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(57) ABSTRACT 

The present invention is a mesoporous silica ?lm having a 
low dielectric constant and method of making having the 
steps of combining a surfactant in a silica precursor solution, 
spin-coating a ?lm from this solution mixture, forming a 
partially hydroxylated mesoporous ?lm, and dehydroxylat 
ing the hydroxylated ?lm to obtain the mesoporous ?lm. It 
is advantageous that the small polyoxyethylene ether sur 
factants used in spin-coated ?lms as described in the present 
invention Will result in ?ne pores smaller on average than 
about 20 nm. The resulting mesoporous ?lm has a dielectric 
constant less than 3, Wh1Ch is stable in moist air With a 
speci?c humidity. The present invention provides a method 
for superior control of ?lm thickness and thickness unifor 
mity over a coated Wafer, and ?lms With loW dielectric 
constant. 
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MESOPOROUS SILICA FILM FROM A SOLUTION 
CONTAINING A SURFACTANT AND METHODS 

OF MAKING SAME 

CROSS REFERENCE TO RELATED 
INVENTION 

[0001] This application is a Continuation-In-Part of appli 
cation Ser. No. 09/361,499, ?led Jul. 23, 1999, noW aban 
doned, Which is a Continuation-in-Part of application Ser. 
No. 09/335,210, ?led Jun. 17, 1999, noW abandoned, Which 
is a Continuation-In-Part of application Ser. No. 09/220,882 
?led Dec. 23, 1998, noW abandoned. 

[0002] This invention Was made With Government support 
under Contract DE-AC0676RL01830 aWarded by the US. 
Department of Energy. The Government has certain rights in 
the invention. 

FIELD OF THE INVENTION 

[0003] The present invention relates generally to porous 
silica ?lm With nanometer-scale porosity produced from 
solution precursors. More speci?cally, the present invention 
relates to mesoporous silica ?lm from a solution containing 
a surfactant (surfactant templated) and the use of speci?c 
surfactants to template porosity With the characteristic pore 
siZe being de?ned by the surfactant micelle siZe. The present 
invention also relates to the use of dehydroXylation in 
combination With surfactant templated mesoporous silica 
?lms to obtain a dielectric constant less than 3 under ambient 
humid conditions. 

[0004] As used herein, the term “silica” means a com 
pound having silicon (Si) and oXygen (O) and possibly 
additional elements. 

[0005] Further, as used herein, “mesoporous” refers to a 
siZe range Which is greater than 1 nm, but signi?cantly less 
than a micrometer. In general, this refers most often to a siZe 
range from just over 1.0 nm (10 angstroms) to a feW tens of 
nanometers. 

[0006] The term “stable” can mean an absolute stability, a 
relative stability or a combination thereof. Relative stability 
means that a dielectric constant increases no more than 

about 20% When a surfactant templated mesoporous ?lm is 
taken from an equilibrated condition of 0.0% relative 
humidity or vacuum to an equilibrated condition of 50% 
relative humidity. Absolute stability means that the dielectric 
constant remains less than 3 under any conditions including 
humid conditions of at least 40% relative humidity. 

[0007] The term “hydroXylated” encompasses partially 
and fully hydroXylated. The term “dehydroXylating” encom 
passes partial or total removal of hydroXyl groups from 
surface(s) of the surfactant templated mesoporous silica 
?lm. 

BACKGROUND OF THE INVENTION 

[0008] Porous silica ?lms are potentially useful as loW 
dielectric constant intermetal materials in semiconductor 
devices, as loW dielectric constant coatings on ?bers and 
other structures, and in catalytic supports. Most of the US. 
semiconductor industry is presently (1998) in the process of 
implementing interlevel dielectric ?lms that are silica ?lms, 
or derivatives of silica and silicates, or polymeric ?lms, With 
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less than 25% or no porosity With dielectric constant (k‘) in 
the range of 3.0 to 4.0. Further reductions in dielectric 
constant are desired to improve the operating speed of 
semiconductor devices, reduce poWer consumption in semi 
conductor devices and reduce overall cost of semiconductor 
devices by decreasing the number of metalliZation levels 
that are required. 

