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Development of a Porous Silica Film by Sol-gel
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Abstract—In the present work homogeneous silica film on
silicon was fabricated by colloidal silica sol. The silica sol precursor
with uniformly granular particle was derived by the alkaline
hydrolysis of tetracthoxyorthosilicate (TEOS) in presence of glycerol
template. The film was prepared by dip coating process. The
templated hetero-structured silica film was annealed at elevated
temperatures to generate nano- and meso porosity in the film. The
film was subsequently annealed at different temperatures to make it
defect free and abrasion resistant. The sol and the film were
characterized by the measurement of particle size distribution,
scanning electron microscopy, XRD, FTIR spectroscopy,
transmission electron microscopy, atomic force microscopy,
measurement of the refractive index, thermal conductivity and
abrasion resistance. The porosity of the films decreased whereas
refractive index and dielectric constant of it ‘increased with the
increase in the annealing temperature. The thermal conductivity of
the films increased with the increase in the film thickness. The
developed porous silica film holds strong potential for use in
different areas.

Keywords—Silica film, Nanoporous, Sol-gel, Templating, Dip
coating.

1. INTRODUCTION

O-GEL technique is widely used for fabrication of porous

silica films [1-3]. These films possess many important

technical properties like excellent heat insulation,
relatively low dielectric value, continuously adjustable
refractive index, high laser damage threshold etc. Therefore
these films find applications in different important areas, like,
photonics, optoelectronics, lightweight structural material
based thermal insulation, optical coating etc. Nano porous
silica films are extensively used in optical coatings, like anti-
glaring and anti-reflecting coating in different optical
applications. These include cathode ray tube, colour monitor
tube, video display panel, lens in high power laser system etc.
The special network structure of these films is also exploited
in sound detector systems. Again, the excellent insulating
property and the near perfect interface of these films on
silicon play a crucial role in very large scale integrated
devices (VLSI). These films are also used as adsorbents,
scaffolds for composite material synthesis, in separation
technology, molecular and bio-molecular engineering etc. Use
of porous silica films can improve the efficiency of solar cell
because of their lower scattering losses. [4-9]
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Therefore, fabrication of both nano- and meso- porous
silica films with uniform pore diameter of 50-300 nm have
become an important area of research and many works have
been done in this direction [10-13]. Silica sols formed under
different conditions exhibit different microstructures, like
particle size, shape, cluster formation tendency etc., and the
microstructures along with processing temperature and
thickness of these films strongly affect their optical, dielectric,
thermal and mechanical properties. Therefore a systematic
study is required to establish relationship between processing
conditions and these parameters.

In the present investigation, nano- and meso-porous silica
films have been fabricated by sol-gel process following base
catalyzed hydrolysis of tetraethoxy orthosilicates (TEOS) in
aqueous medium. Glycerol was used as template to control the
growth of silica particles of colloidal silica sol. The dip coated
silica films were annealed at different temperatures. The sol
and the film was characterized by the measurement of particle
size distribution, scanning electron microscopy, XRD, atomic
force microscope, measurement of the refractive index and
abrasion resistance to investigate the formation mechanism of
the porous film.

II. EXPERIMENTAL

The silica sol was prepared by a two-stage process. In first
stage TEOS, NH,OH and C,Hs;OH were mixed at room
temperature with a molar ratio 1:3:25. It was refluxed at 80°C
for 5 hours. In the second stage TEOS, water and glycerol
with molar ratio 2:6: 1 was added to the formed sol at pH~9.
The new sol was aged at 40°C for 7 days. SiO, content in the
sol was maintained as Swt%. Particle size of the sol was
measured with zetasizer (make: Malvern, model: ZEN 3600).
The sol was also characterized by FESEM (make: Zeiss,
model: SUPRA 55VP) and EDX study

The silica sol was dip coated on the surface of a silicon
wafer of 0.5 mm thickness. The temperature and relative
humidity during the coating process were maintained at 25°C
and 60% respectively. The dipping and lifting speed were
maintained at 0.2-0.4 cm/s. The dip coated wafer was dried in
an air oven at 80°C for 2 hours. The dried coated wafer was
heat treated in an electrically heated muffle furnace at
different temperatures from 600 to 1000°C with a soaking
period of 40 minutes in each case. Surface morphology of the
coated samples was measured by AFM (alpha 3000A,
WITEC, GmbH, Germany) and FESEM. Refractive index of
the film were measured an ellipsometer (PhE101M,
Angstrom., US). Thermal conductivity of the films was
measured following a method described by Tsuneyuki et al
[14]. The measurements were performed in a vacuum (~10~
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Torr). The abrasion resistance of the films was studied
following a method described by Floch et al [15].

IIT. RESULTS AND DISCUSSION

In the present work silica sol was prepared by the alkaline
hydrolysis of TEOS. Under basic conditions it is likely that
water dissociates to produce nucleophilic hydroxyl anions in a
rapid first step. The hydroxyl anion then attacks the silicon
atom via Sy2 —Si mechanism in which OH™ displaces OR™ with
inversion of the silicon tetrahedron. Some authors also
proposed a mechanism involving a stable 5-coordinated
intermediate [16]. The intermediate decays through a second
transition state in which any of the surrounding ligands can
acquire a partial negative charge. The active products of
hydrolysis are easily polymerized into SiyO,(OH),. The active
Si,Oy(OH), either participates in growth of silica particles or
form new nuclear of silica particles based on reaction
conditions. If concentration of the Si,Oy(OH), exceeds a
critical value, silica particles grow through aggregation of the
Si,Oy(OH), and form inhomogeneous silica particles, even a
precipitated silica [17].

