is optionally 
prepared for coating by standard, art-knoWn cleaning meth 
ods. 

[0027] Suitable substrates for the present invention non 
exclusively include semiconductor materials such as gallium 
arsenide (“GaAs”), silicon and compositions containing 
silicon such as crystalline silicon, polysilicon, amorphous 
silicon, epitaxial silicon, and silicon dioxide (“SiO2”) and 
mixtures thereof. On the 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 litho 
graphic techniques. Suitable materials for the lines include 
silica, silicon nitride, titanium nitride, tantalum nitride, 
aluminum, aluminum alloys, copper, copper alloys, tanta 
lum, tungsten and silicon oxynitride. These lines form the 
conductors or insulators of an integrated circuit. Such are 
typically closely separated from one another at distances of 
about 20 microns or less, preferably 1 microns or less, and 
more preferably from about 0.05 to about 1 microns. Other 
optional features of the surface of a suitable substrate 
include previously formed nanoporous silica dielectric ?lms 

[0028] The starting materials for conducting the processes 
of the invention also include a nanoporous silica ?lm formed 
on the substrate by applying a silica precursor, such as a 
spin-on glass composition onto the substrate and then 
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optionally aging the ?lm. If an aging step is applied, this is 
typically conducted, for example, by treating the coated 
substrate With, e.g., ammonia and Water vapor, to promote 
gelation. 
[0029] Generally, the processes of the invention are con 
ducted on the nanoporous ?lm While it is still Wet ?lm, 
directly after aging. In alternative embodiments, the pro 
cesses of the invention are optionally conducted on nanopo 
rous silica ?lms not yet subjected to aging, to dried nan 
oporous ?lms and to nanoporous silica ?lms that have been 
stored for a time period after completing the aging process. 

[0030] While a number of alternative aging methods are 
knoWn to the art, preferably, in the processes of the inven 
tion, the ?lm is aged by treatment With ammonium hydrox 
ide. As exempli?ed hereinbeloW, the ?lm is aged statically 
by exposing the ?lm-bearing substrate to 15M ammonium 
hydroxide and Water vapor in a con?ned chamber for a time 
period and under conditions effective to alloW the Water and 
ammonia vapor to diffuse into the ?lm. 

[0031] Polymeric/Oligomeric Surface Modi?cation Com 
positions 
[0032] In order to optimiZe the density/dielectric constant 
parameters together With the need for sufficient mechanical 
strength, the invention provides a surface modi?cation pro 
cess using one or more polymer/oligomer surface modi? 
cation compositions, able to form a hydrophobic surface 
?lm over the silanol-containing surfaces of the silica dielec 
tric ?lms. Thus, Within these broad parameters, a surface 
modi?cation composition includes one or more surface 
modi?cation agents, prepared in a composition that alloWs 
for the formation of a hydrophobic coating upon contact 
With the surface of a silica dielectric ?lm. 

[0033] More particularly, it is contemplated that the sur 
face modi?cation agent is prepared from a monomer i.e., a 
monomer precursor, that can be induced to polymeriZe and 
cross-link With itself and/or other types of monomers present 
in the reaction mixture to form a surface modi?cation 
reagent. The formed surface modi?cation reagent is, for 
example, a mixture that includes oligomers, e.g., multimers 
of 100 or feWer repeat units, and/or polymers, e.g., multi 
mers of 100 or more repeat units. This surface modi?cation 
reagent is then applied to a silica dielectric ?lm in need of 
such treatment Where it Will react With, i.e., cap, a substantial 
proportion of silanol groups thereon to form a desired 
hydrophobic coating. This surface modi?cation 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(diethylami 
no)methylsilane. 
[0034] More typically, the surface modi?cation reagent is 
prepared from silicon-based monomers, e.g., siloxanes, sila 
Zanes, 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 fol 
loWs. 

Si(CH3)(OCOCH3)—]n+CH3COOH 
[0035] Wherein “Q” symboliZesthe proceeding of the 
polymeriZation, in the case, hydrolysis/condensation, and 
“n” is an integer ranging in value from 2 to about 10,000, or 
greater. 
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[0036] The molar ratio of Water to monomer in the reac 
tion mixture is readily adjusted according to the particular 
products. In preferred embodiments, the Water is present 
during the reaction in proportion to the monomer in a ratio 
ranging from about 0.50:1.5 to about 15:05, mole/mole. 

[0037] While not Wishing 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— 
OCOCH3 moiety is the functional group that is believed to 
react With silanols (Si—OH) on the porous silica surface. 
While it is believed that such surface modi?cation reagents 
Will primarily link to the surface silanols, it is also contem 
plated that in certain optional embodiments, a signi?cant 
amount of cross-linking Within the resulting hydrophobic 
coating Will take place during formation of that coating. 

[0038] Thus, one exemplary class of siloxane polymer/ 
oligomers that have multi-functional groups that can react 
With silanol (Si—OH) have the folloWing general formula 

[0039] Wherein R can be H, alkyl, or aryl group and X is, 
e.g., selected from one or more of the folloWing moieties: H, 

acetoxy (OCOCH3), enoxy (CH2=C(CH3)—O—Si), 
oxime (R2C=N—Os—Si), alkoxy(RO—Si), amine(R2N— 
Si) and/or silanol (Si—OH), and n is an integer ranging, for 
example, in value from 2 to about 10,000, or greater. In a 
further option, n is 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 typically 
be distributed over a range of values. 

[0040] Another general class of suitable surface modi? 
cation reagents include silaZane polymer/oligomers that 
have multi-functional group that can react With silanol 
(Si—OH) having the general formula: 

(—SiXR1—NR2— n Formula II 

[0041] Wherein R1 and R2 are independently H, alkyl, 
and/or aryl, and is, e.g., selected from one or more of the 
folloWing moieties: acetoxy (OCOCH3), enoxy 
(CH2=C(CH3)—O—Si), oxime(R2C=N—Os—Si), 
alkoxy(RO—Si), and amine(R2N—Si), and n is de?ned as 
for formula I. 

[0042] It Will also be appreciated that since the backbone 
of silaZane polymers is Si—N, this group can optionally 
provide additional functionality and options for derivitiZa 
tion and cross-linking. Suitable silaZane reagents include, 
e.g., poly(1,2-dimethylsilaZne), (1,2-dimethylsilaZane)(1 
methylsilaZane) copolymer, and N-methylsilaZane resin in 
toluene. These silaZane polymers can be synthesiZed by the 
reaction of an appropriate amine or NH3 With the desired 
silane reagents. 

