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Abstract In this paper, we report the synthesis of
different silica materials via the acid-catalyzed sol–gel
process at room temperature (25�C), using silane
precursors with various alkyl chains (dimethyl, octyl
and/or hexadecyl), in order to obtain thin films with
anti-reflective and hydrophobic properties. Chemical,
optical and structural properties of obtained silica
materials were thoroughly characterized with various
techniques such as FTIR and UV–Vis spectroscopy,
AFM analysis, ellipsometric measurements, ESEM
and TEM microscopy. Wettability of thin films was
evaluated by water contact angle measurements. FTIR
spectra of silica materials revealed that the intensity of
the Si–O–Si characteristic bands varies depending on
the precursor type. From AFM results, we found that
the obtained films present a different microstructure as
a function of the silica sol formulations. The hydropho-
bic character of the thin films increases with increasing
the length of the hydrophobic chains following the
order: dimethyl < octyl < hexadecyl. UV–Vis analysis
of the coatings covered with silica materials presents a
low reflectance (15.5%). The proposed method in this

work has the potential to be a low-cost processing path
of nanostructured anti-reflection transparent sub-
strates.

Keywords Sol–gel process, Anti-reflection,
Hydrophobic films, Silane precursor

Introduction

Multifunctional transparent silica films/coatings are
becoming very popular due to their variety of appli-
cations from anti-icing to self-cleaning, low-adhesion,
anisotropic wetting, structural color, anti-reflection and
anti-fogging.1–6

The surface properties, resulting from the multiscale
structures, are due to the surface textures being on
different length scales, whereas chemical properties
depend less on material topography. The most com-
mon methods to prepare the nanostructured silica films
are chemical vapor deposition, chemical etching and
sol–gel processes.7–10 Among these techniques, sol–gel
is the most commonly used because of its simplicity
and large area of applications in solar panels, light
sensors and high-powered laser fusion systems.11–16

The sol–gel-derived thin films can be obtained by
modifying the reflectivity of the substrate surface or
modifying its surface chemistry. Many factors play an
important role in the final properties of sol–gel-derived
coatings, such as sol–gel solution, method of applica-
tion, substrate and its surface conditions. The anti-
reflective coatings of sol–gel silica materials are very
attractive, due to low refractive indices, low scatter and
high laser damage thresholds.17 Optically transparent
films that exhibit both hydrophobicity and high visible
light transmittance have been potentially suitable for
optical devices and thermal collectors. In order to
obtain hydrophobic and transparent films, the high
surface roughness required for being water repellent
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needs to be balanced with the low roughness needed
for optical transparency. Tadanaga et al.18 reported the
preparation of sol–gel transparent superhydrophobic
films on glass plates by the combination of microstruc-
tural and chemical approaches. It was demonstrated
that the silica sol can be modified using hexamethyl-
disilazane (HMDS), trimethylalkoxysilane and
dimethylalkoxysilane.17–20 Ahangarania et al.21 ob-
tained highly transparent and hydrophobic silica coat-
ings via a simple dip-coating technique, using
tetraethylorthosilicate (TEOS) as a precursor and
polydimethylsiloxane (PDMS) as a hydrophobic mod-
ifying agent. Shirtcliffe et al.22 prepared porous sol–gel
foams from organo-triethoxysilanes which were either
completely filled with liquid or not wetted at all when
exposed to different temperatures. It was shown that
the surface property can be changed from hydrophilic
to hydrophobic using hexadecyltrimethoxysilane
(HDTMS) and silica.23 It was demonstrated that the
addition of hexadecyltrimethoxysilane and tri-
ethoxytridecafluorooctylsilane to sol–gel coatings of-
fers the most suitable chance for preparation of water
repellent textiles by sol–gel coatings.24 Liu and
coworkers25 developed a simple method to fabricate
cotton fabrics with environmentally stable superhy-
drophobicity, using hybrid photoreactive silica
nanoparticles and hexadecyltrimethoxysilane. It was
observed that the superhydrophobic cotton fabric
presents excellent washing durability. Wang et al.26

