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Latex-Templated Silica Films: Tailoring Porosity to Get a Stable
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Porous sol—gel silica films are prepared using different PMMA latex nanoparticles, 30—80 nm in
diameter, as sacrificial templates. By changing the size and the content of the latex particles in the
deposited silica sol, it was possible for the first time to tailor the porosity of the sol—gel films (uniform
pore size and porous fraction from 0.10 to 0.74) independently of their thickness. This is the
consequence of a low microporosity in the silica walls as shown by the correspondence between the
measured porous fraction after calcination and the starting latex volume fraction. No ethanol capil-
lary condensation occurs in these films before high partial pressure (above 0.9), leading to a stable
refractive index that can be tuned in a large range (from 1.15 to 1.40 at 600 nm). A porosity perco-
lation transition with the opening of the extrinsic pore interconnection was observed at a pore
fraction threshold of about 0.40 for different sizes of the initial template. Below the threshold, the
films showed a closed porosity structure with a low stable refractive index (down to 1.29 at 600 nm),

opening the way to their use for antireflective applications.

Introduction

Integrated optical devices are demanding the develop-
ment of reliable low refractive index materials." Especially,
thin films with a low refractive index (n < 1.30, low-n) are
effective in improving the performance of antireflective
coatings, which are widely used on solar cells, eyeglasses,
computer monitors, and any other optical surface that
needs to weaken the reflectance and improve the optical
quality of images.

One of the most suitable material for low-n applications
is silica as its polarizability in the bulk state is relatively
low (7 (600 nm) = 1.458).> Low-n silica films have been
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prepared through various approaches.” > Compared to
more traditional coating techniques (like CVD and
sputtering),’!! the potential of sol—gel-derived coatings
has been clearly shown because the sol—gel thin film
processing permits to independently tailor the chemical
composition and the microstructure of the deposited
films, through the use of a sacrificial template,'*”'* or
by the deposition of silica in a colloidal state.”

A now well developed approach to prepare porous sol—
gel silica films consists in creating porosity through the
use of sacrificial organic templates (called porogens) that
are removed during film curing at typically 250—450 °C.
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Especially, this has led in the last years to organized meso-
porous sol—gel films exhibiting high porosity (up to 60%),
which have been suggested as low-k/low-n layers.??!
These films are generally synthesized from a mixture
containing the classic cetyltrimethylammonium bromide
(CTAB) or nonionic polyethylene oxide polypropylene
oxide (PEO-PPO) block-copolymer surfactants and a
silica sol prepared by acidic hydrolysis of an ethanolic
solution of alkoxysilanes, such as the tetracthoxysilane
(TEOS).'%192223 After spin- or dip- coating deposition,
the rapid removal of the solvent allows both the micellar
organization and its stabilization by gelation of a perco-
lative silica network constituting the wall structure. The
organized mesoporous silica films are then obtained after
subsequent removal of the micellar template either by
calcination for glass substrates or by washing with ace-
tone for plastic substrates. The resulting films present
homogeneous distribution of organized mesopores with
uniform size (in the 2—10 nm range) separated by highly
microporous silica walls leading to a very low value of the
refractive index (down to 1.16).

One of the drawbacks of the above-mentioned materi-
als is that their open pore network, constituted of small
pores (below 1 nm up to 15 nm), is subject to capillary
condensation of atmospheric water which drastically
decreases their dielectric properties.’* Instability of these
films is also due to their high specific surface area, which
allows a strong adsorption of organic pollutants. To
reduce the hydrophilicity of mesoporous thin films, the
silica surface has been modified with methyl groups,> %’
but capillary condensation still occurred because of the
very small pore diameter, and the resulting porous films
were more sensitive to organic contaminants.?®** This
suggests, for low-n applications, to decrease the interface
of the porous material with its environment, while keep-
ing its porosity constant.