[0043] Yet another general class of suitable surface modi 
?cation reagents include silane polymer/oligomers that have 
multi-functional group that can react With silanol (Si—OH) 
having the general formula: 

(—SiXR—)n Formula III 

[0044] Wherein R can be H, alkyl, or aryl group and X is, 
e.g., selected from one or more of the folloWing moieties: H, 

acetoxy (OCOCH3), enoxy (CH2=C(CH3)—O—Si), 
oxime(R2C=N—Os—Si), alkoxy(RO—Si), and 
amine(R2N—Si), and n is de?ned as for formula I. It Will 
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also be appreciated that since the backbone of silane poly 
mers is Si—Si, this group can optionally provide additional 
functionality and options for derivatiZation and cross-link 
ing. Typical silane reagents that can be used for this appli 
cation include, e.g., polydimethylsilane, polyphenylmethyl 
silane, and the like, as Well as combinations thereof. 

[0045] Another general class of suitable surface modi? 
cation reagents include carbosilanes polymer/oligomers that 
have multi-functional group that can react With silanol 
(Si—OH) having the general formula: 

(—SiR1R2—R3—)n Formula IV 

[0046] Wherein R1 and R2 can independently H, alkyl, aryl 
groups, acetoxy (OCOCH3), enoxy (CH2=C(CH3)—O— 
Si), oxime(R2C=N—Os—Si), alkoxy(RO—Si), or 
amine(R2N—Si), and R3 can be substituted or un-substituted 
alkylene or arylene, 

[0047] Suitable siloxane polymers having multi-func 
tional groups and silanol groups, are also commercially 
available. For example, the artisan Will be familiar With the 
T-11 series of siloxane reagents available from the Advanced 
Microelectronic Materials division of HoneyWell (formerly 
AlliedSignal) (Sunnyvale, Calif.). Many suitable silane and 
silaZane polymers are also commercially available, e.g., 
from United Chemical Technology (Bristol, Pa.). 

[0048] It is also contemplated that combinations of one or 
more of the above, e. g., of reagents represented by Formulas 
I, II, III and/or IV, in the form of polymer and/or copolymer 
combinations, are also usefully employed in the methods 
and compositions of the invention. 

[0049] Preferably, the surface modi?cation agent is the 
hydrolysis/condensation product of a spin-on-glass type 
silica reagent, e.g., methyltriacetoxysilane (“MTAS”). The 
hydrolysis/condensation product of MTAS has a siloxane 
backbone structure With acetoxy multi-functional groups, 
formed by mixing a suitable MTAS solution With a de?ned 
proportion of Water under appropriate conditions. 

[0050] Methods of Reacting Silica Dielectric Films With 
Surface Modi?cation Agents 

[0051] Although the exempli?ed methods for reacting 
silica ?lms With surface modi?cation agents are conducted 
in the liquid phase, the artisan Will appreciate that surface 
modi?cation agent or agents may be delivered into contact 
With the ?lm to be treated in either a liquid phase, With or 
Without an optional co-solvent, or in the vapor phase, With 
or Without an optional co-solvent, as described, e.g., in 
co-oWned Ser. No. 09/111,084, ?led Jul. 7, 1998, incorpo 
rated herein by reference in its entirety, provided that the 
reaction is conducted With an amount or concentration of 
surface modi?cation agent(s) effective to provide a treated 
dielectric ?lm having the desired range of dielectric constant 
and mechanical strength to produce a suitable integrated 
circuit on the substrate. 

[0052] In one embodiment of the invention, the silica ?lm 
is exposed to a vapor phase material that includes a mono 
mer for forming a polymer/oligomer surface modi?cation 
agent as described herein, and optionally in combination 
With a carrier gas, in an amount and under conditions 
effective to cap silanol moieties on the ?lm surface. 

[0053] It Will be appreciated that a suitable vapor phase 
monomer for producing a polymer/oligomer surface modi 
?cation agent Will exhibit a satisfactory boiling point/vapor 
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pressure, reactivity, purity, and Will yield an effective and 
heat stable hydrophobic surface on the treated ?lm Without 
causing signi?cant undesirable effects. Monomers for form 
ing surface modi?cation agents desirably employed in the 
vapor phase Will have suitable vapor pressures in the tem 
perature range for conducting the surface modi?cation treat 
ment. Simply by Way of example, and Without limitation, the 
vapor pressure of a suitable monomer Will range from about 
1 to about 500 torr. Preferably, the vapor pressure of a 
suitable surface modi?cation agent Will range from about 5 
to about 100 torr. More preferably, the vapor pressure of a 
monomer Will range from about 5-100 torr. Most preferably, 
the vapor pressure of a monomer for forming a surface 
modi?cation agent Will range from about 10 to about 50 torr. 

[0054] As exempli?ed herein, the monomer Was mixed 
With a suitable solvent/co-solvent in liquid phase. Suitable 
co-solvents are those solvents in Which the surface modi? 
cation agent and any other optional materials are soluble, but 
Which Will not dissolve the dielectric material to be treated 
or interfere With the capping of the silanols on the treated 
surface and Which can be readily removed by evaporation 
and/or heating after the surface modi?cation reaction is 
complete. Simply by Way of example, and Without limita 
tion, such co-solvents include ethers, esters, ketones, glycol 
ethers, chlorinated solvents, loW viscosity siloxanes and 
suitable combinations of the members of these solvent 
classes. The artisan Will appreciate that the term, “loW 
viscosity” as applied to siloxanes is that Which is generally 
understood in the art, and Will preferably range from about 
1 to about 100 centistokes and preferably have a molecular 
Weight ranging from about 160 to about 3800 Daltons. 
Exemplary loW viscosity siloxanes useful in the inventive 
processes are commercially available, e.g., from DoW Corn 
mg. 

[0055] Suitable solvents/co-solvents can be employed in 
concentrations ranging generally from about 0.5 to about 99 
percent, or greater, by Weight of the total solution. Exem 
plary ethers useful in the inventive processes include diethyl 
ether, diisopropyl ether, dibutyl ether and combinations 
thereof. Exemplary ethers useful in the inventive processes 
include: ethyl acetate, isopropyl acetate, n-butyl acetate, and 
combinations thereof. Exemplary hydrocarbons useful in the 
inventive processes include: n-hexane, n-heptane, cyclohex 
anes, toluene, and combinations thereof. Exemplary ketones 
useful in the inventive processes include: acetone, 3-pen 
tanone, methyl isobutyl ketone, and combinations thereof. 
Exemplary glycol ethers useful in the inventive processes 
include: tri(ethylene glycol) dimethyl ether, tetra(ethylene 
glycol) dimethyl ether, tri(propylene glycol) dimethyl ether, 
and combinations thereof. Exemplary chlorinated solvents 
useful in the inventive processes include: 1,2-dichloroet 
hane, carbon tetrachloro, chloroform, and combinations 
thereof. As exempli?ed 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, or 
more preferably, in amounts ranging from about 50 to 80 
percent, by Weight of the total solution. 

[0056] In the exempli?ed embodiments of the invention, 
the monomer Was mixed With a solvent or co-solvent 

containing Water, and the surface modi?cation agent is a 
hydrolysis/condensation 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 
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solvent or co-solvent ranges from about 0.05 percent to 
about 10 percent, or greater. More preferably, the Water 
content of the solvent or co-solvent ranges from about 0.5 
percent to about 4 percent. 

