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ered with a thin fluorocarbon film. This wafer acted as a handling sub-
strate for the resist. After spin-coating, the polymer was gently soft-
baked at 40 °C to evaporate the solvent. The SU-8 was then structured
by UV lithography (4=365 nm) and post-exposure-baked at 40 °C to
polymerize the exposed material. Three-dimensional microsystems
were achieved by adding further SU-8 layers and repeating the resist
processing steps. The microdevices were finally developed in propyl-
ene glycol methyl ether acetate (PGMEA) to remove the unexposed
SU-8. After development, the SU-8 structures were released from the
fluorocarbon-coated handling wafer by tweezers. The fluorocarbon
film exhibits low free surface energy, which reduced the adhesion be-
tween the resist and the wafer and eased the release [17]. Before the
experiments for stress tailoring, the polymer structures were hard-
baked in an oven at 120 °C for 30 min to remove residual resist sol-
vent, which could affect the processing. Moreover, the polymer sur-
face was cleaned in oxygen plasma.
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Ordered mesoporous metal oxides have potential applica-
tions in catalysis!! sensing and detection,”! low-k dielec-
trics,*’! separation,”! and numerous other areas. Their utility
depends primarily on their framework chemistry and mor-
phology, but in some cases pore-surface composition, period-
icity of the pore structure, and long-range order are defining
factors. Conventional methods for preparation are based on
the cooperative assembly of network-forming precursors and
structure-directing organic templates, such as surfactants or
block copolymers. These methods include sol-gel processes
via spin-coating’® and dip-coating,!’ and hydrothermal pro-
cesses at the liquid/air and the solid/liquid interfaces.”! More
recently, hybrid mesoporous materials functionalized with
organic groups at the internal pore surfaces!® or containing
functional organic groups distributed homogeneously within
the framework!"*!!l have been prepared. Films of homoge-
neous composition can be directly obtained by direct co-
condensation of the silica precursor, tetraethylorthosilicate
(TEOS), and organosilicate precursors containing the desired
functional group. Alternatively, post-synthesis functionaliza-
tion of the internal pore surfaces of mesoporous materials can
modify the performance of silicate materials with respect to
adsorption, wetting, and catalytic properties.*!>!3] One poten-
tial limitation is that the extent of grafting can be limited
by the accessibility and number of surface silanol groups. To
date, most reports deal with the synthesis of granular materi-
als by either or both of these methods. Numerous applica-
tions, however, require uniform, defect-free films. Here, we
focus on the rapid preparation of device-quality films using an
alternative approach in supercritical carbon dioxide.

This work significantly extends our recent report of a novel
method of synthesis of ordered mesostructured films for use
as low-k dielectrics by the selective mineralization of preorga-
nized block-copolymer templates in supercritical carbon diox-
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ide.™ In our approach, structure development within the
template and metal-oxide-network formation occur in two
discrete steps, which is distinct from traditional cooperative
self-assembly processes that involve simultaneous ordering of
the organic template and formation of the inorganic network
via precursor condensation. The two-step process offers the
potential for exceptional control of the mesoporous film struc-
ture at multiple length scales through preorganization and
manipulation of the template prior to infusion. Moreover, it
is rapid and yields uniform, defect-free films over 8 in.
(19.6 cm) Si wafers.

Supercritical CO, enables in-situ chemistry within the poly-
mer templates by enhancing the diffusivities of small precur-
sor molecules within the dilated film.!"”) Controlled dilation of
the polymer templates by CO, does not disrupt the micro-
phase-separated structure of the block copolymers.'®! More-
over, the solvating properties of the CO, can be used to con-
trol the distribution of the precursor between the CO, and
the polymer template.!'”) The favorable transport properties
of supercritical CO,, including low viscosity and zero surface
tension, offer additional opportunities for the post-synthesis
surface modification of metal oxides, including silylation and
other surface modifications of porous materials."®*! Unlike
reactions in liquid solvents, surface modification in CO, does
not require a subsequent drying step. Moreover, the absence
of surface tension in supercritical solutions prevents the col-
lapse of nanoscale features in device structures and mesopo-
rous films, which is a major disadvantage of liquid-based pro-
cesses.?"]

We have now carried out the preparation of ordered, hy-
brid, mesoporous organosilicate films by both direct synthesis
and post-synthesis functionalization methods in CO,. The
templates employed include alkyl poly(ethylene oxide) sur-
factants (Brij, Aldrich) and poly(ethylene oxide) (PEO)-
poly(propylene oxide)-poly(ethylene oxide) triblock copoly-
mers (Pluronic, BASF). Films of the organic templates were
spin-coated from a solution of the template and para-toluene-
sulfonic acid (pTSA) in ethanol. pTSA, which serves as the
acid catalyst for precursor condensation during the infusion
step, partitions selectively into the hydrophilic PEO domains
of the template during spin-coating. Confinement of pTSA to
the PEO domain results in a rapid, highly efficient and selec-
tive subsequent mineralization step. Both the as-infused and
the calcined films were characterized using conventional -0
X-ray diffraction (XRD), Fourier-transform infrared (FTIR)
spectroscopy, and transmission electron microscopy (TEM).
The calcined films were also characterized using spectroscopic
ellipsometry (SE).