[0009] Since air has a dielectric constant of 1.0, the 
introduction of porosity is an effective Way of loWering the 
dielectric constant of a ?lm. In addition, because silica 
dielectrics have been a standard in microelectronic devices, 
silica ?lms With porosity are very attractive to the semicon 
ductor industry for advanced devices that require loW dielec 
tric constant materials. The feature siZe or design rule in the 
semiconductor interconnect Will be sub-150 nm in ultralarge 
scale integration; and pore siZes to achieve loWer dielectric 
constant (k<3) must be signi?cantly smaller than the inter 
metal spacing. 

[0010] Dielectric constant of porous ?lms is dependent on 
the material and pore structure. For porous silica ?lms for 
use in microelectronic devices, material and pore structure 
must result in uniform dielectric constants across the Wafers 
and in different directions on the Wafer. In general, isotropic 
material and pore structures are eXpected to provide the 
desired uniformity in ?lm dielectric constant compared to 
anisotropic material and pore structures. 

[0011] Also, loW dielectric constant mesoporous ?lms 
used commercially need to be prepared in a manner com 
patible With a semiconductor device manufacturing process 
line, for eXample spin coating. For large-area circular 
Wafers, other coating techniques such as dip coating are not 
as convenient because dip coating requires masking of the 
backside to prevent contamination. 

[0012] Surface topography is also very critical to fabrica 
tion of a multilevel interconnect structure. In the “dama 
scene” process for copper interconnects intended for 
ultralarge scale integration on semiconductor chips, each 
dielectric layer is etched, folloWing Which copper is depos 
ited, and the structure planariZed by chemical-mechanical 
polishing (CMP). The initial planarity and the absence of 
surface texture in the loW k dielectric ?lm is very critical in 
maintaining planarity at each level of the interconnect. 

[0013] Another important concern With porous dielectric 
?lms is mechanical integrity. Because of their fragility, it 
appears unlikely that porous ?lms Will be directly polished 
using conventional chemical-mechanical-polishing (CMP) 
equipment, but a dense “cap” layer of silica or another 
material on the porous loW K ?lm Will be planariZed. 
HoWever, even With a cap layer, the porous loW K material 
must have adequate stiffness, compressive and shear 
strengths, to Withstand the stresses associated With the CMP 
process. 

[0014] Silica ?lms With nanometer-scale (or mesoporous) 
porosity may be produced from solution precursors and 
classi?ed into tWo types (1) “aerogel or Xerogel” ?lms 
(aerogel/Xerogel) in Which a random or disordered porosity 
is introduced by controlled removal of an alcohol-type 
solvent, and (2) “mesoporous” surfactant-templated silica 
?lms in Which the pores are formed With ordered porosity by 
removal of a surfactant. Heretofore, the most successful 
demonstration of loW dielectric constant silica ?lms With 
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dielectric constant of 3.0 or less has been With aerogel/ 
xerogel-type porous silica ?lms. However, disadvantages of 
aerogel/xerogel ?lms include (1) deposition of aerogel/ 
xerogel ?lms requires careful control of alcohol removal 
(e. g. maintaining a controlled atmosphere containing solvent 
or gelling agent during preparation) for formation of the 
pore structure (2) the smallest pore siZe typically possible in 
aerogel/xerogel ?lms falls in the siZe range of 10- 100 nm, 
and (3) limited mechanical strength compared to dense 
selica ?lms. These disadvantages have hindered implemen 
tation of these aerogel/xerogel porous silica ?lms in semi 
conductor devices. 

[0015] In order to obtain a porous ?lm With a loW dielec 
tric constant of any material made by any process, it is 
necessary to minimiZe the number of hydroxyl groups in the 
structure, especially at pore surfaces. The dielectric ?lms 
must be made hydrophobic in order for the electrical prop 
erties to be stable in humid air. Hydroxylated surfaces in 
porous silica ?lms result in a dielectric constant exceeding 
that of dense silica (i.e. approximately 4.0). Physisorption of 
Water molecules by hydroxylated surfaces can further 
increase the dielectric constant and effective capacitance of 
a mesoporous silica ?lm. Physisorption of Water molecules 
can be avoided by handling ?lms in non-humid atmospheres 
or vacuum, or by minimiZing exposure of ?lms to humid 
conditions. Hydroxyl groups and physisorbed Water mol 
ecules may be removed from silica surfaces at very high 
temperatures. C. J. Brinker and G. W. Scherer, in Sol-Gel 
Science, Academic Press, NeW York, NY. (1990) (Brinker et 
al. 1990) discuss thermal dehydroxylation of silica by expo 
sure to very high temperatures of over 800° C. HoWever, 
semiconductor devices With dielectric ?lms and metal lines 
cannot usually be processed over about 500° C. Thus, other 
methods of dehydroxylation are needed for porous silica 
?lms on semiconductors. 