[0057] The solution Was then mixed With various de?ned 
proportions of the co-solvent solution, and applied by art 
standard methods to the dielectric ?lm on the substrate, e.g., 
the solution or suspension containing the hydrolysis/con 
densation product Was spun onto various test ?lms. The 
monomer is mixed With the Water containing solvent/co 
solvent in a concentration (monomer to co-solvent) ranging 
from about 5 to about 90 percent, or greater. Preferably, the 
concentration of the monomer in the co-solvent ranges from 
about 5 to about 50 percent. More preferably, the concen 
tration of the monomer in the co-solvent ranges from about 
10 to about 30 percent. The proportion of monomer to Water 
ranges from about 0.50:1 to about 1:0.50, mole/mole. More 
preferably, the proportion of monomer to Water ranges from 
about 0.75:1 to about 1:0.75. In the examples beloW, the 
monomer Was exempli?ed by MTAS. 

[0058] Thereafter, the substrate and the treated ?lm Was 
heated to a temperature and for a time period suf?cient to 
drive off remaining surface modi?cation agent and solvent. 
In one preferred embodiment the ?lm is then cured. Option 
ally, the heating steps can be conducted in a plurality of 
stages, each stage utiliZing similar or differing times and 
temperatures, or combined into a single process step. For 
example, the heat treatment Was conducted under air at 175 
and 320° C., respectively. The treated ?lm Was thereafter 
cured, e.g., at 400° C. 

[0059] Combinations With Other Methods and Reagents— 
Monomer-Type Surface Modi?cation Agents 

[0060] As noted above in the Background of the Inven 
tion, one previously employed method of capping silanol 
groups on dielectric ?lm pore surfaces employed an organic 
reagent monomer, such as hexamethyldisilaZane (HMDZ), 
that is introduced into the pores of the ?lm and alloWed to 
react With the surface silanol groups. This reaction caps the 
silanols by forming hydrophobic trimethylsilyl groups. As 
noted above, one disadvantage in the use of trimethylsilyl 
groups is that they are not very thermally stable and may 
out-gas during further processing of the IC, and cause via 
poisoning. 

[0061] HoWever, an optional embodiment of the present 
invention provides for a combination of this other method, 
i.e., capping silanor groups With monomers to produce a 
hydrophobic surface, With the methods and compositions of 
the present invention. Advantageously, a combined treat 
ment provides additional capping of internal silanols, e.g., 
on ?lm surfaces located inside the pore structure of a 
nanoporous ?lm, Which is believed to further reduce the ?lm 
dielectric constant. Further, the oligomer or polymer surface 
modi?cation agent according to the invention seals the ?lm 
surface, provides added mechanical strength, improved 
hydrophobicity and is believed to inhibit out-gassing during 
IC processing. 

[0062] The combined process may be conducted sequen 
tially, by ?rst reacting the ?lm With a monomer-type surface 
modi?cation agent, and then reacting the ?lm With the 
oligomer or polymer surface modi?cation agent of the 
invention. Preferably, the reactions are conducted simulta 
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neously by (1) forming a solution of the oligomer or polymer 
surface modi?cation agent and then (2) adding an additional 
quantity of a selected monomer agent to that solution. The 
combined solution is then applied to the dielectric ?lm to be 
treated by the methods previously described supra. 

[0063] A number of monomer-type surface modi?cation 
agents and methods for producing hydrophobic, loW dielec 
tric nanoporous silica ?lms have been described, for 
example, in co-oWned US. application Ser. Nos.: 60/098, 
068 and 09/140,855, both ?led on Aug. 27, 1998, 09/234, 
609 and 09/235,186, both ?led on Jan. 21, 1999, the dis 
closures of Which are incorporated by reference herein in 
their entirety. 

[0064] One preferred monomer-type surface modi?cation 
agent is a compound having a formula selected from the 
group consisting of Formulas V (1)-(6): (1) R3SiNHSiR3, 
(2) RXCly, (3) RXSi(OH)y, (4) R3SiOSiR3, (5) RXSi(OR)y, 
and/or (6) RXSi(OCOCH3)y and combinations thereof, 
Wherein X is an integer ranging from 1 to 3, y is an integer 
ranging from 1 to 3 such that y=4—X, p is an integer ranging 
from 2 to 3; each R is an independently selected from 
hydrogen and a hydrophobic organic moiety. The R groups 
are preferably independently selected from the group of 
organic moieties consisting of alkyl, aryl and combinations 
thereof. The alkyl moiety is substituted or unsubstituted and 
is selected from the group consisting of straight alkyl, 
branched alkyl, cyclic alkyl and combinations thereof, and 
Wherein said alkyl moiety ranges in siZe from C1 to about 
C18. The aryl moiety is substituted or unsubstituted and 
ranges in siZe from C5 to about C18. Preferably the mono 
mer-type surface modi?cation agent is an acetoXysilane such 
as, acetoXytrimethylsilane, diacetoXydimethylsilane, meth 
yltriacetoXysilane, phenyltriacetoXysilane, diphenyldiac 
etoXysilane, and/or an alkoXysilane such as, trimethylethoX 
ysilane, trimethylmethoXysilane, 2-trimethylsiloXypent-2 
ene-4-one, n-(trimethylsilyl)acetamide, and/or one or more 
of the folloWing: 2-(trimethylsilyl) acetic acid, n-(trimeth 
ylsilyl)imidaZole, trimethylsilylpropiolate, trimethylsilyl(t 
rimethylsiloXy)-acetate, nonamethyltrisilaZane, heXamethyl 
disilaZane, heXamethyldisiloXane, trimethylsilanol, 
triethylsilanol, triphenylsilanol, t-butyldimethylsilanol, 
diphenylsilanediol and combinations thereof. 

[0065] The monomer-type surface modi?cation agent may 
be miXed With a suitable solvent such as acetone, applied to 
the nanoporous silica surface in the form of a vapor or liquid, 
and then dried. 

[0066] Additional monomer-type surface modi?cation 
agents include multifunctional surface modi?cation agents 
as described in detail in co-oWned U.S. Ser. No. 09/235,186, 
incorporated by reference herein in its entirety, as described 
above. Such multifunctional surface modi?cation agents can 
be applied in either vapor or liquid form, optionally With or 
Without co-solvents. Suitable co-solvents include, e.g., 
ketones, such as acetone, 3-pentanone, diisolpropylketon, 
and others, as described in detail in co-oWned U.S. appli 
cation Ser. No. 09/111,084, ?led on Jul. 7, 1998, the dis 
closure of Which in incorporated by reference herein in its 
entirety. For eXample, as described in detail in US. Ser. No. 
09/235,186, as incorporated by reference above, certain 
preferred surface modi?cation agents Will have tWo or more 
functional groups and react With surface silanol functional 
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groups While minimiZing mass present outside the structural 
frameWork of the ?lm, and include, e.g., suitable silanols 
such as 

R1Si(OR2)3 Formula VI 

[0067] Wherein R1 and R2 are independently selected moi 
eties, such as H and/or an organic moiety such as an alkyl, 
aryl or derivatives of these. When R1 or R2 is an alkyl, the 
alkyl moiety is optionally substituted or unsubstituted, and 
may be straight, branched or cyclic, and preferably ranges in 
siZe from C1 to about C18, or greater, and more preferably 
from C1 to about C8. When R1 or R2 is aryl, the aryl moiety 
preferably consists of a single aromatic ring that is option 
ally substituted or unsubstituted, and ranges in siZe from C5 
to about C18, or greater, and more preferably from C5 to 
about C8. In a further option, the aryl moiety is not a 
heteroaryl. 