In fact, a strategy to reduce the specific surface area and
avoid capillary condensation in porous silica films first
consists in the increase of the extrinsic pore size (due to the
organic template) up to values corresponding to the fron-
tiers between the meso- and macro range (e.g., typically
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30—100 nm).*® Capillary condensation occurs indeed at
relative pressure higher than 0.9 when the pore diameter is
increased above 30 nm, as predicted by the Kelvin equa-
tion.>' For such pores sizes, micellar templates cannot
be used anymore, and a pre-existing organic sacrificial
template such as polymer beads can be envisaged.**3°
A second important point is to control the intrinsic micro-
porosity in sol—gel silica walls to develop a closed-pore
structure, which should significantly limit both water
uptake and water adsorption.>® This implies to avoid
high chemical interactions between the silica sol—gel
network and the organic template, which are known to
inhibit the condensation of silanol groups in organized
mesoporous films leading to an open microporosity in
silica walls.”’

In the present study, porous sol—gel silica films were
prepared using different PMMA latex nanoparticles of
30—80 nm in diameter as sacrificial templates. First, the
organic templates were homogeneously incorporated in
the sol—gel silica matrix without aggregation or phase
separation. After thermal treatment, the process then led
to a sharp pore size distribution similar to the size of the
templating latex particles. These extrinsic pores were
embedded in a microporous silica network in which the
low intrinsic porosity was closed to the ethanol condensa-
tion. Consequently, these porous silica films were not
subject to capillary condensation of atmospheric pollu-
tants and their porous fraction could be easily tailored in
a wide range. We also showed that for porous fractions
lower than some percolation threshold of the extrinsic
pores, the porosity could be closed (i.e., nonaccessible by
moisture from air), leading to highly stable refractive
indexes.

Experimental Section

Materials. Tetracthylorthosilicate (TEOS, 98%), methylmetha-
crylate (MMA, 99%), ammonium persulfate (APS, 98%) were
purchased from Aldrich. The anionic surfactant Disponil FES 32
IS was graciously provided by Cognis as a solution of 32 wt %
active matter in water. Absolute ethanol (99%) was purchased
from Carlo Erba.

Porogen. PMMA latex nanoparticles were prepared by con-
ventional emulsion polymerization of MMA initiated by APS in
water, at 70 °C, in a thermostatted reactor under mechanical
stirring. Disponil FES 32 IS was used as surfactant. Varying the
experimental conditions, three PMMA latex suspensions were
prepared with mean diameters of 32, 59, and 77 nm, respectively.
The latex particles were characterized both by dynamic light
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scattering (DLS) and scanning electron microscopy (SEM) and
showed a monodisperse size distribution with a Gaussian full
width at half-maximum less than 10 nm (see Figures S1, S2, and
S3 in the Supporting Information).

Porous Silica Films. The silica sol was prepared by mixing
14.2mL of TEOS (6.4 x 10~?mol), 11.2 mL of ethanol and 4.62 mL
of an HCl solution in deionized water with a pH 2.5. The sol was
hydrolyzed at 60 °C under reflux during 1 h corresponding to the
complete TEOS hydrolysis, as checked by °Si NMR spectro-
scopy. Then 20 mL of the HCl solution was added to the mixture
and the ethanol was removed under vacuum. Ethanol was eva-
porated from the hydrolyzed sol as it might destabilize the latex
suspension.’® The volume of the final solution was adjusted to
22 mL with a pH 2.5 HCI solution to adjust the silicon concen-
tration to 2.90 mol L™ !. The residual amount of ethanol was deter-
mined to be less than 5 vol % by '"H NMR spectroscopy.

The films were deposited on silicon substrates by spin-coating
(2000 rpm, 60s) after mixing of different amounts of silica sol,
the latex dispersion and the HCI solution. The silicon wafers
were previously cleaned by 15 min immersions in a fresh piranha
solution (H,O, (30%)/H,SO4 3:1 vol). The latex template was
removed by calcination in air at 450 °C for 1h30.

