Microporous Silica Thin Films with Low
=| Refractive Indices and High Young’s Modulus
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ABSTRACT A microporous silica thin film with low refractive index (low-n) of 1.27 and high Young’s modulus of 19.5 GPa was obtained
by sol—gel synthesis using hydroxyacetone catalyst with tetramethyl orthosilicate and water in ethanol. Transmission electron
microscope images and nitrogen adsorption—desorption measurements showed that the pores in the synthesized silica were <1 nm
in diameter. Unlike many other microporous synthesis methods, our method did not require sacrificial reagents as templates. This
allowed low-temperature fabrication of high-strength low-n silica.
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INTRODUCTION
ow refractive index (low-n) thin films have been

employed as antireflective (AR) coatings for optical

applications including display devices, lenses, and
solar cells (1—10). Magnesium fluoride is a low-n (n = 1.38)
material that is widely used in commercial applications.
Films with lower indices (e.g., n < 1.3) are desired for
obtaining high transmittance. Such films may be attained
by incorporation of nanosized pores filled with air having n
= 1.0. However, preparation of magnesium fluoride with
nanosized pores is not trivial.

A promising candidate is highly porous silica, which can
be in the form of particles (2, 4, 8), xerogel (12, 13), or
aerogel (11, 14). Silica has a low-n (n = 1.46), good durabil-
ity, and environmental resistance (7, 19) and can be used
for optical applications, microelectronics (15—18), and ther-
mal applications (14). However, increasing the content of
nanosized pores is generally expected to greatly deteriorate
the mechanical strength of the film (11). This problem has
stimulated many studies (16, 17, 20—22) regarding rein-
forcement of porous silica materials. For example, Reidy et
al. reported that fluorination of silica improved the mechan-
ical strength of porous silica. The resultant film had an
average pore size of about 20 nm, elastic modulus of 14 GPa,
and n = 1.24 (20). Luo et al. reinforced porous silica with
colloidal silica nano particles (22), yielding a film with a low-n
of 1.28, Young’s modulus of 16.6 GPa, and hardness of 0.92
GPa. Although high-density spherical silica nanoparticles
should have high hardness, their introduction into the film
matrix may roughen the surface and cause terrible incre-
ment of light scattering. Further improvement of these films
in terms of their Young’s modulus and transparency is quite
necessary. Investigations focusing on pore structures, pore
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uniformity and film formation process will be helpful for
obtaining stronger and more transparent films.

Porous silica is typically mesoporous (8, 11, 16, 17) with
pores 2—50 nm in diameter (23). As shown in recent
investigations, formation of micropores <2 nm in diameter
(23) would be favorable in order to increase the mechanical
strength (24—26). Furthermore, micropores would probably
eliminate penetration and adsorption of chemical species
(21), which give rise to light scattering and absorption. As
for microporous silica film is well-known as packed silica
nanoparticles (27—31) and monolithic microporous silica
(32—41). Silica is promising high optical transparency, but
nanoparticles tend to form inhomogeneous aggregation
during packing process, which causes nonuniform density
distribution and light scattering. In addition, pore volume
fraction of dead space in packed silica nanoparticles is
limited because of its formation principle. On the other
hand, monolithic microporous silica consists of solid skel-
eton and void structure, which is usually prepared by
template technique using organic-functionalized silicon alkox-
ides (32, 33, 35, 41) or additive organic precursors (37—40,
42) to create the pores. However, heat treatment above 400
°C to remove these organics and form micropores inevitably
results in collapse of pores itself. This contracts the film,
which increases the film density and n. Moreover, residual
organic functional groups or additives also increase n.
Alternative processes of the monolithic microporous silica
fabrication are still worth investigation.

In an earlier study, we developed a catalytic sol—gel
process using tetramethyl orthosilicate (TMOS) and the
nonionic catalyst hydroxyacetone (43). In this study, we
applied this method to fabricate microporous silica thin film
with low-n and high Young’s modulus. The homogeneous
reaction with the nonionic catalyst facilitates production of
highly porous monolithic microporous silica with uniform
pores <1 nm in diameter. Because this process requires no
sacrificial templates, residual alkoxy groups and the catalyst
are easily removed during hydrolysis. Additionally, the
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Table 1. Summary of the Preparation Process for
Each of the Silica Films and Powders

chemical heat treatment
sample code hydrolysis” temperature (°C)
HMSgo yes 80
HMS 50 yes 150
HMS,00 yes 200
HMS,50 yes 250
HMS500 yes 300
MS;00 no 200

“The film and powder samples were chemically hydrolyzed by
immersing them in water at 80 °C before heat treatment.

process temperature can be as low as 80 °C, which results
in less thermal stress. This also prevents the pore structures
from collapsing, which aids in production of uniform pores
with large volumes.