[0068] Thus, R1 or R2 are independently selected from H, 
methyl, ethyl, propyl, phenyl, and/or derivatives thereof, 
provided that at least one of R1 or R2 is organic. In one 
embodiment, both R1 and R2 are methyl, and a trifunctional 
surface modi?cation agent according to Formula VI is 
methyltrimethoXysilane. 
[0069] In another embodiment, a suitable silane according 
to the invention has the general formula of 

R1Si(NR2R3)3 Formula VII 

[0070] Wherein R1, R2, R3 are independently H, alkyl 
and/or aryl. When any of R1, R2, R3 are alkyl and/or aryl, 
they are de?ned as for R1 and R2 of Formula VI, above. In 
preferred embodiments according to Formula VII, R1 is 
selected from H, CH3, C6H5, and R2 and R3 are both CH3. 
Thus trifunctional monomer-type surface modi?cation 
agents according to Formula VI include, e.g., tris(dimethy 
lamino)methylsilane, tris(dimethylamino)phenylsilane, and/ 
or tris(dimethylamino)silane. 

[0071] In yet another embodiment, a suitable silane 
according to the invention has the general formula of 

R1Si(ON:CR2R3)3 Formula VIII 

[0072] Wherein R1, R2, R3 are independently H, alkyl 
and/or aryl. When any of R1, R2, R3 are alkyl and/or aryl, 
they are de?ned as for R1 and R2 of Formula VI, above. In 
one preferred embodiment, R1 and R2 are both CH3, and R3 
is CH2CH3. Thus trifunctional monomer-type surface modi 
?cation agents according to Formula VII include, e.g., 
methyltris(methylethylkeoXime)silane. 
[0073] In yet a further embodiment, a suitable silane 
according to the invention has the general formula of 

R1SiCl3 Formula IX 

[0074] Wherein R1 is H, alkyl or aryl. When R1 is alkyl 
and/or aryl, they are de?ned as for Formula IV, above. In one 
preferred embodiment, R1 is CH3. Thus trifunctional mono 
mer-type surface modi?cation agents according to Formula 
VIII include, e.g., methyltrichlorosilane. 

[0075] In a more preferred embodiment, the capping 
reagent includes one or more organoacetoXysilanes Which 
have the folloWing general formula, 

(R1)XSi(OCOR2)y 
[0076] Preferably, X is an integer ranging in value from 1 
to 2, and X and y can be the same or different and y is an 
integer ranging from about 2 to about 3, or greater. 

Formula X 
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[0077] Useful organoacetoxysilanes, including multifunc 
tional alkylacetoxysilane and/or arylacetoxysilane com 
pounds, include, simply by Way of example and Without 
limitation, methyltriacetoxysilane (“MTAS”), dimethyldiac 
etoxysilane (DMDAS), phenyltriacetoxysilane and diphe 
nyldiacetoxysilane and combinations thereof. 

[0078] Properties of Produced Nanoporous Dielectric 
Films 

[0079] Nanoporous silica ?lms formed on a substrate for 
use according to the invention are generally formed With a 
porosity of about 20% or greater and With pore siZes that 
range from about 1 nm to about 100 nm, more preferably 
from about 2 nm to about 30 nm, and most preferably from 
about 3 nm to about 20 nm. The density of the silicon 
containing composition, including the pores, ranges from 
about 0.1 to about 1.9 g/cm3, more preferably from about 
0.25 to about 1.6 g/cm3, and most preferably from about 0.4 
to about 1.2 g/cm2. 

[0080] Thus, the nanoporous silica ?lms produced by the 
processes of the invention preferably have a moisture stable 
dielectric constant that is less than about 3. More preferably, 
the nanoporous silica ?lms of the invention have a dielectric 
constant ranging from about 1.1 to about 3.0, even more 
preferably from about 1.3 to about 2.5, and most preferably 
from about 1.7 to about 2. 

[0081] Non-Porous Silica Dielectric Films 

[0082] In a further bene?cial result of the present inven 
tion, it Will be appreciated that the above-described methods 
and compositions can be optionally applied to non-porous 
silica dielectric materials, in order to, e.g., stabiliZe such 
materials against the effects of environmental moisture and 
the like, for use as insulators and dielectrics in microelec 
tronic and/or integrated circuit products, as may be desired, 
for utilities Where a very loW dielectric constant and/or 
porosity is not required. Such non-porous silica-based 
dielectric materials include, for example, ?lms deposited by 
art-standard methods, e.g., chemical vapor deposition 
(“CVD”), dip coating, spray coating, or any other similar 
materials that have surface silanols Which it is desirable to 
cap. 

[0083] Preferably, such silica dielectric materials are 
formed by CVD. HoWever, the produced ?lm tends to have 
free silanols on the surface that Will adsorb environmental 
moisture. Thus, application of the methods of the present 
invention Will usefully cap these free silanols, even on 
non-porous dielectric silica materials. 

[0084] The folloWing non-limiting examples serve to fur 
ther explain and illustrate the invention. 

EXAMPLE 1 

[0085] This example illustrates the preparation of dielec 
tric ?lms treated With a 25% solution of MTAS-derived 
siloxane polymer, that contained an average of 1.5 reactive 
functional group per repeating unit. 

[0086] Preparation of HydrolyZed MTAS for Surface 
Modi?cation 

[0087] Methyltriacetoxysilane (“MTA ”; purchased from 
United Chemical Technologies, Bristol, Pa.) Was puri?ed by 
vacuum distillation prior to use. 3-pentanone(Paci?c Pac) 
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With a loW Water content (<250 PPM) Was employed. 116 g 
of 3-pentanone Was added to 1.78 g of Water in a 500 mL 
?ask With a magnetic stir bar. Then 29 g of MTAS Was added 
to the above 3-pentanone/Water mixture With proper stirring, 
Which Was continued overnight at room temperature to 
produce a clear, colorless solution. Gas chromatography 
mass spectroscopy Was used to analyZe this product and 
found no sign of MTAS presence in the product, suggesting 
that all of the MTAS has reacted. This solution Was then 
?ltered through 0.2 micron Te?on® ?lter and used for the 
surface treatment described beloW. 