TGA/DTA experiments were performed on the dried latex
and on the dried sol. These experiments shown that the latex is
fully calcinated above 400 °C, and that the decomposition does
not change significantly when the latex is embedded in the sol—
gel silica matrix. This was confirmed by FTIR transmission
spectroscopy (Figure S4 in the Supporting Information), where
the main bands corresponding to PMMA (stretching of CH,
and CHj; groups around 2900—3000 cm™'; stretching of the
C=0 ester double bond at 1730 cm™') are no more present on
the spectrum when the films are cured at 400 °C or higher.

Characterization. Average size and size distribution of the
latex particles were investigated by dynamic light scattering on a
Malvern Zeta Sizer. The autocorrelation function was fitted
assuming a monomodal Gaussian distribution of particle size.

Thickness and porous fraction of the porous silica films were
determined by spectroscopic ellipsometry in the visible range
(1.5—4.7 eV) at an incidence angle of 70°. Data were processed
using a Bruggeman effective medium approximation between
dense fused silica and vacuum. Note that using this optical
model, a pure sol—gel silica film (without latex) cured at 450 °C
is measured to have an intrinsic porous fraction around 5—10%
because of its density being lower than the fused silica.

Ellipsometry—porosimetry experiments were performed in
a home-built temperature-controlled vacuum cell, which was
adapted on a visible spectroscopic ellipsometer for in situ mea-
surements at an incidence angle of 75°. The ethanol vapor
pressure was progressively increased to measure the adsorption.
At each step of the sorption process, in situ visible ellipsometric
measurements were performed to evaluate the thickness and the
refractive index of films.***

Infrared spectra of the films deposited on silicon were recor-
ded on a Thermo Nicolet FTIR spectrometer Nexus. Each
spectrum was recorded in transmission mode between 650 and
4000 cm ™.

Direct observations of film cross-section and film surface were
performed by Field Effect gun scanning electron microscopy
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Figure 1. SEM pictures of porous thin films with equivalent porous
fraction, but with pore size of 77 nm (top) and 32 nm (bottom). For all
the films, the solid content C is kept constant at 15%.

(FE-SEM) and by atomic force microscopy (AFM, tapping
mode), respectively.

Nanoindentation tests were investigated by using an instru-
mented nanoindenter XP (MTS) with a Berkovich tip on films of
1 um thick. Methodology is described elsewhere.*!

Results

Porous silica thin films were prepared through a con-
ventional sol—gel process under various experimental
conditions. As shown in the SEM cross-section observa-
tions (Figure 1), the films exhibit a network of pores whose
size and shape are comparable to those of the latex tem-
plates. Pores are disordered and homogeneously dispersed.

The film thickness and the porous fraction were tailo-
red by varying two parameters C and P defined as follows:

_ Msio, + MpMMA VpMMA

C =

Mo Vsio, + Vpmma

Where mg;o, and mpyivi 4 are the corresponding masses of
silica and PMMA related to the silicon concentration and
the polymer content in the solution (total mass my).
msio, is taken as the product of the TEOS molar content
by the silica molar mass. Vo, and Vpmma are the corres-
ponding volumes of the silica and PMMA phases deter-
mined from their mass taking their respective densities
equal to 2.20 (fused silica) and 1.18.

The C parameter is the non volatile mass content of the
sol, further abbreviated as the solid content. The P para-
meter corresponds to the volume fraction of polymer
beads in the final silicated composite, further abbreviated
as the latex volume fraction.

Using spectroscopic ellipsometry measurements and as
previously observed,* the experimental evolution of the
film thickness was shown to linearly scale with the solid
content C of the sol keeping constant the latex volume
fraction (Figure 2a). The porous fraction was deduced
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Figure 2. (a) Evolution of the film thickness measured by ellipsometry with the solid content C keeping constant the latex volume fraction P at 50%;
(b) evolution of the porous fraction measured by ellipsometry with the calculated latex volume fraction P with a C parameter kept constant at 10%.

from ellipsometry experiments by considering the silica
network as dense fused silica (see Experimental Section).
This allowed observing that the latex volume fraction
P parameter was very close to the porous fraction in the
silica film after calcination (Figure 2b). Consequently, the
refractive index of the film could be tuned from 1.10 to
1.45 by changing the P value.