Figure 1 shows the XRD patterns of a series of silica
and organosilicate films that were prepared using Brij 78
(C1sH37(CH,CH,0),,0H) templates, and mixtures of TEOS
and methyltriethoxysilane (MTES) in various proportions. In-
fusions of the precursors were performed in CO, at 60 °C and
123 bar (1 bar=10° Pa) and the templates were removed by
calcination in air at 400°C for 6 h. Figures la,b show the
XRD patterns for the as-infused and calcined films, respec-
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Figure 1. Conventional 6—6 XRD patterns for the a) as-infused and
b) calcined mesostructured silicate and organosilicate films that were
templated using Brij 78. All films were synthesized in CO, at 60°C and
123 bar (1 bar=10° Pa) using mixtures of TEOS and MTES in various
proportions. Calcination was performed at 400 °C for 6 h in air. Traces 1,2
are for pure TEOS, traces 3,4 are for a 25:75 MTES/TEOS precursor mix-
ture, traces 5,6 are for a 50:50 MTES/TEOS mixture, and traces 7,8 are
for a 75:25 MTES/TEOS mixture. The d-spacings of the peaks and the
morphologies of the films are described in Table 1.

tively. As the MTES/TEOS ratio increased from 0:100 to
50:50, the d-spacing of the primary Bragg peak decreased
from 712 to 54 A for the as-infused films (traces 1,5 in
Fig. 1).”Y In addition, the decrease in the intensity of the
Bragg peak suggests a loss in the long-range order in organo-
silicate films. This is also evident in the XRD pattern of
the 75:25 MTES/TEOS as-infused organosilicate film, which
shows only a weak shoulder peak (trace 7 in Fig. 1). Upon cal-
cination of the films, the Bragg peaks shifted to lower d-spac-
ings due to uniaxial shrinkage perpendicular to the substrate.
Except for the 75:25 organosilicate film, all the mesoporous
films exhibit a high degree of order. The primary Bragg peak
d-spacings for the as-infused and the calcined films are given
in Table 1. The morphologies of the films were also investi-
gated using TEM (see Fig. 2). Figures 2a,b show the cubic me-
sostructure of the Brij-78-templated mesoporous silica film
along the [100] and [110] orientations. The peaks in the XRD
patterns for the as-infused and calcined silica films are consis-
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Table 1. Properties of mesoporous silica and organosilicate films using
Brij 78 as structure directing agent.

Precursor amounts d-Spacing of primary peak Morphology Refractive index (n)

Al
MTES  TEOS As-infused  Calcined
0 100 71.2[a] 58.7 [b] cubic 138
25 75 58.9[c] 47.1[d] 2D hexagonal 1.35
50 50 54 [e] 41.7[f] 2D hexagonal 1.31
disordered
75 25 - - disordered 1.25

[a] Strong Bragg peaks were observed at 71.2, 57.8, 49.9, and 36.8 A,
consistent with the (110), (111), (200), and (220) reflections of a cubic
mesostructure, respectively. [b] Sharp Bragg peaks were observed at
58.7,46.1, and 29.9 A, consistent with the (110), (111), and (220) reflec-
tions, respectively, of a cubic morphology. [c] Strong Bragg peaks attrib-
uted to the (100) and (200) reflections of a two-dimensional (2D) hexag-
onal mesostructure were observed at 58.9 and 30.1 A. A weak peak
observed at 35.1 A was consistent with the (110) reflection. [d] Possible
(100) and (200) reflections for a 2D hexagonal mesostructure were
observed at 47.1 and 24 A, respectively. [¢] No higher-order peaks ob-
served. [f] The strong peak at 41.7 A and a weak peak at 21.1 A are con-
sistent with the (100) and (200) reflections, respectively, of a 2D hexago-
nal disordered mesostructure.