[0088] Preparation of Nanoporous Film 

[0089] A nanoporous silica precursor Was synthesiZed by 
adding 208 mL of tetraethoxysilane, 94 mL of triethyleneg 
lycol monomethyl ether(TIEGMME), 16.8 mL deioniZed 
Water, and 0.68 mL of 1N nitric acid together in a round 
bottom ?ask. The solution Was heated to about 80° C. With 
vigorous stirring (heating and stirring Were begun at the 
same time) and re?uxed for 1.5 hours, to form a clear 
solution. The resulting solution Was alloWed to cool doWn to 
room temperature and then it Was diluted 25% by Weight 
With ethanol, and ?ltered through a 0.1 micron Te?on® 
?lter. 

[0090] 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 ?lm Was gelled/aged in a 
vacuum chamber as folloWs. 

[0091] 1. The chamber Was evacuated to 250 torr. 

[0092] 2. 15M ammonium hydroxide Was heated and 
equilibrated at 45° C. and introduced into the cham 
ber to increase the pressure to 660 torr for 10 minutes 

[0093] 3. The chamber Was re?lled With air and the 
?lm Was removed from the chamber for next step 
surface treatment/solvent exchange. 

[0094] Oligomer/Polymer Treatment of Film Surface 

[0095] The surface treatment/solvent exchange of the ?lm 
Was carried out using the folloWing conditions: 

[0096] 1. The reagent used for the surface treatment 
Was prepared as described above. 

[0097] 2. The aged ?lm Was put on the spinning 
chuck and spun at 250 rpm. 

[0098] 3. About 30 mL of the above MTAS solution 
Was spun on the ?lm Without alloWing the ?lm to dry 
for 20 seconds. 

[0099] 4. Then the ?lm Was spun dry at 2500 rpm for 
10 seconds, and then the ?lm Was removed from the 
chuck and subjected to heat treatment. 

[0100] Heat Treatment 

[0101] The ?lm obtained from the above process Was then 
heated at 175 and 320° C., under air, for tWo 60 second steps, 
respectively. Then the ?lm Was cured in a furnace at 400° C. 
for 30 minutes under nitrogen. 

[0102] The refractive index and thickness of the obtained 
?lms Were measured by Woollam ellipsometer by standard 
methods. 
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[0103] Determination of Dielectric Constant 

[0104] The dielectric constant Was measured by the stan 
dard CV curve technique, using MOS capacitor (“MOS 
CAP”) structure as follows. The MOSCAP structure is 
formed by sputtering aluminum onto the ?lm through a 
circular dot mask and an aluminum blanket ?lm is also 
sputtered onto the back side of the Wafer. An appropriately 
biased voltage Was applied to the MOSCAP and the capaci 
tance Was then measured at 1 MHZ. This method Was 
employed for dielectric constant determinations in all sub 
sequent examples. 

[0105] Determination of Film Mechanical Strength 

[0106] The force required to break the ?lm Was deter 
mined by an art-standard stud-pull test. The ?lm to be tested 
Was placed on substrate Wafer, and an aluminum layer Was 
placed on top of the ?lm 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 ?lm. 
Once the epoxy Was cured, the stud Was pulled aWay from 
the ?lm, With a measured force, 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 de?ned 
as the force exerted on the Workpiece, at the moment of 
mechanical failure, measured in kilopounds per square inch 
(“KPSI”). 
[0107] The measured ?lm properties are summariZed in 
the folloWing table. 

TABLE 1 

Refractive 
Index Film Thickness Dielectric constant Stud pull (KPSI) 

1.221 7206 2.23 2.54 

EXAMPLE 2 

[0108] This example illustrates preparation of dielectric 
?lms treated With a 30% solution of MTAS-derived siloxane 
polymer that contained 1 reactive functional group per 
repeating unit. 

[0109] Preparation of HydrolyZed MTAS for Surface 
Modi?cation 

[0110] MTAS and 3-pentanone Were obtained and pre 
pared as for Example 1, above. 76.3 g of 3-pentanone Was 
added to 2.67 g of Water in a 250 mL ?ask With magnetic stir 
bar. Then 32.7 g of MTAS Was added to the above 3-pen 
tanone/Water mixture With proper stirring, Which Was con 
tinued overnight at room temperature to produce a clear, 
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 has 
reacted. This solution Was then ?ltered through a 0.2 micron 
Te?on® ?lter and used for surface treatment described 
beloW. 

[0111] Preparation of Nanoporous Film 

[0112] About 2 mL of a nanoporous silica precursor pre 
pared as described in Example 1, above, Was deposited onto 
a 4“ silicon Wafer and then spun at 2500 rpm for 30 seconds. 
Then the ?lm Was gelled/aged in a vacuum chamber using 
the three-step method described above for Example 1. 
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[0113] The surface treatment/solvent exchange of the ?lm 
Was carried With the above-described surface modi?cation 
reagent using the four-step process described by Example 1. 

[0114] The ?lm 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 Were all conducted as 
for Example 1. The measured ?lm properties are shoWn in 
the folloWing table. 

TABLE 2 

Refractive 
Index Film Thickness Dielectric constant Stud pull (KPSI) 

1.3144 6115 3.13 3.96 

EXAMPLE 3 

[0115] This example illustrates preparation of dielectric 
?lms treated With a 20% solution of MTAS-derived siloxane 
polymer that contained 1 reactive functional group per 
repeating unit. 

[0116] Preparation of HydrolyZed MTAS for Surface 
Modi?cation 

[0117] MTAS and 3-pentanone Were obtained and pre 
pared as for Example 1, above. 122 g of 3-pentanone Was 
added to 2.5 g of Water in a 500 mL ?ask With magnetic stir 
bar. Then 30.5 g of MTAS Was added to the above 3-pen 
tanone/Water mixture With proper stirring, Which Was con 
tinued overnight at room temperature to produce a clear, 
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 has 
reacted. This solution Was then ?ltered through a 0.2 micron 
Te?on® ?lter and used for surface treatment described 
beloW. 

[0118] Preparation of Nanoporous Film 

[0119] About 2 mL of a nanoporous silica precursor pre 
pared as described in Example 1, above, Was deposited onto 
a 4“ silicon Wafer and then spun at 2500 rpm for 30 seconds. 
Then the ?lm Was gelled/aged in a vacuum chamber using 
the three-step method described above for Example 1. 

[0120] The surface treatment/solvent exchange of the ?lm 
Was carried With the above-described surface modi?cation 
reagent using the four-step process described by Example 1. 

[0121] The ?lm 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 Were all conducted as 
described for Example 1. The measured ?lm properties are 
shoWn in the folloWing table. 

TABLE 3 

Refractive 
Index Film Thickness Dielectric constant Stud pull (KPSI) 

1.2329 6390 2.18 2.21 
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EXAMPLE 4 

[0122] This example illustrates preparation of dielectric 
?lms treated With a 10% solution of MTAS-derived siloxane 
polymer that contained 1 reactive functional group per 
repeating unit. 