[0016] E. F. Vansant, P. Van der Voort and K. C. Vrancken, 
in Characterization and Chemical Modi?cation of the Silica 
Surface, Vol. 93 of Studies in Surface Science and Catalysis, 
Elsevier, NeW York, NY. (1995), and Brinker et al., 1990, 
cite procedures for hydroxylation of silica surfaces by 
?uorination or by treatment With silane solutions. Aerogel/ 
Xerogel-type ?lms have been dehydroxylated by both (a) 
?uorination treatment, and (b) a tWo-step dehydroxylation 
method of (1) initial silane solution treatment (eg trimeth 
ylchlorosilane or hexamethyldisilaZane (HMDS) in a sol 
vent), and then (2) folloWing this solution treatment With a 
treatment in hydrogen-containing gases (eg 10% hydrogen 
in nitrogen) at moderately high temperatures of 300-450° C. 
The silane/forming gas(H2 in N2) treatment is discussed in 
US. Pat. No. 5,504,042 and some of the other related patents 
by Smith and colleagues that are referenced therein. 

[0017] In the surfactant-templated ?lms, the pores form 
ordered (e.g. hexagonal) arrays, With the characteristic pore 
siZe being de?ned by the surfactant micelle siZe. The sur 
factant templated route alloWs control of the porosity, pore 
siZe and pore shape using the properties of the surfactants 
and their interactions With the silica species. For a given 
level of porosity, this control in pore siZe and architecture 
and structure of the pore Walls can also result in good 
mechanical properties. More speci?cally, smaller and uni 
form pores can impart better mechanical properties than 
larger and non-uniform pores. Although easier to produce 
(no need for controlled atmosphere to form the porosity), 
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mesoporous surfactant templated silica ?lms have not been 
demonstrated With loW dielectric constant. 

[0018] US. patent application 08/921,754 ?led Aug. 26, 
1997 by Bruinsma et al, now US. Pat. No. 5,922,299, 
describes the preparation of mesoporous surfactant tem 
plated silica ?lms With ordered porosity by spin coating. The 
surfactant used Was a cationic ammonium-based surfactant. 
A goal of this Work Was loW-dielectric constant interlayers 
in microelectronic devices. 

[0019] US. Pat. No. 5,858,457 by Brinker et al also 
reports a dip coating procedure for making a surfactant 
templated mesoporous silica ?lm With ordered porosity, 
Where the surfactant used Was also a ammonium-based 
surfactant. Brinker et al measured the dielectric constant 
using a mercury dot electrode on the ?lm, reporting a value 
for the dielectric constant of 2.37. 

[0020] HoWever, surfactant templated mesoporous silica 
?lms prepared With ammonium surfactants and tested after 
pyrolysis (thermal removal) of the surfactant have been 
found to adsorb moisture under ambient humid conditions, 
and therefore do not have a loW dielectric constant under the 
ambient humid conditions of normal manufacturing and 
operating conditions for semiconductor devices. No dehy 
droxylation steps are reported in either Bruinsma et al. or 
Brinker et. al. 

[0021] The paper Continuous Mesoporous Silica Films 
With Highly Ordered Large Pore Structures, D. Zhao, P. 
Yang, N. Melosh, J. Feng, B F Chmelka, and G D Stucky, 
Advanced Materials, vol. 10 No. 16, 1998, pp 1380-1385, 
discusses the formation of directional or ordered large pore 
structures in ?lms by dip coating silica based solutions 
containing non-ionic poly(alkalene oxide) triblock copoly 
mers and loW molecular Weight alkyl(ethylene oxide) sur 
factants. LoW dielectric constants (1.45-2.1) Were reported 
for these ?lms as measured after calcination of the ?lms. 
HoWever, a disadvantage of ordered porosity, for example 
hexagonal porosity, is the uncertainty in uniformity of 
dielectric constant in different directions on large Wafers. 
Furthermore, no dehydroxylation procedures, that are useful 
for maintaining loW values of dielectric constant, are 
reported in the paper by Zhao et al. 