The relatively low microporosity of silica walls was also
confirmed by FTIR experiments (see Figure S4 in the
Supporting Information). By increasing the curing tem-
perature of films, a progressive decrease of intensity is
observed for the Si—OH stretching band (950 cm™ ') and
for the hydroxyl stretching band (3000 cm ™). However,
as expected for a sol—gel silica film, a fraction of silanol
groups remain after heating at 450 °C, suggesting that a
few percent of microporosity subsist in silica walls. Note
also at 450 °C the very low intensity of the band at 3000 cm ™
showing a weak quantity of absorbed water on the silica
surface.

SEM cross-sections also clearly show that by keeping
the solid content C constant and varying the polymer
content P, it was possible to tailor the porosity (pore size
and porous fraction) independently of the film thickness
(Figure 1).

The surface of porous thin films was observed by AFM
microscopy (Figure 3). On the whole porous fraction
range, pores are seen to be open on the surface. A ring
is often observed around the surface pore probably due to
some wetting of the latex beads by the silica sol (scheme
Figure 3). The measured surface roughness (rms) of the
films is between 1 and 2 nm (as the microscope tip does
not probe the depth of the surface pores). The images
show a fluctuation of the mean surface height with ampli-
tude lower than 7 nm.

The pore structure was investigated by ellipsometry—
porosimetry.***’ Ethanol adsorption isotherms were mea-
sured on films with various porous fractions and various
pore diameters ranging from 30 to 80 nm. An example of
the obtained isotherms is displayed in Figure 4 for films
with similar porous fraction (around 0.5) and various
pore diameters. In comparison, an isotherm was also
measured on a CTAB -templated mesoporous silica
film with a 3D hexagonal pore structure containing an

PMMA bead
silica

Figure 3. AFM images of the surface topology of porous silica films with
various porous fractions. At the bottom on the right, scheme of the wett-
ing of the bead by silica.

extrinsic mesopore fraction of 0.33 (pore diameter of
4 nm)?® and an intrinsic micropore fraction of 0.22 (open
pores in silica walls with a diameter less than 2 nm).**

A first expected observation is that the effect of adsorp-
tion on the refractive index significantly decreases when
the extrinsic pore size increases, as the specific surface
area scales inversely with the pore diameter. More pre-
cisely, adsorption due to the existence of an open micro-
porosity in silica walls should be observed in the low
partial pressure range (P/Py < 0.10). This is the case for
the 3D-hexagonal mesoporous sample, with a strong
ethanol adsorption for relative partial pressures under
0.10, in contrast with the films with pore sizes bigger than
30 nm.

For higher ethanol partial pressures, capillary conden-
sation can occur and the position of this phenomenon is

(43) Sing, K. S. W.; Everett, D. H.; Haul, R.; Moscou, L.; Pierotti, R.;
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619.
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Figure 5. Adsorption isotherms measured on porous thin films with dif-
ferent porous fractions (@ 0.69, B 0.60, A 0.53, ¢ 0.45, O 0.37, 0 0.29)
prepared with a 59 nm diameter latex suspension.

directly linked to the pore diameter through the Kelvin’s
equation.’! For the mesoporous sample (pore radius
2 nm), the capillary condensation takes place in meso-
pores around P/P, = 0.4 (Kelvin radius of 1.6 nm). This
contrasts with the absence of capillary condensation
observed in latex templated films as the Kelvin radius
for ethanol capillary condensation in silica is 16 nm for a
relative pressure of 0.9.

The effect of the porous fraction on adsorption iso-
therms was investigated for the three pore sizes (an example
is shown in Figure 5 for a pore size of 59 nm). The
evolution is similar for the three pore sizes with an abrupt
transition in the general shape of the isotherms when
varying the porous fraction. In the high porous fraction
range (e.g., above 0.50), the isotherms are of type IL,* i.c.,
characteristic of the adsorption on a plane surface or in
macropores, whereas for a porous fraction below 0.50,
the isotherms indicate a very low adsorption.