EXPERIMENTAL SECTION

Synthesis. To produce the film coating solution, TMOS
(Si(OCHj3)4, Tokyo Chemical Industry, > 98 %), ethanol (Wako,
>99.5%), distilled water, and hydroxyacetone (CH;COCH,OH,
Tokyo Chemical Industry, > 80 %) were mixed thoroughly at 25
°C for 2 days, and then kept at 40 °C for 3 days. The molar
ratio of Si(OCH3)4:H»,O:C,HsOH:CH5sCOCH,OH was 1:5:27.5:1.
Si(100) substrates were coated with the silica sol by spin coating
at 2000 rpm for 60 s at 25 °C, and dried at 25 °C for a day.
The dried silica films were then either heated at 200 °C for 2 h
(nonhydrolyzed film, MS,q), or immersed in water at 80 °C for
2 h to chemically hydrolyze the methoxy groups and remove
organic compounds. After chemical hydrolysis, the films were
dried and heated at 80—300 °C for 2 h (HMSg—300) to promote
the condensation reaction of silanol groups and eliminate pore
water. Table 1 summarizes the preparation conditions for each
sample.

Characterization. The n and film thickness were measured
with a spectroscopic ellipsometer (Horiba Jobin Yvon, UVISEL
M200) at 80 °C, which minimized water adsorption. The mass
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fraction of water in the film prepared with hydrolysis but no
heating was estimated to be approximately 15% by thermo-
gravimetric analysis. A flake of the film was observed using a
transmission electron microscope (TEM, JEOL, JEM-2010) with
an acceleration voltage of 200 kV. The surface morphology and
the cross-section of a typical film were observed using a field-
emission scanning electron microscope (FE-SEM, Hitachi, S-5000)
and an atomic force microscope (AFM, Seiko Instruments,
SPA400). The pore volume and surface area of the dried silica
coating solution was evaluated by nitrogen gas adsorption—
desorption measurement (Micromeritics, ASAP2010). Micropore
volume and surface area were calculated from adsorption
isotherm data using the t-plot method (0.35 nm < t < 0.5 nm)
(39, 46). Total pore volumes were determined from the volume
of adsorbed nitrogen gas at a relative pressure of 0.95 (23). The
pore size distributions were determined by the Saito—Foley (SF)
modified Horvath—Kawazoe (HK) model from adsorption iso-
therms in the low relative pressure region. The HK model (44)
describes a semiempirical calculation of the pore size distribu-
tion from the nitrogen adsorption isotherm in microporous
materials with slitlike pores, and is applicable to active carbon.
The SF-modified HK model (45) extends application to the
cylindrical pore geometry of microporous materials such as
zeolite and silica, which have been used in many studies of
microporous silica (41, 46, 47). A Fourier transform infrared
spectrophotometer (FT-IR, Perkin-Elmer 1650) was used to
record spectra of the dried silica sol mixed with KBr from 4000
to 450 cm™'.

The mechanical properties of the films were measured at
room temperature by nanoindentation (Agilent Technologies
Nanolndenter G200, Berkovich diamond indenter) based on
[SO-14577 (48). Sixteen points on each sample were assayed
using the continuous stiffness measurement (CSM), and the
average and standard deviation were calculated. The first 10 %
of the film thickness was used as the indentation depth range
to determine Young’s modulus and hardness, and the values
were compared with corresponding results from other samples.
The Poisson ratio of silica films is 0.25 as calculated using
Young’s modulus.
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FIGURE 1. Typical images of the silica film HMS,s,: (A) cross-sectional SEM image, (B) AFM image, (C) cross-sectional AFM profile measured

along the indicated plane, and (D) TEM image.
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FIGURE 2. Nitrogen adsorption—desorption isotherms of the chemi-
cally hydrolyzed silica powders heat-treated at different tempera-
tures (HMS; 5, (circle), HMS;q, (square) and HMSsq, (triangle)) and the
nonhydrolyzed silica heat-treated at 200 °C (MSy (inverted tri-
angle)). Adsorption isotherms are represented by open symbols and
desorption isotherms by solid symbols.

RESULTS AND DISCUSSION

Figure 1A shows a typical FE-SEM cross-sectional image
of the silica film HMS,5,. The film thickness was estimated
atapproximately 125 nm. In the AFM image (Figure 1B) and
cross-sectional AFM profile (Figure 1C) the film appeared
very smooth with small ridges approximately 3 nm in height.
The morphology of the micropores was undetectable by FE-
SEM and AFM, due to the size (<2 nm diameter) of the pores.
Pores of approximately 0.5 nm in diameter with a narrow
size distribution were observed in the TEM image of a typical
flake of silica film (Figure 1D).