achieved two interference-type SiO2/TiO2 and SiO2/
SnO2/SiO2–SnO2 multilayer anti-reflective coatings
prepared via the sol–gel technique. The optical con-
stants of the source materials were directly extracted
from the sol–gel-prepared oxide thin films. Yi et al.27

reported the preparation of discrete silica nanowires
with a hydrophobic surface by anisotropic sol–gel
growth in a water/oil emulsion, using trimethoxy(oc-
tadecyl)silane (C18TMOS). The dip-coating method
was applied to assemble substrate-supported nanowire
films. It was demonstrated that the C18 alkyl groups on
the silica nanowire surface can effectively maintain the
superhydrophobic properties of the membrane in a wet
environment. Thin films with superhydrophobic and
near-infrared (NIR) reflectance properties were pre-
pared by Sriramulu et al.28 using nanoparticles func-
tionalized with perylene diimide and
trimethoxy(octadecyl)silane (TMODS).

In the present research work, the hybrid silica
films/coatings have been prepared using sol–gel acid-
catalyzed silica materials that contain silane precur-
sors with different alkyl chains (dimethyl, octyl and/or
hexadecyl). The purpose was to introduce a less toxic,
cost-effective and easy approach to get transparent
and hydrophobic silica thin films on glass surface. The
mentioned silane precursors were used for surface
modification, promoting a high level of adhesion at
the interface. The synthesis of silica materials through
sol–gel process using octyltriethoxysilane and hex-
adecyltrimethoxysilane or reaction between
dimethoxydimethylsilane, octyltriethoxysilane and

hexadecyltrimethoxysilane were not yet reported.
Obtained samples were characterized both as powders
(obtained after solvent evaporation) and as films
(deposited onto clean glass slides), using Fourier
transform infrared (FTIR) and ultraviolet–visible
(UV–Vis) spectroscopy techniques, atomic force
microscopy (AFM) analysis, ellipsometric measure-
ments, ESEM and TEM microscopy and water con-
tact angle measurements.

Materials and methods

Materials

Tetraethoxysilane (98%, TEOS, Aldrich) was used as a
silica source. Silane precursors with long alkyl chains
were used as hydrophobic modifying agents:
dimethoxydimethylsilane (95%, DMDTES, Aldrich),
octyltriethoxysilane (97%, OTES, Fluka) and hexade-
cyltrimethoxysilane (85%, HDTMS, Aldrich). Tita-
nium(IV) isopropoxide (97%, TIP, Aldrich) was used
as a crosslinking agent in the sol–gel process. Maleic
anhydride (MA, Fluka) was added as a complexing/
retardant agent. As a solvent, ethanol (99.9%, EtOH)
was obtained from Chimreactiv S.R.L. As a cata-
lyst, HCl (0.1 N) was purchased from Sigma-Aldrich.
The chemicals were used as received.

Synthesis of sol–gel silica materials

Different silica materials were prepared in a similar
way to that previously reported29 by the acid-catalyzed
sol–gel process in two steps in order to obtain thin films
with anti-reflective and hydrophobic properties.

In the first step, TEOS and silane precursors
(DMDTES, OTES and/or HDTMS) were hydrolyzed
in acidic conditions using ethanol (6 mL) and HCl
(0.1 N; 0.23 mL). The solutions were magnetically
stirred for 1 h, 300 rpm, at room temperature (25�C).
As a second step, maleic anhydride (MA) (0.06 g) and
crosslinking agent (TIP, 0.32 mL) were added to the
solution. In order to continue the sol–gel process, the
second portion of HCl (0.1 N; 0.5 mL) was added and
the mixture was stirred for another hour at 25�C. The
molar ratio between the silane precursors was 1:1. The
amounts of silane agents used to obtain silica materials
are summarized in Table 1. Obtained samples were
characterized both as powders (obtained after solvent
evaporation) and as film (deposited by dip-coating
onto clean glass slides). Before deposition of final silica
materials onto surface, the glass substrate was cleaned
with soap, distilled water and finally with ethanol. All
final materials were dried and kept (overnight) at room
temperature (25�C) before being used for further
investigations.
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Characterization

Final silica materials were thoroughly characterized
with various techniques such as FTIR and UV–Vis
spectroscopy, ellipsometric measurements, ESEM and
TEM microscopy, AFM analysis and water contact
angle measurements.