[0022] Thus, there is a need for a surfactant templated 
mesoporous silica ?lms and method of making them that 
provides a dielectric constant less than 3, and that meets 
engineering requirements including but not limited to con 
trol of ?lm thickness and thickness uniformity, minimum 
surface texture, and mechanical integrity. The dielectric 
constant must be relatively stable under normal operating 
conditions Which include humid air at room temperature, 
and must be uniform across large Wafers . 

SUMMARY OF THE INVENTION 

[0023] It is therefore an object of the present invention to 
provide a surfactant templated mesoporous silica ?lm Which 
has properties including but not limited to dielectric constant 
less than 3, ?lm thickness from about 0.1 pm to about 1.5 
pm, standard deviation of ?lm thickness less than or equal 
to +/—5% standard deviation, average pore siZes smaller than 
about 20 nm, loW dielectric constant and combinations 
thereof. 

[0024] The present invention includes a method of making 
a surfactant templated mesoporous ?lm having the same 
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general steps as described in co-pending US. patent appli 
cation 08/921,754. Thus, the present invention is a method 
of making a mesoporous silica ?lm having the steps of 
combining a surfactant in a silica precursor solution, spin 
coating a ?lm, heating the ?lm to remove the surfactant to 
form a mesoporous ?lm that is at least partially hydroxy 
lated, and dehydroxylating the partially hydroxylated ?lm to 
obtain the mesoporous ?lm. According to the present inven 
tion, selection of surfactant, selection of concentrations of 
silica precursor solution constituents and combinations 
thereof provide a ?lm having one or more of the features set 
forth above. 

[0025] The advantage of loW dielectric constant (k<3) that 
is stable at ambient humid conditions is achieved in accor 
dance With the present invention in combination With dehy 
droxylation Which involves partial or complete removal of 
hydroxyl groups at temperatures Within electronic compo 
nent processing temperatures. During dehydroxylation, 
hydroxyl groups may be replaced With hydrophobic groups 
such as organic alkyl groups, siloxane (—Si—O—Si—) 
bonds or combinations thereof on internal pore surfaces as 
Well as external surfaces of the surfactant templated meso 
porous ?lm. 

[0026] It is advantageous that the surfactants used in 
spin-coated surfactant templated mesoporous ?lms as 
described in the present invention Will result in ?ne pores 
smaller than about 20 nm. Most often the average pore siZe 
can be tailored With surfactants in the siZe range of about 1 
to about 20 nm. This pore siZe range is desirable in interlevel 
dielectric ?lms that separate metalliZation lines in semicon 
ductor devices to minimiZe diffusion of metal species during 
repeated heat treatments. Further advantages of the present 
invention include a method Which provides for superior 
control of ?lm thickness and thickness uniformity across a 
coated Wafer, ?lms With loW dielectric constant that is stable; 
as Well as disordered porosity Which increases con?dence in 
uniformity of dielectric constant in different directions on 
large Wafers. 

[0027] The subject matter of the present invention is 
particularly pointed out and distinctly claimed in the con 
cluding portion of this speci?cation. HoWever, both the 
organiZation and method of operation, together With further 
advantages and objects thereof, may best be understood by 
reference to the folloWing description taken in connection 
With accompanying draWings Wherein like reference char 
acters refer to like elements. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0028] FIG. 1 shoWs ?lm porosity as a function of sur 
factant/TEOS mole ratio in a spin-coating solution contain 
ing polyoxyethylene ether surfactants as determined by 
nuclear reaction analysis (NRA) for the CXEO1O polyoxy 
ethylene ether surfactant series. 

[0029] FIG. 2 shoWs the dielectric constant (measured at 
room temperature under ambient conditions in humid air) of 
a surfactant templated mesoporous ?lm prepared With 
C E01O polyoxyethylene ether surfactant as a function of 

12 _ 

dehydroxylation procedures. 
[0030] FIG. 3 shoWs the dielectric constant (measured at 
room temperature under ambient conditions in humid air) of 
a surfactant templated mesoporous ?lm prepared With 
C E01O polyoxyethylene ether surfactant as a function of 

16 _ 

dehydroxylation procedures. 
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[0031] FIG. 4a shoWs the loW angle x-ray diffraction 
spectrum for mesoporous silica ?lm prepared With a CHEO1O 
polyoxyethylene ether surfactant. The x-ray beam Was along 
the radial direction of the circular Wafer. 