[0123] Preparation of HydrolyZed MTAS for Surface 
Modi?cation 

[0124] MTAS and 3-pentanone Were obtained and pre 
pared as for Example 1, above. 185.4 g of 3-pentanone Was 
added to 1.68 g of Water in a 500 mL ?ask With magnetic stir 
bar: Then 20:6 g of MTAS Was added to the above 3-pen 
tanone/Water mixture With proper stirring, Which Was con 
tinued overnight at room temperature to produce a clear, 
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 has 
reacted. This solution Was then ?ltered through a 0.2 micron 
Te?on® ?lter and used for surface treatment described 
beloW. 

[0125] Preparation of Nanoporous Film 

[0126] About 2 mL of a nanoporous silica precursor 
prepared as described in Example 1, above, Was deposited 
onto a 4“ silicon Wafer and then spun at 2500 rpm for 30 
seconds. Then the ?lm Was gelled/aged in a vacuum cham 
ber using the three-step method described above for 
Example 1. 

[0127] The surface treatment/solvent exchange of the ?lm 
Was carried With the above-described surface modi?cation 
reagent using the four-step process described by Example 1. 

[0128] The ?lm 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 Were all conducted as 
described for Example 1. The measured ?lm properties are 
shoWn in the folloWing table. 

TABLE 4 

Refractive 
Index Film Thickness Dielectric constant Stud pull (KPSI) 

1.1933 5871 2.49 1.70 

EXAMPLE 5 

[0129] This example illustrates preparation of dielectric 
?lms treated With a 10% solution of MTAS-derived siloxane 
polymer that contained 1.5 reactive functional group per 
repeating unit. 

[0130] Preparation of HydrolyZed MTAS for Surface 
Modi?cation 

[0131] MTAS and 3-pentanone Were obtained and pre 
pared as for Example 1, above. 223.2 g of 3-pentanone Was 
added to 1.52 g of Water in a 500 mL ?ask With a magnetic 
stir bar. Then 24.8 g of MTAS Was added to the above 
3-pentanone/Water mixture With proper stirring, Which Was 
continued overnight at room temperature to produce a clear, 
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 has 
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reacted. This solution Was then ?ltered through a 0.2 micron 
Te?on® ?lter and used for surface treatment described 
beloW. 

[0132] Preparation of Nanoporous Film 

[0133] About 2 mL of a nanoporous silica precursor 
prepared as described in Example 1, above, Was deposited 
onto a 4“ silicon Wafer and then spun at 2500 rpm for 30 
seconds. Then the ?lm Was gelled/aged in a vacuum cham 
ber using the three-step method described above for 
Example 1. 

[0134] The surface treatment/solvent exchange of the ?lm 
Was carried With the above-described surface modi?cation 
reagent using the four-step process described by Example 1. 

[0135] The ?lm 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 Were all conducted as 
described for Example 1. The measured ?lm properties are 
shoWn in the folloWing table. 

TABLE 5 

Refractive 
Index Film Thickness Dielectric constant Stud pull (KPSI) 

1.1766 6694 2.25 1.54 

EXAMPLE 6 

[0136] This example is provided for comparison purposes 
and illustrates preparation of dielectric ?lms treated only 
With MTAS monomer. No polymer/oligomer Was applied to 
these ?lms. 

[0137] Preparation of Nanoporous Film 

[0138] About 2 mL of a nanoporous silica precursor 
prepared as described in Example 1, above, Was deposited 
onto a 4“ silicon Wafer and then spun at 2500 rpm for 30 
seconds. Then the ?lm Was gelled/aged in a vacuum cham 
ber using the three-step method described above for 
Example 1. 

[0139] The surface treatment/solvent exchange of the ?lm 
Was conducted according to the method of Example 1, but 
the reagent used for the surface modi?cation Was prepared 
by mixing 5 grams of MTAS With 95 grams of 3-pentanone 
(each obtained as described by Example 1) to form a clear 
colorless solution. 

[0140] The ?lm 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 Were all conducted as 
described for Example 1. The measured ?lm properties are 
shoWn in the folloWing table. 

TABLE 6 

Refractive 
Index Film Thickness Dielectric constant Stud pull (KPSI) 

1.1665 7518 1.98 1.5 
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EXAMPLE 7 

[0141] This example illustrates preparation of dielectric 
?lms treated With a (monomer) silylation surface reagent 
followed by treatment With a 25% solution of MTAS 
derived siloxane polymer that contained an average of 1.5 
reactive functional group per repeating unit. 

[0142] Preparation of HydrolyZed MTAS for Surface 
Modi?cation 

[0143] MTAS and 3-pentanone Were obtained and pre 
pared 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 
colorless solution that included hydrolyzed MTAS Was 
?ltered through 0.2 micron ?lter prior to use for surface 
treatment. 

[0144] Preparation of Nanoporous Film 

[0145] About 4 mL of a nanoporous silica precursor 
prepared as described in Example 1, above, Was deposited 
onto a 8“ silicon Wafer and then spun at 2500 rpm for 30 
seconds. The spun ?lm Was gelled/aged in a vacuum cham 
ber using the folloWing conditions: 

[0146] 1. The chamber Was evacuated to 250 torr. 

[0147] 2. 15M ammonium hydroxide Was heated and 
equilibrated at 45° C. and introduced into the cham 
ber to increase the pressure to 660 torr for 5 minutes. 

[0148] 3. The chamber Was evacuated to 250 torr. 

[0149] 4. 15M ammonium hydroxide Was heated and 
equilibrated at 45° C. and introduced into the cham 
ber to increase the pressure to 660 torr for 5 minutes. 

[0150] 5. The chamber Was re?lled With air and the 
aged ?lm Was removed from the chamber. 

[0151] Conventional Surface Modi?cation for Silylating 
Pore Surfaces 

[0152] The aged ?lm Was then subjected to surface treat 
ment/solvent exchange. The solution used for surface treat 
ment/solvent exchange Was prepared by dissolving MTAS, 
prepared and distilled as described by Example 1, in 3-pen 
tanone to make a 5 Wt. % MTAS concentration in 3-pen 
tanone. The surface treatment/solvent exchange of the ?lm 
Was carried out using the folloWing conditions: 

[0153] 1. The aged ?lm Was put on the spinning 
chuck and spun at 250 rpm. 

[0154] 2. About 30 mL of the above MTAS solution 
Was spun onto the ?lm, Without alloWing the ?lm to 
dry, for 20 seconds. 

[0155] 3. Then the ?lm Was spun dry at 2500 rpm for 
10 second, removed from the chuck, and subjected to 
heat treatment at 175 and 320° C., under air, for 60 
seconds respectively, to produce a baked ?lm. 

[0156] Polymer/oligomer Surface Treatment 

[0157] The baked ?lm resulting from step 3 of the above 
procedure Was then treated With the hydrolyZed MTAS 
solution described 
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[0158] The surface treatment/solvent exchange of the ?lm 
Was carried out using the folloWing conditions: 

[0159] 1. The baked ?lm obtained from the above 
process Was put on the spinning chuck and spun at 
250 rpm. 