FTIR spectra of materials were obtained through
Jasco FTIR 6300 instrument (JASCO Int. Co., Ltd.,
Tokyo, Japan) with a wavenumber interval of 400–
4000 cm�1 (30 scans at a resolution of 4 cm�1). All
samples were dried at room temperature and charac-
terized as powders through FTIR spectroscopy.

Obtained samples were also characterized as films
(deposition of silica sols onto glass surfaces) using UV–
Vis spectroscopy, AFM analysis and water contact
angle measurements.

AFM measurements were made with XE-100 from
Park Systems. To minimize tip-sample interaction, all
AFM images were recorded in true non-contact mode
(patented by Park Systems) using sharp tips (NCLR
from NanosensorsTM), with a radius of curvature of
typically 7 nm, spring constant around 32 N/m and
vibrating frequency of about 166 kHz. The AFM
micrographs were processed with XEI program (v
1.8.0 - Park Systems) for displaying purposes and for
subsequent statistical data analysis, including the cal-
culation of the root mean square roughness. The AFM
images are presented in the so-called ‘‘enhanced color’’
view mode (patented by Park Systems, which uses the
change of a pixel relative to its neighbors) in order to
have a better contrast of the surface topography. In
the AFM images below, one arbitrary line (so-called
‘‘line scan’’) is presented showing in detail the surface
profile of each investigated sample.

The ellipsometric measurements were carried out on
a Rotating Analyzer Ellipsometer from J.A. Wool-
lamTM, in the 300–1000 nm spectral range, with a 5 nm
resolution, at an incidence angle of 60�, in air at room
temperature.

Reflectance spectra of coated samples were deter-
mined by diffuse reflectance analysis, in the range of
380–780 nm, using a UV–VIS-NIR-Jasco V-570 spec-
trophotometer (JASCO Int. Co., Ltd., Tokyo, Japan).

Morphology and microstructure of resulted silica
hybrid materials were studied by environmental scan-

ning electron microscopy (ESEM), using a FEI-Quanta
200 microscope, and by transmission electron micro-
scopy (TEM), employing a Tecnai TM G2 F20 TWIN
Cryo-TEM instrument (FEI Company) at 200 kV
acceleration voltages.

Contact angle (CA) measurements were performed
by a CAM 200 contact angle tensiometer (KSV
Instruments, Finland) equipped with a high-resolution
camera (Basler A602f) and an auto-dispenser. All CA
measurements were carried out in a static regime at
room temperature (drop volume of 6 lL). The values
of contact angles were calculated from water drop
images (average of ten liquid droplets placed in various
regions of the film surface).

Results and discussion

FTIR spectroscopy

To evaluate the functional groups present in the
materials, we recorded the FTIR spectra of the sol–
gel silica materials characterized as powders (Fig. 1).
In the FTIR spectra of these materials, the bands of Si–
O–Si (bending vibration and asymmetric stretching)
can be observed at � 800 and � 1040 cm�1.30,31 In the
formation of sol–gel silica materials, Si–O–Si network
was formed during the hydrolysis and condensation
process, and the siloxane network could be the steric
hindrance for the polymerization of alkyl group.32

It has been observed that the intensity of the Si–O–
Si characteristic bands varies depending on the type of
precursor used in the synthesis. This band is located at
� 1030 cm�1, suggesting that the condensation reac-
tion tends to form linear networks. The shift of this
band toward a lower wavenumber can be due to the
overall decrease in the Si–O force constant character-
istic of alkylsilane group’s incorporation.33 Hydropho-
bicity of the Si–O–Si network by condensation of the
Si–OH groups leads to an increase in the intensity of
absorption corresponding to the stretching vibration of
the C–H bonds.

The shift toward longer wavenumbers of the Si–O–
Si band (� 1045 cm�1, asymmetrical stretching vibra-
tions) may be due to the presence of Si–C bonds,

Table 1: The amounts of silane agents used to obtain silica materials

Sample TEOS (mL) DMDTES (mL) OTES (mL) HDTMS (mL)

S1 2.1 0.63 – –
S2 2.1 0.63 1.45 –
S3 2.1 – 1.45 –
S4 2.1 – – 0.2
S5 2.1 – 1.45 0.2
S6 2.1 0.63 1.45 0.2
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leading to the partial destruction of the symmetry of
Si–O–Si bonds from the hybrid silica network.