[0032] FIG. 4b shoWs the loW angle x-ray diffraction 
spectrum for mesoporous silica ?lm prepared With a CHEO1O 
polyoxyethylene ether surfactant. The x-ray beam Was along 
the tangential direction of the circular Wafer. 

[0033] FIG. 5 is a transmission electron micrograph 
shoWing microstructure of the mesoporous silica ?lm pre 
pared With a C12EO1O polyoxyethylene ether surfactant. 
FIG. 6a is a surface contour map of a mesoporous silica ?lm 
prepared With a C12EO1O polyoxyethylene ether surfactant. 

[0034] FIG. 6b is a surface pro?le of a mesoporous silica 
?lm prepared With a C12EO 1O polyoxyethylene ether surfac 
tant. 

[0035] FIG. 7 is a graph of elastic modulus of a mesopo 
rous silica ?lm measured by picoindentation, as a function 
of the indentation load. 

[0036] FIG. 8a shoWs the loW angle x-ray diffraction 
spectrum for mesoporous silica ?lm prepared With a CHEO1O 
polyoxyethylene ether surfactant. Surfactant/TEOS mole 
ratio Was 0. 19. The x-ray beam Was along the radial 
direction of the circular Wafer. 

[0037] FIG. 8b shoWs the loW angle x-ray diffraction 
spectrum for mesoporous silica ?lm prepared With a CHEO1O 
polyoxyethylene ether surfactant. Surfactant/TEOS mole 
ratio Was 0. 19. The x-ray beam Was along the tangential 
direction of the circular Wafer. 

[0038] FIG. 9a shoWs the loW angle x-ray diffraction 
spectrum for mesoporous silica ?lm prepared With a CHEO1O 
polyoxyethylene ether surfactant. Surfactant/TEOS mole 
ratio Was 0.30. The x-ray beam Was along the radial direc 
tion of the circular Wafer. 

[0039] FIG. 9b shoWs the loW angle x-ray diffraction 
spectrum for mesoporous silica ?lm prepared With a CHEO1O 
polyoxyethylene ether surfactant. Surfactant/TEOS mole 
ratio Was 0.30. The x-ray beam Was along the tangential 
direction of the circular Wafer. 

[0040] FIG. 10a shoWs the loW angle x-ray diffraction 
spectrum for mesoporous silica ?lm prepared With a mixture 
of C12EO1O and C12EO4 polyoxyethylene ether surfactant. 
The total surfactant to TEOS mole ratio Was 0.20. The x-ray 
beam Was along the radial direction of the circular Wafer. 

[0041] FIG. 10b shoWs the loW angle x-ray diffraction 
spectrum for mesoporous silica ?lm prepared With a mixture 
of C12EO1O and C12EO4 polyoxyethylene ether surfactant. 
The total surfactant to TEOS mole ratio Was 0.20. The x-ray 
beam Was along the tangential direction of the circular 
Wafer. 

[0042] FIG. 11a shoWs the loW angle x-ray diffraction 
spectrum for mesoporous silica ?lm prepared With a C16EO1O 
polyoxyethylene ether surfactant. Surfactant/TEOS mole 
ratio Was 0.20. The x-ray beam Was along the radial direc 
tion of the circular Wafer. 
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[0043] FIG. 11b shows the loW angle X-ray diffraction 
spectrum for mesoporous silica ?lm prepared With a C16EO1O 
polyoXyethylene ether surfactant. Surfactant/TEOS mole 
ratio Was 0.20. The X-ray beam Was along the tangential 
direction of the circular Wafer. 

[0044] FIG. 12a shows the loW angle X-ray diffraction 
spectrum for mesoporous silica ?lm prepared With a C18EO1O 
polyoXyethylene ether surfactant. Surfactant/TEOS mole 
ratio Was 0.20. The X-ray beam Was along the radial direc 
tion of the circular Wafer. 

[0045] FIG. 12b shoWs the loW angle X-ray diffraction 
spectrum for mesoporous silica ?lm prepared With a C18EO1O 
polyoXyethylene ether surfactant. Surfactant/TEOS mole 
ratio Was 0.20. The X-ray beam Was along the tangential 
direction of the circular Wafer. 