Nitrogen gas adsorption—desorption isotherms of the
silica powders HMS, 59, HMS;00, HMS500 and MS;qo (Figure 2)
were used to classify them as IUPAC type I with monolayer
adsorption of N, (23), which probably contains micropores
with diameters <2 nm. The isotherm of the silica powder
HMS,50 had significant overlap with that of HMSsq0, and
consequently HMS,s, is not depicted in Figure 2. In the ¢-plot
(Figure 3A) calculated from nitrogen adsorption isotherm
data for HMS,qo the curve did not pass through the origin
and had a positive y-intercept, which indicates HMSzqq is
microporous. The specific surface area of a micropore in
HMS,00 was calculated to be 470 m? g~!, and the pore
volume was calculated to be 0.21 cm® g~'. The pore size
distribution in HMS,qo (Figure 3B) is the narrowest of all
reported microporous silica (32, 34—36, 39).

The total pore volume for the hydrolyzed silica powder
HMS 50 was 0.37 cm?® g~! (Table 2). Little change in the pore
volume was observed when the hydrolyzed silica powders
were heated at 200 °C (0.38 cm’ g7), 250 °C (0.34 cm® g™!),
and 300 °C (0.34 cm® g'). The pore volume for the
nonhydrolyzed silica powder MSyp (0.26 cm’® g~!) was
smaller than that for the hydrolyzed silica HMS»q (0.38 cm®
g™!). The pore volume fraction is related to the refractive
index according to the Lorentz—Lorenz equation (6, 8, 12),
and this explains that the increasing of the pore volume
decreases the refractive index. In order to enhance the
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FIGURE 3. (A) t-Plot curve and (B) pore size distribution of the
hydrolyzed silica powder HMS;o.

Table 2. Structural Properties and Refractive
Indices of the Microporous Silica Samples®

VOL. 2 ¢ NO. 11 e 3128-3133 2010

Smicro” Vinicro Veotal”
sample code  (m?g™) (m’g™) (m’g) Ng35° ¢ (nm)
HMSso N/A N/A N/A 1.340 132
HMS, 50 575 0.26 0.37 1.319 135
HMS;00 470 0.21 0.38 1.278 130
HMS;50 482 0.22 0.34 1.270 128
HMS500 532 0.24 0.34 1.265 130
MSz00 350 0.16 0.26 1.358 162

“Notation: Smicro, Mmicropore surface area; Vo, Micropore
volume; Vi, total pore volume; ngss, refractive index at 633 nm; ¢,
film thickness. ® Powder samples were evaluated. ¢ Film samples
were estimated by ellipsometric measurement.

specific pore volume value, we developed the synthesis
procedure in which ethanol was used as the solvent instead
of methanol (43), achieving the increase of maximum pore
volume from 0.33 to 0.38 cm? g~! without expanding pore
diameter.

We believe that the homogeneous hydrolysis reaction in
the presence of hydroxyacetone catalyst facilitates formation
of micropores. The framework of micropores might have
already been fabricated in silica precursors in the coating
solution. The dried silica coating solution includes a lot of
micropores, and therefore, all of the silica powders consid-
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FIGURE 4. Refractive index as a function of wavelength for (a)
HMS 50, (b) HMS;00, (¢) HMS350, (d) HMS500, and (€) MS;g0.
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FIGURE 5. (a)FT-IR spectra of the hydrolyzed silica film HMS,,, (b)
the nonhydrolyzed silica film MS,,0, and the hydrolyzed silica films
(c) HMS;50, (d) HMS; 50, and (e) HMSg.

ered in this work had large pore volume. High-temperature
heating should cause densification with the condensation
reaction, and consequently the total pore volumes of the
silica powders heated at =250 °C were smaller than those
of HMS, 50 and HMS,qo.

Film thickness and n for each silica film are summarized
in Table 2. Within the wavelength range 250—800 nm, the
n were lower for the hydrolyzed films than the nonhydro-
lyzed film (Figure 4). Figure 5A compares the FT-IR absorp-
tion spectra from 3200—2700 cm™' for HMS,p9 and MS;qo.
Peaks at 2980 and 2860 cm™! for the C—H stretching mode
of CHs and CH,, respectively (17), were observed in the
spectra of MS,qo but not HMS,. This suggests that organics,
such as methoxy groups and hydroxyacetone, remained in
the nonhydrolyzed silica but were removed during the
process of chemical hydrolysis. The absence of these organ-
ics definitely facilitates reduction of n and increases the pore
volume of the hydrolyzed films.