If the growth of silica particles is limited, new silica
particles are formed. With glycerol in the sol-gel medium,
SixO,(OH), remains wrapped up in glycerol, and its
aggregation tendency is lowered. Therefore, new silica
particles are formed rapidly in condensed, smaller and
uniform form. Furthermore the higher pH makes the silica
particles charged negatively and re-dissolved, which also
prevents aggregation of silica particles.
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Fig. 1 Particle size distribution of silica sol

From the particle size distribution of the sol (Fig. 1) it was
observed that the average size of the aggregates was 10 nm
and all the particle aggregates of the sol were nanoscopic in
dimension. The silica particles were amorphous according to
XRD with peaks less than 26 = 10° conforming to JCPDS file
(79-1711) (Fig. 2). From the morphological analysis of the sol
sample it has been observed that the sol contained spherical

1000000 A

1000 +

CONnts s

0 20 40 g0 20
ZTheta

Fig. 2 XRD pattern of Silica Sol Particles
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Fig. 3 SEM micrograph of silica sol

and agglomerated silica particles (Fig. 3). The purity of the
sol system was ascertained from the EDX studies (Fig. 4)
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Fig. 4 EDX spectra of the Silica Sol Sample

which indicated the presence of silicon, oxygen and carbon as
the elemental composition. The carbon present in the system
originated from the alcohol used..

50



International Journal of Chemical, Materials and Biomolecular Sciences
ISSN: 2415-6620
Vol:5, No:1, 2011

=
2
=
2
]
5 ]
2 A
| hdad i aimant \
as-gown
1400 1200 1 000 B0 GO0 400

Wave Number /em™'

Fig. 5: FTIR Spectra of the silica samples before and after heat
treatment
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Fig. 6 AFM Photograph of the Silica Coating

Glycerol was used to control the growth as well as the state
of existence of silica particles in the colloidal sol. Again, the
presence of glycerol controlled the cracking tendency of the
silica films during drying. The glycerol template remained
trapped inside the silica films and was likely to form a
modulated structure. Relaxation of this hetero-structure could
reduce the thermal stress of the silica films during its
annealing. Furthermore, the template could migrate to the
surface of the silica film with the flow of solvent within the
silica and accumulated at the surface as solvent was
evaporated. This non-uniform distribution of the template

could result in the formation of an elastic surface, which
prevented the silica film from being cracked.
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Fig. 7: Variation in porosity of the silica film with annealing
temperature

In the FTIR spectra (Fig 5) of the silica film the 1080 cm™
peak represents a pure stretching vibration of Si-O-Si bonds,
the peak at 800 cm™ is assigned to the vibration of Si-O-Si
bonds, the peak at 460 cm’! s attributed to a bending vibration
of Si-O-Si bonds, and the peaks at 960cm™ is assigned to a
stretching vibration of Si-OH bonds (Fig.5). After the heat
treatment at intermediate temperature a reduction in the
relative intensity of the Si-OH stretching band at 960 cm™ is
observed which gradually disappeared after heat treatment at
elevated temperature [16].

From the AFM pattern of the films it was also observed the
surface of the films has been densified and smoothened as a
result of heat treatment. It may be related to the strengthening
of the silica gel network through cross-linking by more Si-O-
Si bonds between silica particles due to the disappearance of
OH group and in general, greatly correlated with increasing
physical properties such as micro-hardness [17].

Refractive index (n,) of the porous silica films is strongly
related to porosity p of the films by the following relationship,

2 2
n, =" -D-p)+1 M
where n, and n are effective refractive index of the films,
refractive index of the silica bulk, 1.457 at 632.8 nm
respectively, p is the porosity of the films.

Porosity of the films was calculated from this equation.
With the increasing in annealing temperature the porosity of
the films continuously decreased and at annealing temperature
of 1000°C, the film became virtually non-porous (Fig. 7). The
relative density of the film therefore increased with the
increase in the annealing temperature and at the annealing
temperature of 1000°C, the relative density was almost 1 (Fig.
8). As a consequence the refractive index of the films
continuously increased with the increase in the annealing
temperature (Fig. 9). At the annealing temperature of 1000°C,
the refractive index of the film was ~1.45. The dielectric
constant ( k) of the film was calculated using the formula

K=n’ 2)
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Fig. 8 Variation in relative density with annealing temperature for
the silica film
The dielectric constant of the films also increased with the

increase in the annealing temperature (Fig. 10). All these
measurements were carried out 0.8um thick film.
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Fig. 9 Variation in refractive index with annealing
temperature for the silica film

The thermal conductivity of the film was studied at
different thickness of the film. The thermal conductivity of the
films increased with the increase in the thickness. But the
thermal conductivity values were less than intrinsic thermal
conductivity of crystalline silica (1.47w/m/k).

The abrasion resistance of the films was found to be
satisfactory. The hydrolysis and subsequent condensation
reactions of residual and added TEOS resulted in the
formation of randomly branched and/or entangled linear
chains. Therefore, It is possible that network of the sols had a
composite structure consisting of particles, randomly branched
or/and entangled linear chains of silica. The strengthening of
the film can be related to the this random branching and
entanglement of the silica chains.
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Fig. 10 Variation in dielectric constant with annealing temperature
for the silica film

[V. SUMMARY AND CONCLUSIONS

Silica sol was prepared by the alkaline hydrolysis of TEOS
by a two stage hydrolysis process in the presence of glycerol
template. The sol resulted in the formation of nano sized
spherical colloidal silica particle with narrow particle size
distribution. The sol was used to fabricate dip coated silica
film on Si wafer. At 1000°C with 40 minutes of annealing a
virtually nonporous film was obtained. The refract tive index
and dielectric constant of the film increased with the increase
in the annealing temperature. The thermal conductivity of the
film increased with the increased in the film thickness. The
film possessed adequate abrasion resistance due to the random
branching and entanglement of linear silica chains.
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