[0046] FIG. 12c shoWs the loW angle X-ray diffraction 
spectrum for mesoporous silica ?lm prepared With a C18EO1O 
polyoXyethylene ether surfactant. Surfactant/TEOS mole 
ratio Was 0.20. The X-ray beam Was along the radial direc 
tion of the circular Wafer. The area scanned Was located 
about 90 degrees (rotation) aWay from the area scanned in 
FIG. 12a and b. 

[0047] FIG. 12d shoWs the loW angle X-ray diffraction 
spectrum for mesoporous silica ?lm prepared With a C18EO1O 
polyoXyethylene ether surfactant. Surfactant/TEOS mole 
ratio Was 0,20. The X-ray beam Was along the tangential 
direction of the circular Wafer. The area scanned Was located 
about 90 degrees (rotation) aWay from the area scanned in 
FIG. 12a and b. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0048] The present invention is a mesoporous silica ?lm 
made from a surfactant containing solution (surfactant tem 
plated mesoporous silica ?lm) Which has properties includ 
ing but not limited to a dielectric constant less than 3, ?lm 
thickness from about 0.1 pm to about 1.5 pm, also from 
about 0.2 pm to about 1.5 pm standard deviation of ?lm 
thickness less than or equal to +/—5% standard deviation, 
average pore siZes smaller than about 20 nm, more prefer 
ably less than about 10 nm and most preferably less than 
about 5 nm, ordered or disordered porosity, and combina 
tions thereof. According to the present invention, porosity is 
greater than 30%, preferably greater than 40% and more 
preferably greater than 50%. 

[0049] The present invention includes a method of making 
a mesoporous silica ?lm by templating and spin-coating 
silica precursor solutions containing a surfactant to form a 
hydroXylated ?lm Which are the same general steps as 
described in co-pending US. patent application 08/921,754, 
and that application is thus incorporated herein by reference, 
and then chemically dehydroXylating the hydroXylated ?lm 
to form the mesoporous silica ?lm. Therefore, the present 
invention is a method of making a mesoporous silica ?lm 
having the steps of combining a surfactant in a silica 
precursor solution, forming a ?lm by spin-coating, heat 
treating the ?lm to remove the surfactant and forming a 
mesoporous ?lm that is hydroXylated, and chemically dehy 
droXylating the hydroXylated ?lm to obtain the mesoporous 
silica ?lm With a loW dielectric constant. 

[0050] The silica precursor solution includes a silica pre 
cursor, an aqueous solvent, a catalyst and a surfactant. A?lm 
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is made by spin-coating a mixture of the silica precursor 
solution and surfactant, after Which the aqueous solvent, the 
catalyst, and the surfactant are removed by heating to form 
mesoporous silica ?lm that is hydroXylated. Chemically 
dehydroXylating the hydroXylated ?lm results in a mesopo 
rous silica ?lm With a loW dielectric constant. The chemical 
dehydroXylating is preferably achieved by exposing the 
hydroXylated ?lm separately to a silicon-based organic 
compound such as a silane, either as the pure liquid or pure 
vapor or as a solution, or as a vapor in a carrier gas or gas 

miXture, and a dehydroXylating gas. The resulting mesopo 
rous ?lm has a dielectric constant less than 3 that remains 
less than 3 in a humid environment. According to a further 
preferred embodiment of the present invention, loW dielec 
tric constant (k<3) mesoporous surfactant-templated ?lms 
may be obtained by using one or more dehydroXylation 
step(s) that includes removing hydroXyl groups from sur 
faces of the mesoporous material. In this embodiment, the 
surfactant may be any surfactant including but not limited to 
non-ionic surfactant, cationic surfactant, anionic surfactant, 
amphoteric surfactant, and combinations thereof. 

[0051] The precursor solution may include a chemical 
agent including but not limited to a second surfactant, a 
smaller hydrophilic molecular compound, an organic co 
solvent and combinations thereof. A second surfactant 
includes but is not limited to non-ionic surfactant, cationic 
surfactant, anionic surfactant, amphoteric surfactant and 
combinations thereof. Smaller hydrophilic molecular com 
pound includes but is not limited to glycerol, propylene 
glycol, ethylene glycol and combinations thereof. Organic 
co-solvent includes but is not limited to mesitylene, octane 
and combinations thereof. 