[0160] 2. About 30 mL of the above described hydro 
lyZed MTAS solution Was spun on the ?lm Without 
alloWing the ?lm to dry for 20 seconds. 

[0161] 3. Then the ?lm Was spun dry at 2500 rpm for 
10 second and then the ?lm Was removed from the 
chuck and subjected to heat treatment. 

[0162] The ?lm obtained from the above process Was then 
heated at 175 and 320° C. under air for 60 seconds, respec 
tively. Then it Was cured in a furnace at 400° C. for 30 
minute under nitrogen. Refractive index and thickness of the 
obtained ?lm Was measured by a Woollam ellipsometer. 

[0163] Dielectric Constant Measurement 

[0164] Dielectric constant Was measured by the standard 
CV curve technique, as described by Example 1, supra. 

[0165] Film Mechanical Strength Measurement 

[0166] The cohesive strength of the ?lm Was measured by 
a stud pull test, as described by Example 1, supra. 

[0167] The modulus of the prepared ?lms Was measured 
With Nano Indenter XP (MTS Systems Corp., Oak Ridge, 
Tenn. 37830). This measurement provides the modulus of 
the ?lms in GPa (10° N/m2). 

TABLE 7 

Film Cohesive 
Refractive Thickness Dielectric Strength Modulus 

Index (A) Constant (KPSI) (GPa) 

Ex. 7 Data 

Multi- 1.2565 7823 2.4 8.3 6.3 
function 
Polymer 
Ex. 6 Data 

Treated by 1.1665 7518 1.98 1.5 N/A 
MTAS 
Without 

H2O 
(mon 
omer) 

[0168] As can be appreciated from Table 7, above, the 
properties of the ?lm treated by the exempli?ed multifunc 
tional polymer/oligomer compares are improved relative to 
the properties of the ?lm treated With just MTAS monomer. 
In particular, there is a greater than 5-fold increase in the 
cohesive strength, combined With a relatively modest 
increase in the dielectric constant. 

EXAMPLE 8 

[0169] This example illustrates preparation of dielectric 
?lms treated With a solution that contained both a 5% 
monomeric silylation reagent (MTAS monomer) and a 25% 
MTAS-derived siloxane polymer that contained an average 
of 1.5 reactive functional groups per repeating unit. 
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[0170] Preparation of HydrolyZed MTAS for Surface 
Modi?cation 

[0171] MTAS and 3-pentanone Were obtained and pre 
pared as for Example 1, above. 250 g MTAS Was mixed With 
750 g 3-pentanone and then 15 .3 g Water Was added While 
the solution Was properly stirred. The solution Was then 
stirred overnight. 15.4 g of MTAS Was added to 185 g of 
clear solution obtained from previous step. The resulting 
clear colorless solution Was ?ltered through a 0.2 micron 
?lter prior to use for surface treatment. 

[0172] Preparation of Nanoporous Film 

[0173] A nanoporous silica precursor Was synthesized, 
spin-deposited onto a 8“ silicon Wafer and then gelled/aged 
in a vacuum chamber as described by Example 7, supra. 

[0174] Polymer/oligomer Surface Treatment 

[0175] The resulting aged ?lm Was then treated With the 
hydrolyZed MTAS polymer solution, Which also included 
monomer MTAS, as described above. 

[0176] The surface treatment/solvent exchange of the ?lm 
Was carried out using the folloWing conditions: 

0177 1. The a ed ?lm obtained from the above g 
process Was put on the spinning chuck and spun at 
250 rpm. 

[0178] 2. About 30 mL of the above hydrolyzed 
MTAS solution Was spun on the ?lm Without alloW 
ing the ?lm to dry for 20 seconds. 

[0179] 3. Then the ?lm Was spun dry at 2500 rpm for 
10 second and then the ?lm Was removed from the 
chuck and subjected to heat treatment. 

[0180] The ?lm obtained from the above process Was then 
heated at 175 and 320° C. under air for 60 seconds respec 
tively. Then it Was cured in a furnace at 400° C. for 30 
minute under nitrogen. Refractive index and thickness of the 
obtained ?lm Was measured by Woollam ellipsometer. 

TABLE 8 

Refractive Film Thickness Dielectric Cohesive 
Index (Angstrom) Constant Strength (KPSI) 

1.3054 6898 2.38 8.27 

[0181] This process demonstrated a simpli?ed co-treat 
ment process (compared to Example 7) With both silylation 
of surface silanols by MTAS monomer and by the hydro 
lyZed MTAS polymer composition. The result is a ?lm With 
physical properties (dielectric constant, cohesive strength) 
similar to those obtained by the process of Example 8. 

EXAMPLE 9 

[0182] This example illustrates preparation of dielectric 
?lms treated With a silylation reagent (MTAS monomer) 
folloWed by treatment With a 25% solution of MTAS 
derived siloxane polymer that contained an average of 1.5 
reactive functional group per repeating unit. 
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[0183] Preparation of HydrolyZed MTAS for Surface 
Modi?cation 

[0184] 250 g MTAS Was mixed With 750 g 3-pentanone 
and then 15.3 g Water Was added While the solution Was 
properly stirred. The solution Was then stirred overnight. The 
resulting clear colorless solution Was ?ltered through 0.2 
micron ?lter prior to use for surface treatment. 

[0185] Preparation of Nanoporous Film 

[0186] A nanoporous silica precursor Was synthesiZed, 
spin-deposited onto a 8“ silicon Wafer and then gelled/aged 
in a vacuum chamber as described by Example 7, supra. 

[0187] Polymer/oligomer Surface Treatment 

[0188] The surface treatment/solvent exchange of the ?lm 
Was carried out using the hydrolyZed MTAS polymer com 
position of this example applied using the process as 
described above for Example 8. 

[0189] The ?lm obtained from the above process Was then 
heated at 175 and 320 C. under air for 60 seconds respec 
tively. Then it Was cured in a furnace at 400 C. for 30 minute 
under nitrogen. Refractive index and thickness of the 
obtained ?lm Was measured by Woollam ellipsometer, as 
described above in Example 1. 

TABLE 9 

Refractive Film Thickness Dielectric Cohesive 
Index (Angstrom) Constant Strength (KPSI) 

1.2826 6439 2.15 8.29 

[0190] This process demonstrated a simpli?ed process 
(compared to example 8) and provide ?lms With similar 
physical properties (dielectric constant, cohesive strength). 
[0191] While there have been described What are presently 
believed to be the preferred embodiments of the invention, 
those skilled in the art Will realiZe that changes and modi 
?cations may be made thereto Without departing from the 
spirit of the invention. It is intended to claim all such 
changes and modi?cations that fall Within the true scope of 
the invention. Numerous references are cited in the speci 
?cation, the disclosures of Which are incorporated by refer 
ence in their entireties. 