The n of the hydrolyzed film decreased as the tempera-
ture for heat treatment was increased to 250 °C. The
dependence of the n on wavelength changed with the
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temperature the film was heated at. When the hydrolyzed
silica film was heated at 250 or 300 °C, the n was indepen-
dent of the wavelength. The FT-IR absorption spectra from
1800—500 cm™' of the hydrolyzed silica films HMSg,
HMS, 50, HMS,00 and HMS5 are compared in Figure 5B. The
absorption band near 950 cm™' can be attributed to stretch-
ing vibrations of the Si—OH bonds (8, 12), and is observed
in the spectra of HMSgg, HMS;50, and HMS;q0. The peak
height for the asymmetric stretching vibration of Si—O—Si
(TO5 mode) at about 1080 cm™' (8, 12, 17) increased with
increasing heating temperature. In contrast, the Si—OH peak
height decreased with increasing heating temperature, and
was not apparent in the spectrum of HMS;so. These results
suggest that the terminal silanol groups were almost com-
pletely converted to Si—O—Si bonds with thermal dehy-
droxylation and condensation (49) at 250 °C.

Although the total pore volume decreased when the
heating temperature was =250 °C, the n of HMS,5, was
lower than that of HMS, (Table 2). This is due to a reduction
in the absorption of water for the high-temperature film.
Typically, hydrophilic silanol groups aid adsorption of water,
and high polarization of water and silanol groups must
increase the n of the film (7, 16, 24). When the film is heated
at =250 °C, the number of terminal Si—OH is decreased
(Figure 5B), which should reduce the adsorption of water and
decrease n to <1.3.

As discussed earlier, the pore volume of the hydrolyzed
silica powder HMS,50 was 0.34 cm® g~'. A pore volume
fraction of 42.8 % was calculated using the density of dense
silica (2.20 g cm™?). This was used to calculate n = 1.23 by
substituting n = 1.46 for dense silica into the Lorentz—Lorenz
equation (6, 8, 12). The experimental n of 1.27, which was
determined by ellipsometric measurement (Table 2), is
larger than the calculated n, which should be due to residues
such as water in the experimental film.

Mechanical strengths were determined for the hydrolyzed
silica film HMS5q0. In consideration of the substrate effect,
two different thicknesses of 125 and 240 nm were adopted.
Young’s modulus was 19.4 + 0.91 GPa and the hardness
was 0.45 £ 0.03 GPa at an indentation depth of 12.5 nm
for the 125 nm thick film, whereas the corresponding values
were 19.5+0.91 GPaand 0.74 £ 0.04 GPa at an indentation
depth of 24 nm for the 240 nm thick film (Figure 6).

Young’s modulus of this film is the highest of all reported
porous silica thin films with equivalent porosity or n
(16, 17, 20—22, 26, 31, 50). In this work, tetrafunctional
silicon alkoxide was used as a reagent for the microporous
silica film. This reagent produced more cross-linking bonds
between pore structures than trifunctional alkoxides and
reagents containing alkyl groups, such as triethoxyfluorosi-
lane (16, 20) and silsesquioxane (21, 26, 42). Moreover,
unreacted methoxy groups and silanol groups were not
present in the hydrolyzed silica powder heated at >250 °C,
and instead these formed Si—O—Si bonds (Figure 5A,B).
These results indicate the chemical hydrolysis and thermal
condensation increased the bonding between the mi-
cropores and made the film stronger. At the same porosity,
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FIGURE 6. (A) Young’s modulus and (B) hardness values of HMSsq,
as a function of the indentation depth from surface. The thickness
of the silica film used in this study was 240 nm.

the density in number of walls per unit volume in a mi-
croporous material is higher than in a mesoporous material.
Consequently, because stress acting on a material might
disperse into the walls, it is expected that this stress is
reduced in a microporous material compared with a meso-
porous material. As a result, the pore structure in a mi-
croporous material should not collapse as easily as in a
mesoporous material. A recent theoretical study has re-
vealed that uniformity of pore diameter increases elastic
modulus of silica thin film (51). Therefore, the uniform pores
of the hydrolyzed silica film result in a homogeneous wall
density distribution, which provides high resistance to elastic
variation.

CONCLUSIONS
Low-n (n < 1.3) was achieved with the introduction of

large volume micropores in silica films. Film preparation
utilized the sol—gel process with the catalyst hydroxyac-
etone. A low-n (n = 1.27) was facilitated by removal of
organic functional groups and the catalyst during the process
of hydrolysis, and of adsorbed water and OH groups by
heating (250—300 °C). The films have very small pores,
which could protect against absorption or penetration of
pollutants and other materials. Furthermore, due to their
high Young’s modulus (>15 GPa) these films are robust.
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