Desorption isotherms were also recorded on our films
and showed, as expected, that the adsorption process was
perfectly reversible, as no capillary condensation pheno-
menon occurred. Note also that no significant kinetics
effect was detected during the adsorption, as no change in
the refractive index was measured by maintaining a
partial pressure (P/Py = 0.4) for an hour in the measure-
ment cell.

Guillemot et al.

Discussion

The latex-templated porous silica films described above
have a homogeneous disordered porosity. Contrary to
surfactant-templated films for which the pore structure
is know to drastically evolve with the surfactant/silica
ratio,'>** the use of latex beads as sacrificial porogen allo-
wed us to prepare films in a wide porous fraction range
(from 0.10 to 0.74) keeping structure and keeping a
constant thickness.

The strong adsorption observed at low pressure in meso-
porous CTAB-templated silica films was previously attri-
buted to condensation in micropores existing in the silica
walls.?®* In contrast, it seems that silica walls of latex-
templated films present a low microporosity closed to the
ethanol condensation as, first, the measured porous frac-
tion is very close to the latex volume fraction (Figure 2b),
and, second, the increase of the refractive index in the low
partial pressure range is moderate. This could be due to
weaker interactions between the condensing nucleo-
philic silica with the anionic surfactant covering the latex
particle surface when compared to the cationic CTAB
micelles.’” The high electrostatic and chemical inter-
actions between micelle templates and silanol groups are
well-known to be at the origin of the mesostructuration of
silica films implying highly porous silica network in the
walls. Obviously, as observed on FTIR spectra, some
dangling Si—OH bonds remain in the latex-templated
films cured at 450 °C, but the resulting free space in silica
walls seems to be closed to the ethanol adsorption.

For a fine analysis of adsorption data, they were
plotted as t-plots,*! where the volume fraction of ethanol
adsorbed in the porous films is plotted against the thick-
ness t of ethanol adsorbed on a flat surface. The adsorp-
tion layer thickness of ethanol on hydrophilic native
oxide on silicon cured for 1 h 30 min at 450 °C was taken
as reference, to ensure a surface chemistry as close as
possible to the one of sol—gel silica cured at 450 °C.**
Linear parts in the t-plot correspond to adsorption on flat
surfaces, the slope giving access to the specific surface area
in m?cm . Note that no confinement effect should inter-
fere with the t-plot as the pore size is sufficiently high.*®

From a geometrical point of view, assuming that extrin-
sic pores are spherical, the specific surface area is given by
the relationship

_ Spmma _ _3 Vemma _ P
Sarea Vsio, + Vemma remma Vsio, + Vemma 3 rpPMMA° where

rpvma 18 the radius of the PMMA beads, and Spyna 1s their
surface.

Three representative t-plots for adsorption in films with
porous fraction around 0.50 and pore size from 32 to 77 nm
are plotted in Figure 6. All three curves are linear with a
very low intercept showing that the beginning of the adsorp-
tion is equivalent to the adsorption on a flat surface with
no condensation phenomenon. This is another confirmation

(44) Jung, S.-B.; Ha, T.-J.; Seon, J.-B.; Park, H.-H. Microporous
Mesoporous Mater. 2008, 111, 188—193.

(45) Bourgeois, A.; Brunet Bruneau, A.; Fisson, S.; Demarets, B.;
Grosso, D.; Cagnol, F.; Sanchez, C.; Rivory, J. Thin Solid Films
2004, 447—448, 46-50.