What is claimed is: 
1. Aprocess for treating a silica ?lm on a substrate, Which 

comprises reacting a suitable silica ?lm With a composition 
comprising a surface modi?cation agent, Wherein said silica 
?lm is present on a substrate and Wherein said reaction is 
conducted under conditions and for a period of time suf? 
cient for said surface modi?cation agent to form a hydro 
phobic coating on said ?lm and said surface modi?cation 
agent comprises at least one type of oligomer or polymer 
reactive With silanols on said silica ?lm. 

2. The process of claim 1 Wherein said reaction is con 
ducted in the presence of at least one solvent or co-solvent. 

3. The process of claim 1 Wherein said silica ?lm is a 
nanoporous dielectric ?lm having a pore structure that 
comprises silanols, and Wherein said reaction is conducted 
for a period of time suf?cient for said surface modi?cation 
agent to produce a treated nanoporous silica ?lm having a 
dielectric constant of about 3 or less. 
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4. The process of claim 3 that produces a nanoporous 
silica ?lm having a dielectric constant ranging from about 
1.1 to about 3.0. 

5. The process of claim 1 Wherein said reaction is con 
ducted at a temperature ranging from about 10° C. to about 
300° C. 

6. The process of claim 1 Wherein said reaction is con 
ducted for a time period ranging from about 10 seconds to 
about 1 hour. 

7. The process of claim 1 Wherein said surface modi?ca 
tion agent is a polymer or oligomer that comprises func 
tional groups that Will react With silanols. 

8. The process of claim 7 Wherein said surface modi?ca 
tion agent is prepared by reacting a suitable monomer With 
Water in a solvent to form said surface modi?cation agent. 

9. The process of claim 2 Wherein said solvent or co 
solvent is selected from the group consisting of ethers, 
esters, ketones, glycol ethers, hydrocarbons, chlorinated 
solvents, loW viscosity siloXanes and combinations thereof. 

10. The process of claim 2 Wherein said co-solvent is 
selected from the group consisting of ethers, esters, ketones, 
glycol ethers, hydrocarbons, chlorinated solvents, loW vis 
cosity 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 Weight, relative to the co-solvent. 

13. The process of claim 8 Wherein said Water is present 
during said reaction in proportion to said monomer in a ratio 
ranging from about 0.50:1.5 to about 1.505, mole/mole. 

14. The process of claim 8 Wherein said monomer com 
pound is selected from the group consisting of said mono 
mer compound is selected from the group consisting of 
methyltriacetoXysilane, phenyltriacetoXysilane, tris(dimeth 
lyaimino)methylsilane, tris(dimethylamino)phenylsilane, 
tris(diethylamino)methylsilane and combinations thereof. 

15. The process of claim 1 Wherein the composition 
comprises an oligomer or polymer surface modi?cation 
agent and a monomer surface modi?cation agent, Wherein 
said monomer is reactive With silanol groups on said silica 
?lm. 

16. The process of claim 1 Wherein said silica ?lm is 
pre-treated With a monomer surface modi?cation agent, 
Wherein said monomer is reactive With silanol groups on 
said silica ?lm. 

17. The process of claim 8 further comprising adding at 
least one additional monomer to said solution after the Water 
is fully reacted, Wherein said monomer is reactive With 
silanol groups on said silica ?lm. 

18. The process of claim 15 Wherein the monomer surface 
modi?cation agent is an selected from the group consisting 
of siloXanes, silaZanes, silanes, carbosilanes and combina 
tions thereof. 

19. The process of claim 15 Wherein the monomer surface 
modi?cation agent is selected from the group consisting of 
acetoXytrimethylsilane, diacetoXydimethylsilane, methyltri 
acetoXysilane, phenyltriacetoXysilane, diphenyldiacetoXysi 
lane, trimethylethoXysilane, trimethylmethoXysilane, 2-tri 
methylsiloXypent-2-ene-4-one, n-(trimethylsilyl)acetamide, 
2-(trimethylsilyl) acetic acid, n-(trimethylsilyl)imidaZole, 
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trimethylsilylpropiolate, trimethylsilyl(trimethylsiloXy)-ac 
etate, nonamethyltrisilaZane, heXamethyldisilaZane, heXam 
ethyldisiloXane, trimethylsilanol, triethylsilanol, triphenyl 
silanol, t-butyldimethylsilanol, diphenylsilanediol, 
tris(dimethylamino)methylsilane, tris(dimethylamino)phe 
nylsilane, tris(dimethylamino)silanemeth 
yltrimethoXysilane, methyltris(methylethylkeoXime)silane. 
methyltrichlorosilane, and combinations thereof. 

20. Adielectric ?lm produced by a process comprising the 
steps of reacting a suitable silica ?lm With a composition 
comprising a surface modi?cation agent, Wherein said silica 
?lm is present on a substrate and Wherein said reaction is 
conducted under conditions and for a period of time suf? 
cient for said surface modi?cation agent to form a hydro 
phobic coating on said ?lm and said surface modi?cation 
agent comprises at least one type of oligomer or polymer 
reactive With silanol groups on said silica ?lm. 

21. The dielectric ?lm of claim 20 Wherein a stud-test 
conducted on said ?lm eXhibits a ?lm break strength of 
greater than 2 KPSI and a dielectric constant ranging from 
about 1.1 to about 3.0. 

22. An integrated circuit comprising at least one dielectric 
silica ?lm treated by reacting said silica ?lm With a surface 
modi?cation agent, Wherein said reaction is conducted under 
conditions and for a period of time suf?cient for said surface 
modi?cation agent to form a hydrophobic coating on said 
?lm, and said surface modi?cation agent comprises at least 
one type of oligomer or polymer reactive With silanol groups 
on said silica ?lm. 

23. The integrated circuit of claim 22 Wherein said surface 
modi?cation agent is prepared by reacting a suitable mono 
mer With Water in a solvent to form said surface modi?cation 
agent. 

24. The integrated circuit of claim 22 Wherein said solvent 
or co-solvent is selected from the group consisting of ethers, 
esters, ketones, glycol ethers, chlorinated solvents, loW 
viscosity siloXanes and combinations thereof. 

25. The integrated circuit of claim 24 Wherein said 
co-solvent is selected from the group consisting of ethers, 
esters, ketones, glycol ethers, chlorinated solvents, loW 
viscosity siloXanes and combinations thereof. 

25. The integrated circuit of claim 23 Wherein said 
monomer 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 integrated circuit of claim 26 Wherein said Water 
is present during said reaction in proportion to said mono 
mer in a ratio ranging from about 0.50:1.5 to about 1.505, 
mole/mole. 

28. The integrated circuit of claim 24 Wherein said 
monomer compound is selected from the group consisting of 
methyltriacetoXysilane, phenyltriacetoXysilane, tris(dimeth 
lyaimino)methylsilane, tris(dimethylamino)phenylsilane, 
tris(diethylamino)methylsilane and combinations thereof. 

29. A polymer or oligomer surface modi?cation reagent 
prepared by reacting a suitable monomer With Water in a 
solvent to form said surface modi?cation agent. 

* * * * * 