tent with cubic mesostructures, with unit-cell parameters of
101.3 and 82.6 A, respectively. In the case of the 25:75 MTES/
TEOS mesoporous film, a two-dimensional (2D) hexagonal
mesostructure is evident from the TEM lattice images that
show the hexagonal arrangement of the cylindrical pores (see
Fig. 2c) and a side view of the cylindrical channels (see
Fig. 2d) along with the corresponding electron-diffraction pat-
terns. The corresponding XRD patterns are consistent with
2D hexagonal mesostructures with unit-cell parameters of
68.5 and 55 A for the as-infused and the calcined films, re-
spectively. The 50:50 MTES/TEOS mesoporous film has a 2D
disordered morphology, as is evident in the TEM images and
the electron-diffraction patterns (see Figs. 2e,f). TEM studies
showed that the 75:25 MTES/TEOS mesoporous film was
completely disordered, as indicated by the absence of strong
Bragg peaks in the XRD pattern. Thus, increased amounts of
MTES in the precursor mixture resulted in a transition from a
cubic-packed spherical to a 2D hexagonal cylindrical to a dis-
ordered morphology. The final morphology is coupled to the
nature of the precursor, which affects the hydrophilic-hydro-
phobic balance of the structure-directing agent!”?! and the de-
gree of infusion.'***!

The presence of pendant methyl groups derived from the
MTES precursor in the framework of the calcined mesopo-
rous films increases the hydrophobicity of the films. For the
film prepared using TEOS only, the presence of hydroxyl vi-
brations (isolated Si-OH at 3743 cm™ and a broad conjugated
OH absorbance at 3521 cm™) in FTIR spectra indicate a hy-
drophilic framework (Fig. 3b).?**! As MTES is incorporated
into the films, a decrease of the hydroxyl absorbance ac-
companied by an increase in the CH vibrations (2980 and
2928 cm™) of the pendant methyl groups was observed.”! The
Si—O-Si antisymmetric stretching absorbance peak shifted to
low frequencies, from 1080 to 1044 cm™!, as the MTES/TEOS
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Figure 2. TEM images recorded for a mesoporous silica film using
Brij 78 as the template, along the a) [100] and b) [110] orientations of a
cubic mesostructure. The insets of the images show the corresponding
Fourier diffractograms. ¢,d) TEM images and electron-diffraction pat-
terns (insets) of a two-dimensional (2D) hexagonal mesostructure of a
Brij-78-templated mesoporous organosilicate film. The film was synthe-
sized using a 25:75 mixture of MTES/TEOS. e,f) TEM images and elec-
tron-diffraction patterns (insets) of a 2D hexagonal mesostructure with a
disordered wormhole morphology. The wormhole morphology is shown
in (f), while in (e) a more ordered cylindrical region of the organosilicate
film is shown.

ratio increased from 0:100 to 75:25 (Fig. 3a).*! The absor-
bance bands of the pendant methyl groups at 784, 1278, and
1422 cm™ also increased,?*! indicating that the methyl groups
survived the calcination step. Rutherford backscattering
(RBS) studies on similar calcined mesoporous organosilicate
films showed a uniform composition over the entire thickness
that depended on the molar composition of the organosilicate
precursors.””! The increase in the hydrophobicity of the films
is also evident from the refractive indices of the calcined me-
soporous films (Table 1). The refractive index decreased from
1.38 for the TEOS film to 1.31 for the 50:50 MTES/TEOS
filmP! as a result of decreased adsorption of water on the hy-
drophobic pore surface.

Mesoporous organosilicate films were also prepared using
bridged silsesquioxanes ((RO);Si-R’-Si(OR);) as precursors,
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Figure 3. FTIR spectra of mesoporous silica and organosilicate films
in the a) 400 to 1600 cm™ and b) 2500 to 4000 cm™' ranges. The films
were prepared using pure TEOS (traces 1,2), 25:75 MTES/TEOS
(traces 3,4), 50:50 MTES/TEOS (traces 5,6), and 75:25 MTES/TEOS
(traces 7,8).

to yield a uniform distribution of the organic group R’ in the
framework."!) The bridging group can be alkanes, alkenes or
aromatic groups. Figure 4 shows a TEM image of a meso-
structured organosilicate film that was prepared using bis(tri-
ethoxysilyl)ethane as the precursor and Pluronic F108
(PEO133PPO5oPEO133) as the organic template. The presence
of the organic groups in the calcined mesoporous film was con-

Figure 4. TEM image and electron-diffraction pattern (inset) of a calcined
mesostructured organosilicate film that was prepared using bis(tri-
ethoxysilyl)ethane, (EtO);Si-C,H,~Si(OEt);, as the inorganic precursor
and Pluronic F108 as the structure-directing agent.
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firmed using FTIR spectroscopy, which showed absorbance
bands at 1270, 1430, 2980, and 2930 cm™" because of the pres-
ence of the bridging methylene groups in the framework.*"
We have also prepared mesoporous materials using other
bridged precursors, including bis(triethoxysilyl)methane and
bis(triethoxysilyl)ethylene. The alkene groups provide a reac-
tive handle within the backbone for subsequent functionaliza-
tion.