[0052] The silica precursor includes but is not limited to 
tetraethyl orthosilicate (TEOS), tetramethyl orthosilicate 
(TMOS) methyl triethoXysilane, phenyl triethoXy silane, 
dimethyl dimethoXy silane, ethyl triethoXysilane and com 
binations thereof. 

[0053] In a preferred embodiment, the aqueous solvent 
includes ethanol. 

[0054] The catalyst includes but is not limited to inorganic 
acid including but not limited to hydrochloric acid, nitric 
acid, sulfuric acid; organic acid including but not limited to 
carboXylic acid, amino acid and combinations thereof. Car 
boXylic acid includes but is not limited to methanoic acid 
(formic acid), ethanoic acid (acetic acid), ethandioic acid 
(oxalic acid), butanoic acid (butyric acid), and combinations 
thereof. Amino acid includes but is not limited to glycine, 
nitromethane and combinations thereof. 

[0055] A preferred non-ionic surfactant is a polyoXyeth 
ylene ether surfactant. The term “non-ionic” refers to a 
surfactant chemistry Where cationic (e.g. ammonium or 
sodium ions) or anionic (e.g. sulfonate, sulfate or halide) 
species are not present. The non-ionic polyoXyethylene ether 
surfactants described in this application are small molecules 
containing carbon, hydrogen and oXygen, With only a 
hydroXyl (—OH) group at the hydrophilic end of the poly 
mer. With the use of these surfactants, in combination With 
the dehydroXylation procedure, loW dielectric constants (i.e. 
loW capacitance in ?lms) are obtained using simple synthe 
sis and processing conditions. Additionally, greater ?lm 
thickness uniformity, minimum surface teXture, and stability 
of dielectric constant are obtained through the use of these 
surfactants. 
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[0056] Surfactants in this polyoxyethylene ether family 
include but are not limited to C12H25 (CH2CH2O)1OOH also 
known as CMEO1O or 10 lauryl ether; 
C16H33(CH2CH2O)1OOH also known as CMEO1O or 10 cetyl 
ether; C18H37 (CH2CH20)1OOH also knoWn as C18EO1O or 
10 stearyl ether; C12H25(CH2CH2O)4OH also knoWn as 
CHEO4 or 4 lauryl ether; C16H33(CH2CH2O)2OH also 
knoWn as C16EO2 or 2 cetyl ether, and combinations thereof. 

[0057] Additionally, polyoxyethylene ether surfactant 
may be used in conjunction With a chemical agent including 
but not limited to other surfactants, smaller hydrophilic 
molecular compounds compatible With the ethanol and 
Water present in the aqueous solvent, organic co-solvents 
compatible With the surfactant(s) and combinations thereof. 
The surfactants include but are not limited to ammonium 
based cationic surfactants such as cetyl trimethyl ammonium 
chloride. The organic co-solvents include but are not limited 
to mesitylene, octane and combinations thereof. The smaller 
hydrophilic molecular compounds include but are not lim 
ited to glycerol, propylene glycol, ethylene glycol, and 
combinations thereof. The smaller hydrophilic molecular 
compounds have much higher boiling points compared to 
Water and ethanol as Well as loW vapor pressures. These 
smaller hydrophilic molecular compounds are likely to 
reside as inclusions in the silica-rich Walls that have formed 
around the surfactant micelles upon spin-coating and drying, 
and upon calcination, these inclusions can leave behind ?ner 
scale porosity in the silica Walls. 

[0058] The silica precursor solution is made up of four 
solution compounds of (1) a silica precursor, preferably 
tetraethyl orthosilicate (TEOS); (2) an aqueous solvent, for 
example, ethanol, Water and combinations thereof; (3) a 
catalyst for hydrolysis of the silica precursor, preferably an 
acid, for example nitric acid or hydrochloric acid, and (4) a 
surfactant. Because TEOS is not soluble in Water alone, a 
co-solvent, preferably ethanol, is added. Although a prefer 
able solution mixture contains mole ratios of: TEOS 1.0; 
Water 5; ethanol 5; HC1 0.05; and surfactant 0.17, the 
surfactant/TEOS mole ratio can be varied to control the 
pore-volume fraction in the ?nal ?lm and to vary the pore 
structure. Also, it Will be recogniZed by those skilled in the 
art that a much Wider range of surfactant siZes and amounts 
in this family of small polyoxyethylene ethers may be 
possible With different solvent amounts. It is important to 
avoid precipitation of the silica precursor in the solution 
prior to spin coating. Precipitation of the silica precursor 
may be avoided by the use of alcohol as a co-solvent, 
preferably as a primary solvent, in combination With acidic 
pH. Alternatively, precipitation may be avoided by control 
ling the Water to TEOS mole ratio alone or in combination 
With control of pH, addition of alcohol, or both. 