(46) Kruk, M.; Jaroniec, M. J. Phys. Chem. B 2002, 106, 4732-4739.
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Figure 6. T-plot for the adsorption in thin films with porous fraction
around 0.50 and prepared with a 32 nm (@), 59 nm (M), or 77 nm (A) dia-
meter latex template, and linear fit in dotted line. The corresponding
partial pressures are reported on the top axis.

of the absence of microporosity accessible to ethanol in
the latex templated films. Regarding the slopes corres-
ponding to 32, 59, and 77 nm pore size, the measured
specific surface areas were (geometrical expected value)
168 (98), 92 (54) and 67 (41) m?/cm® respectively. The
ratio between the experimental and expected values is
constant and equal to 1.7. The discrepancy between the
geometrical and experimental specific surface area can
arise from uncertainty in the model (pores are spheroidal)
but other origins such as some roughness of the pore
surface or difference in the surface chemistry in compa-
rison to the model surface cannot be discarded.

The evolution of the t-plot specific surface area with the
porous fraction (in the range 0.20 to 0.75) is shown in
Figure 7 for the three pore sizes. A sharp increase in
specific surface area was observed around porous frac-
tions of 0.40—0.45. Note that the threshold is approxi-
mately the same for the three porogen sizes. Above the
threshold, the specific surface area evolved linearly what-
ever the porogen size. Moreover, the ratio between the
slopes is equal to the ratios between porogen sizes, as
expected from the above-mentioned geometrical model.
Below the threshold, almost no evolution of the specific
surface area was detected, and this area was very low. This
can be interpreted as a transition between a closed pore
structure to the ethanol vapor adsorption and an open
one where the specific surface area fits with geometry.

The position of the threshold can be discussed in the
light of random packing of spheres and percolation
theory.*” Equilibrium random packing of spheres leads
to a percolation threshold of 0.64,*% which is significantly
higher than the observed one. Theoretical results can help
understanding this discrepancy. Even if the process of
film deposition by spin-coating is out of equilibrium, the
repulsive electrostatic forces between the particles ensure
the packing to be close to equilibrium. The small thick-
ness of the film relative to the pore diameter could lower

(47) Torquato, S. Random Heterogeneous Materials — Microstructure
and Macroscopic Properties; Springer-Verlag: New York, 2002.
(48) Berryman, J. G. Phys. Rev. A 1983, 27, 1053-1061.
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Figure 7. Evolution of the relative specific surface area with the porous
fraction for three different porogen sizes (A77 nm, B59 nm, @ 32 nm).
Dotted black lines represent the theoretical linear evolution of specific
surface area with porous fraction. The gray vertical full line represents the
porous fraction threshold between open and closed pore structure, whereas
the dotted vertical line represents the random closed packing (RCP)
percolation threshold.

the position of the threshold (finite size scaling), however
by dividing the pore size by two, the gap between the
theoretical and experimental threshold should scale the
same way, which is not the case.*” A more convincing
explanation could be that some limited aggregation of the
PMMA particles occurs during spin-coating. This can be
formalized by considering a soft penetrable shell around
particles which allows contact between one another des-
pite the electrostatic repulsion. In a so-called Cherry-Pit
model, a soft shell as thin as 10% of the sphere diameter
can lower the threshold down to 0.40.%

Conclusion

A series of monodisperses PMMA latex particles, with
diameters in the range 30—80 nm, have been synthesized
and used as templates for the elaboration of porous sol—
gel silica films. Changing the size and the concentration of
the latex particles in the deposited sol enabled us to tailor
the porosity (pore size and porous fraction) indepen-
dently of the film thickness.

An important point is that contrary to what is com-
monly observed in surfactant templated systems, we note
the absence of an important microporosity in the silica
network as shown by the correspondence between the
measured porous fraction after calcination and the initial
latex volume fraction. As a first consequence, it was
possible to prepare films with the same thickness, exhibit-
ing different concentrations of uniform extrinsic pores
(porous fraction from 0.10 to 0.74) separated by closed
microporous silica walls. A second consequence is that no
capillary condensation occurred in these films before high
partial pressure (above 0.9), as shown from ethanol
adsorption isotherms. This led to films presenting a low
refractive index that can be tuned in a large range (from
1.10 to 1.45 at 600 nm).