In the co-hydrolysis and polycondensation reactions
that occurred in the organoalkoxysilane-tetraalkoxysi-
lane systems, the trialkoxysilyl groups are partially
integrated into the siloxane networks due to the
crosslinking abilities of the intermediates.

In the FTIR spectra of samples S1, S2 and S6, the
characteristic bands of Si–CH3 groups were found at
� 846 cm�1 (swinging vibration of CH2) and � 1260
cm�1, respectively (symmetrical deformation vibration
of C–H bond). The data indicated that CH2 groups
exhibit two characteristic bands: an asymmetric
stretching vibration at � 2925 cm�1 and a symmetric
stretching vibration at 2854 cm�1.34 The peak at
1465 cm�1 is attributed to the bending vibrations of

�CH2–.35 All of the previously discussed data are
summarized in Table 2.

Analyzing the FTIR spectra, it can be concluded
that the hydrolysis and polycondensation reactions
between the silane precursors successfully occurred.

Atomic force microscopy and diffuse reflectance
analysis

The obtained samples sols were deposited (by drop)
onto microscopic glass slides, dried at room tempera-
ture (25�C) and characterized as films topographically
and optically through AFM (Fig. 2) and diffuse
reflectance analysis (Fig. 3).

AFM was used to follow the topographical and
textural changes of the sol–gel silica coatings as
a function of their preparation. One reason is that
the surface morphology of the prepared films has a
clear/strong effect on water repellence properties.

Figure 2 shows the surface morphology of the films
obtained by silane material deposition onto glass slides.
Two-dimensional AFM images, with a surface area of
1 9 1 lm2, are presented in Fig. 2, together with
arbitrary line scans registered along the red lines
indicated in each AFM micrograph. From Fig. 2,
textural changes can be observed due to the modifica-
tion of the sols with organic radicals.

Among the investigated samples, samples S5 and S6
exhibit a more uniform aspect, as also suggested by
their plotted line scans. Overall, all samples are very
smooth, with root mean square (RMS) roughness
values that do not exceed 0.35 (sample S1), having
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Fig. 1: FTIR spectra of sol–gel silica materials obtained as powders

Table 2: Chemical bonds present in the silica
materials (as powders)

Mode of vibrations Wavenumber (cm�1)

Si–O–Si asymmetric vibration � 1030, 1045
Si–O–Si bending vibration � 800
CH2 swinging vibration � 846
C–H symmetrical deformation
vibration