[0059] A templated ?lm is made by spin-coating the silica 
precursor solution. The solution is dispensed onto the sur 
face of a substrate and spun using a spin-coater, for example 
at 2000 rpm for 30 seconds. The substrate is preferably a 
silicon Wafer or an aluminum-coated silicon Wafer, but it is 
not limited to these substrates. 

[0060] The spin-coating technique used in the present 
invention requires no atmosphere control When used With 
these surfactant-containing solutions, and the method should 
be readily applicable to microelectronics manufacturing. 
The technique produces ?lms With good thickness unifor 
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mity across Wafers ranging from small to large surface area. 
Films produced by the method of the present invention have 
?lm thickness from about 0.2 pm to about 1.5 pm With a 
thickness variation having a standard deviation of less than 
+/—5%. For example, one ?lm With a thickness of about 0.8 
pm had a thickness variation With a standard deviation of 

less than 25 nanometers (0.3%) across a 4-inch Wafer. The 
?lm thickness can be controlled by adjusting the relative 
ratios of the solution compounds, and also by varying the 
spinning rate during deposition. 

[0061] After spin-coating, the surfactant-templated ?lm is 
formed into a hydroxylated mesoporous ?lm by removal of 
the aqueous solvent, the acid, and the surfactant. Aqueous 
solvent removal is typically achieved by heating the spin 
coated ?lm. For example, exposing the spin-coated ?lm to a 
temperature of 115° C. for 1 hour completes drying and 
increases condensation of the silica. Further heat treatment 

(calcination) of the ?lm, for example at a temperature of 
475° C. for 5 hours, or at 400° C. on a hot plate for 5 minutes 
in N2 gas, removes the surfactant and forms a mesoporous 
?lm that is partially hydroxylated. 

[0062] The partially hydroxylated ?lm is chemically dehy 
droxylated into a mesoporous silica ?lm by exposing the 
partially hydroxylated ?lm to a silicon-based organic com 
pound such as a silane, either as the pure liquid or pure vapor 
or as a solution, or as a vapor in a carrier gas or gas mixture. 

The silane can be chosen from the folloWing and not limited 
to trimethyl iodosilane, trimethyl chlorosilane, dimethyl 
dimethoxy silane, hexamethyl disilaZan dimethyl dichlorosi 
lane hexaphenyl disilaZane, and diphenyl tetramethyl sila 
Zane. Additionally, the silane exposed ?lm may be further 
exposed to, a dehydroxylating gas or to a heat treatment. The 
silane treatment may be proceeded and folloWed by a 
vacuum treatment or a treatment in an inert gas or forming 

gas, or both. The partially hydroxylated ?lm is preferably 
dehydroxylated in a tWo-step process Which includes a soak 
treatment in a solution of hexamethyl disilaZane in an 

organic solvent and exposure to an H2 in N2 gas at an 
elevated temperature. The partially hydroxylated ?lm is 
more preferably dehydroxylated in a multiple step high 
temperature process, Which includes an initial vacuum treat 

ment, folloWed by a vapor phase silane treatment, folloWed 
by a second vacuum treatment. The silane/vacuum treatment 
step is preferably repeated using the same silane or a 
different silane and is folloWed by a high temperature inert 
gas or forming gas treatment. 

[0063] For example, soaking the hydroxylated ?lm for 24 
hours in a 10% solution of hexamethyl disilaZane in toluene 
and then exposing it to 2% H2 in N2 gas at 400° C. for 2 
hours results in effective dehydroxylation of the mesoporous 
?lm, Which then exhibits stable dielectric properties in moist 
air. This sequence of dehydroxylation process steps is pref 
erably repeated once. The resulting mesoporous ?lm has a 
dielectric constant typically less than 2.5 under ambient 
humid conditions, and the dielectric constant of the ?lm is 
stable in moist or humid atmosphere over long periods of 
time. 
