It can be expected that the stability of films against the
water adsorption is not significantly modified compared

(49) Wagner, N.; Balberg, I.; Klein, D. Phys. Rev. E. 2006, 74, 011127.
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Table 1. Measured Refractive Index of Porous Films with Various Porous Fractions and/or Templates in Ambient Condition (RH 60%, atmospheric
pressure), in Vacuum (under 107 Torr, in the ellispometry-porosimetry cell), and after Aging for 15 Months in Ambient Conditions”

template porous fraction n (600 nm) (RH = 60%) 7 (600 nm) (x 107° Torr) n (600 nm) 15 months later
latex 60 nm 0.20 1.327 4+ 0.003 1.325 4+ 0.003 1.367 £ 0.003
latex 60 nm 0.40 1.254 4+ 0.003 1.251 4+ 0.003 1.287 +0.003
latex 60 nm 0.70 1.145 + 0.003 1.142 + 0.003 1.167 + 0.003
CTAB around 0.40 1.401 + 0.003 1.270 + 0.003

“In the last case, the original optical properties are recovered after rinsing the films with ethanol and acetone.

to the one observed during the ethanol adsorption as,
taking into account the Kelvin relation, the water capil-
lary condensation should be also observed above a partial
pressure of 0.9. A clear confirmation of this stability is
shown in Table 1, where the refractive index measured on
latex templated-films is the same under vacuum and at
60% relative humidity. Moreover, the refractive index is
shown to be stable over months in ambient conditions,
thanks to the low specific surface area. It can be also noted
that the original optical properties of films are restored by
a simple rinsing treatment with ethanol and acetone. This
behavior drastically contrasts with the one observed for
organized mesoporous silica films prepared from surfac-
tant templates which do not present stable dielectric pro-
perties under ambient atmosphere due to capillary con-
densation occurring within their small sized micro- and
mesopores (5—10 nm).

Another noteworthy result concerns the drastic change
of the relative specific surface area (as determined from
the t-plot analysis), observed for a porous fraction of
about 0.40 for different sizes of the initial template. This
probably corresponds to a porosity percolation transition
with the opening of the extrinsic pore interconnection.
The closed porosity structure was observed for highly
stable films with a low refractive index of 1.29 at 600 nm,
which is promising for antireflective applications.

Concerning this closed porosity structure, one may won-
der how the latex combustion products diffuse through
the disconnected extrinsic pores during the calcination.
In fact, the thermal decomposition of the latex between
300 and 400 °C produces gaseous CO, and H,O that
may diffuse through the not yet fully condensed silica
network. The detection of a closed pore structure from
adsorption measurements suggests that the path followed
by the combustion products may be progressively closed
by the pursuing silica condensation, evidenced in the
400—500 °C range by FTIR spectroscopy (see Figure S4
in the Supporting Information).

(50) Dakka, S. J. Therm. Anal. Calorim. 2003, 74, 729-734.

Table 2. Young’s Modulus of 60 nm Latex Templated Films Measured
by Nanoindentation on 1 #m Thick Films, Compared to Literature
Results Obtained on Mesoporous Films with Various Organization

of the Porosity”'

Young’s modulus (GPa)
of 1 um thick 60 nm latex
templated films

Young’s modulus (GPa)
range obtained for

porous fraction mesoporous films®!

0.35 19+1 15—19
0.45 13+1 11-17
0.50 11+1 9—-16

More generally, it is clear that all the characteristics of
these new porous silica films markedly improve the reli-
ability and performance of sol—gel coatings for applica-
tions in optics and microelectronics. However, one of the
main drawbacks with very porous thin films is their
mechanical properties that can be significantly altered
with the increase in porous fraction.>” Preliminary nano-
indentation results performed on latex templated films
(Table 2) are in a good agreement with data obtained on
mesoporous films with ordered or disordered porosity.>’
These mechanical data tend to show that although the
Young’s modulus is naturally decreased when the porous
fraction increases, no drastic change in the mechanical
properties is observed by passing through the percolation
threshold. Further experiments are in progress to char-
acterize more precisely the scaling of the mechanical
properties of the porous films described above, on the
whole porous fraction range.
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