� 1260

CH2 bending vibration 1465
CH2 asymmetric stretching
vibration

2925

CH2 symmetric stretching vibration 2854

J. Coat. Technol. Res., 17 (5) 1389–1399, 2020

1392



0 250 500 750 1000
nm

0 250 500 750 1000
nm

0 250 500 750 1000
nm 0 250 500 750 1000

nm

0 250 500 750 1000
nm

0 250 500 750 1000
nm

0 250 500 750 1000
nm 0 250 500 750 1000

nm

0 250 500 750 1000
nm

0 250 500 750 1000
nm

0 250 500 750 1000
nm 0 250 500 750 1000

nm

1

0

—1

nm
1

0

—1

nm

1

0

—1

nm
1

0

—1

nm

1

0

—1

nm
1

0

—1

nm

nm

1

0.5

—0.5

—1

0

0
25

0
50

0
75

0
10

00 nm

0.4

0.8

—0.4

—0.8

—1.2

0

0
25

0
50

0
75

0
10

00

nm

0.4

0.8

—0.4

—0.8

—1.2

0

0
25

0
50

0
75

0
10

00

nm

0.4

0.8

—0.4

—0.8

—1.2

0

0
25

0
50

0
75

0
10

00

nm

0.4

0.8

1.2

—0.4

—0.8

0

0
25

0
50

0
75

0
10

00

nm

0.4

0.8

—0.4

—0.8

0

0
25

0
50

0
75

0
10

00

S1 S2

S3 S4

S5 S6

Fig. 2: 2D AFM images at the scale of 1 3 1 lm2 of sol–gel silica materials deposited as films onto glass slides; below each
image, one arbitrary line scan is depicted (registered at the position indicated by the red line in each AFM micrograph)
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surface profile with a z-corrugation in a domain of
� 1 nm (Dz of their line scans from � 0.5 to 0.5 nm).
Therefore, beside RMS roughness and line scans, a
more complete picture of samples topography could be
offered by the peak-to-valley (Rpv) parameter, which
gives the difference between the deepest and highest
points in each scanned area. Therefore, in Fig. 3, the
RMS roughness values are plotted together with the
Rpv parameters for all silica-based samples, as obtained
from the AFM images presented in Fig. 2. The RMS
roughness values of the obtained films stand in the
range of 0.24–0.33 nm, with the lowest one (0.24 nm)
being recorded for both samples S2 and S4. However,
for samples S2 and S4, different Rpv parameters are
estimated, namely of 2.22 nm (sample S5) and 1.77 nm
(sample S4), which appear to be the smoothest surface
among the samples under discussion.

Therefore, it can be stated that the hydrophobic
character of the silica-based films (as will be shown in
‘‘Contact angle measurements’’ section) is due to the
chemical properties of the films and not linked to their
morphology.

We found that thin films present anti-reflective
properties in the wide visible light wavelength region
on glass substrates. Figure 4 shows the diffuse reflec-
tance analysis as a function of a wavelength of the
visible light and indicates the anti-reflective character
of the thin films (obtained by dip-coating deposition of
sol–gel silica materials onto glass slides). UV–Vis
analysis of the uncoated glass substrate revealed a
reflectance value of 16.2% at 550 nm, whereas the
coatings covered with silica materials presented a low
reflectance (15.5%). The anti-reflective effects based
on the small roughness in this study showed small
incident angle dependence.36

Optical constants variation of the anti-reflective
films deposited on glass substrate is shown in Fig. 5.
The recorded spectra as Psi and Delta were fitted by
WVASE� software37 in order to evaluate the layer

thickness and the optical constants. Ellipsometric fit
parameters of the anti-reflective films deposited on
glass substrate are presented in Table 3. A three-layer
model (air/anti-reflective film/intermix/glass substrate)
was used to model the experimental data. For the
substrate, we built our own optical constants by
measuring a clean glass slide and fitting the experi-
mental data with a Cauchy model.38 Intermix is a
thickness adjusting layer based on Bruggeman Effec-
tive Medium Approximation (B-EMA) theory,39 con-
sisting of a mixture of 50–50% volume fraction of
materials underneath and above it. The anti-reflective
film was also fitted by a Cauchy model. Another active
fit parameter was the angular spread, which is a non-
ideality for slightly curved surfaces. The quality of the
fits was evaluated by Mean Squared Error (MSE)
regression analysis.40

From the best fits with the lowest MSE values, the
layer thickness and optical constants were obtained.
The film thickness varies roughly from 1 up to 4 lm as
a function of composition and deposition conditions.
Regarding the optical constants, all the films have
refractive index values smaller than the glass substrate,
and the smallest values were determined for sample
S1. All the films are optically transparent on large
spectral range, having the adsorption edge below
380 nm (3.3 eV).