Finally, we have functionalized mesoporous silica films pre-
pared in CO, by subsequent surface modification in CO,."%!
Figure 5a shows FTIR difference spectra associated with the
capping of pore-surface silanols in a calcined mesoporous sili-
ca film by exposure to hexamethyldisilazane (HMDS) in a su-

Absorbance (a.u.)

400 1000 1600 2200 2800 3400 4000

Wavenumber (cm’™)

Figure 5. a) FTIR difference spectrum for the HMDS treatment of a meso-
porous silica film in CO, at 50°C and 90 bar for 1 min. The reference spec-
trum of the unmodified silica film was subtracted directly from the
spectrum of the modified film. FTIR difference spectra for b) n-octyltri-
chlorosilane (OTCS) and c) N-methylpropyltrimethoxysilane (NMAPTMS)
treatment in CO, at 60°C and 204 bar.

percritical CO, solution at 50 °C and 90 bar for one minute.
The cubic mesoporous silica film was synthesized using TEOS
and Pluronic F108." The spectrum of the unmodified silica
film was subtracted from that of the modified film. The FTIR
difference spectrum shows a decrease in the OH-absorption
peaks at 980 and 3746 cm™), an increase in the Si—-CHj-ab-
sorption peaks at 1260 and 759 cm™, Si-O-Si-peaks at 450,
850, and 1000-1250 cm™, and the CH-stretching absorption
peaks at 2964 and 2908 cm™."! The FTIR difference spectra
for the capping of the surface silanols with other silane cou-
pling agents, such as n-octyl trichlorosilane (OTCS) and
N-methyl aminopropyltrimethoxysilane (NMAPTMS) in su-
percritical CO, at 60°C and 204 bar for 30 min and 1 h, re-
spectively, are shown in Figures 5b,c, respectively. The OTCS
post-treatment was followed by a thermal treatment at 200 °C
for 1 h in air. The absence of physisorbed OTCS is indicated
by the absence of the characteristic Si—Cl peaks at 590 and
568 cm™, and the shifted peak at 3697 cm™ for isolated
Si-OH groups."”! The characteristic Si—O-Si stretching peaks
at 10001250 and 813 cm™', and other characteristic CH peaks
at 1422, 1466, and 2800-3000 cm™', indicate the presence of
hydrolyzed OTCS."" In the case of NMAPTMS functional-
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ization, the weak CH-stretching peak at ~2708 cm™ corre-

sponds to the N-CHj; peak and indicates the effectiveness of
the coupling chemistry.?*]

Experimental

Synthesis and Characterization: For the direct co-condensation syn-
thesis, films of the organic templates were spin-coated from a ~5 %
solution of the template and pTSA in ethanol on cleaned high-resis-
tivity silicon wafers. The ratio of the weight of pTSA to the template
in the solution was maintained at 0.06. The template films were then
exposed to a solution of the inorganic oxide precursors in humidified
supercritical CO, in a high-pressure reactor. The total precursor
amount varied from 4.5to 5pug for a template film cast on a
1.75 in. x 1.75 in. square piece of silicon wafer All film syntheses were
performed in CO, at 60 °C and 123 bar for 2 h. The reactor was then
slowly depressurized. Removal of the organic template by calcination
at 400°C in air for 6 h yielded a porous organosilicate film. For the
post-synthesis functionalization, the calcined silica film was exposed
to the solution of the silane-coupling agent in dry supercritical CO,.
After a brief reaction time, the reactor was depressurized within a
couple of minutes.

XRD patterns were obtained using CuKa radiation (wavelength,
/=1.5418 A) using a Philips X’Pert PW3040-MPD diffractometer op-
erating at 45 kV and 40 mA in the conventional 6-0 Bragg—Brentano
diffraction geometry. FTIR spectra of the films were obtained on sili-
con wafers in a BioRad ExCalibur spectrometer in the transmission
mode with a resolution of 4 cm™, using the blank wafers as the refer-
ence spectrum, by the co-addition of 200 scans. TEM images were ob-
tained using JEOL 100 CX and JEOL 2000 FX microscopes that were
operated at 100 and 200 kV, respectively. The samples were prepared
by scraping off the films to prepare a slurry of the particles in ethanol.
Drops of the slurry were dropped on a formvar-coated copper grid
(Electron Microscopy Sciences) and dried prior to use. SE measure-
ments were performed on a Sopra GESS variable-angle spectroscopic
ellipsometer. The incident angle for all measurements was fixed at 75°
from the vertical and the wavelength was varied from 250 to 900 nm.
A four-layer model comprised of air, silica dielectric layer of unknown
thickness and refractive index, native Si oxide, and silicon crystal
layer, was used to fit the data. The fitting parameters were the thick-
ness and the refractive index of the silica dielectric layer.
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