Contact angle measurements

Figure 6 depicts the drops of water deposited on the
surfaces coated with the sol–gel silica materials. Ana-
lyzing the data, we can see that these coatings have
hydrophobic properties (water contact angle > 90�).
Improving the hydrophobic character of the coatings is
a result of the decrease in surface energy caused by the
presence of a large number of hydrophobic groups at
the surface. It can be observed that the water contact
angle onto glass surfaces increases from 96� to 110�. In
hydrolysis and polycondensation reactions, the –H’s of
the surface OH’s of silica films are replaced by –Si–
CH3 groups, resulting in dehydroxylation of the film
surface. These groups form a layer on the surface that
is nonhydrolyzable and hence hydrophobic.41 When
the surface is covered by the –Si–CH3 groups, the silica
surface can result in more C–H bonds giving rise to
more hydrophobicity. The hydrophobic character of
the films increases with increasing the length of the
hydrophobic chains following the order:
dimethyl < octyl < hexadecyl. Film obtained by sol–
gel silica material that contains TEOS + HDTMS
(sample S4) presents a high contact angle (109 ± 2�)
compared with other films and proves that (at least on
the exposed surface) the less polar (organic) compo-
nent dominates. The trimethylsilyl functionalization of
silica materials greatly modified the water adsorption
isotherms, making them significantly more resistant to
water absorption.42 The experimental data are similar
with other results already reported.43 The hydrolyzed
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Table 3: Ellipsometric fit parameters of the anti-reflective films deposited on glass substrate

Sample Intermix (nm) Film (nm) n @ 500 nm Angular spread MSE

Glass substrate – – 1.512 1.987 1.477
S1 69.53 ± 1.87 1804.91 ± 0.78 1.478 3.284 4.957
S2 47.45 ± 2.72 3178.41 ± 2.50 1.481 2.903 4.819
S3 74.08 ± 7.48 2620.18 ± 8.47 1.495 2.651 5.035
S4 34.13 ± 1.65 1092.34 ± 0.26 1.495 1.849 1.730
S5 70.05 ± 8.51 3379.64 ± 10.1 1.494 2.394 4.166
S6 69.94 ± 1.98 4119.66 ± 2.79 1.486 2.431 3.184
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TEOS bonds produced during the hydrolyzing stage
reacted with HDTMS, producing more hydrophobic
bonds. The resulting hierarchal surfaces are not suffi-
ciently rough to provide superhydrophobicity in the
form of microscopic air pockets.

ESEM and TEM microscopy

The microstructure of silica hybrid materials is pre-
sented in Fig. 7. It was demonstrated that the adhesion
to glass depends on the nature of the organic radical of
the alkoxysilane.33

The scanning electron microscopy analysis shows
that the silica hybrid materials present less self-assem-
bled structure which can be attributed to the lower

hydrophobicity. The ESEM images indicate that there
were no significant morphological and structural
changes in the silica hybrid materials. No additional
cracks or other defects were identified. Nimit-
trakoolchai et al.44 demonstrated that the surface that
contains more hydroxyl-terminated polydimethylsilox-
ane component tended to yield better hydrophobic
property than the surface that contains more inorganic
component, regardless of the degree of surface rough-
ness.

TEM microscopy was used to investigate the com-
patibility between the organic and the inorganic
phases. From TEM images, the silica hybrid materials
exhibit good distribution and miscibility between
organic and inorganic phases. All samples show silica
nano-clusters (dark spots). It was shown that the free

Fig. 7: ESEM images of silica hybrid materials
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Fig. 6: Profiles of water drop on film surfaces covered with sol–gel silica materials
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silanol groups in the silica domains condensed with
each other by forming Si–O–Si linkages. These link-
ages brought the molecules closer together determi-
nate the growing of the silica domains or clusters
(Fig. 8).45

Conclusions

Thin films with anti-reflective and hydrophobic prop-
erties were prepared by deposition onto glass surface
of silica hybrid materials obtained via acid-catalyzed
sol–gel process. The sol–gel silica materials were
obtained using different silane precursors (dimethoxy-
dimethylsilane, octyltriethoxysilane and hexade-
cyltrimethoxysilane). Optical, morphological and
structural properties of obtained coatings were pre-
sented. FTIR spectra showed that the Si–O–Si net-
works are formed in the silica hybrid systems. The
thickness of prepared hybrid coatings varied roughly
from 1 up to 4 lm. UV–Vis analysis of substrates
covered with silica hybrid materials revealed a
reflectance value of about 15.6% at 550 nm. TEM
and ESEM analyses showed that silica hybrid materials
exhibited a smooth film surface and a good homoge-
neous distribution of silica domains in the hybrid
systems. The film with HDTMS (S4) had a good water
contact angle compared with other films (109 ± 2�).
The obtained silica coatings via acid-catalyzed sol–gel
process could be used for the coating of optical
elements sensitive to humidity.
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