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INTRODUCTION 

Nowadays, the largest global producers on the mar�
ket present soda�lime glass with antireflecting coat�
ings, which possess an optical transmission in the visi�
ble wavelength range of more than 93%. The optical
transmission of such glass in the visible wavelength
range increases on average by more than 4–5% at the
expense of the deposition of antireflecting coatings.
However, the cost of these products substantially
exceeds that of conventional silicate soda�lime glass
due to the expensive and relatively complicated tech�
nology of vacuum magnetron deposition of the antire�
flecting coatings. 

For the most widely spread soda�lime glass with a
refractive index of 1.52 (λ = 550 nm), the theoretical
value of the refractive index for an efficient monolay�
ered antireflecting coating should be approximately
1.23 [1]. Such a low value can be achieved by deposit�
ing amorphous silica nanoparticles onto a glass sub�
strate using a dip coating technique [2, 3]. Such coat�
ings have a lower cost compared to the existing antire�
flecting coatings, and therefore, their development
and investigation are topical. 

The coatings based on amorphous silica are dis�
tinctive from other materials by their relatively low
refractive index (1.46, λ = 550 nm), robustness, and
durability. Moreover, when the size of material pores is
much smaller than the visible light wavelengths, the
refractive index of a coating based on amorphous SiO2

depends on its porosity [4]. For example, a coating

composed of spherical SiO2 nanoparticles and having
a porosity of ~50% has an efficient refractive index of
1.22 [5]. 

Hence, by depositing amorphous silica spherical
nanoparticles onto glass, we can obtain an efficient
monolayered antireflecting coating with a low refrac�
tive index because the loose arrangement of the parti�
cles creates the necessary material porosity. In addi�
tion, the porosity of the coating increases at the
expense of the porosity ofSiO2 particles themselves. 

Thus, our work was aimed at obtaining and investi�
gating antireflecting coatings of amorphous silica
nanoparticles deposited onto soda�lime glass using a
technologically simple and economical method of
dipping. 

EXPERIMENTAL 

Silica sols were synthesized by hydrolysing tetra�
ethoxisilane (TEOS) (the mass fraction of the basic
substance was 98.9%, SPG 14–5, TC 2637�059�
44493179�04) in the presence of ammonia
(aqueouus solution of 30–33%, puriss., N 1272/2008
[EU�GHS/CLP]) as a catalyst. Since TEOS and
water are not miscible liquids, they were dissolved
in ethanol (ω = 96%, first grade, State Standard
18300�87). 

The synthesis was carried out in the following
sequence. First, an aqueous solution of ammonia was
dissolved in half of the ethanol needed for the synthesis
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(for 1 ± 0.5 min), then TEOS was dissolved in the sec�
ond half of the ethanol needed for the synthesis (for
1 ± 0.5 min). 

The solutions of TEOS and ammonia in ethanol
were mixed together and then stirred for 4 ± 0.1 h, and
then, the colloid formed was stored in a closed con�
tainer at a temperature of 20 ± 1°C from 1 to 3 days for
the growth of disperse phase particles (the solutions
were stirred with the help of a magnetic stirrer). 

The average diameter and index of the polydisper�
sity of silica particles were controlled by changing the
concentration of the alkali catalyst and water at con�
stant temperature, duration, and the intensity with
which the solutions were stirred (see table). 

In order to measure the optical transmission, we
used slides of 76 × 26 × 1 mm (CP�7101, State Stan�
dard 9284�75), and to measure the thickness and
effective refractive index, we used soda�lime float glass
of 25 × 15 × 4 mm (State Standard 111�2001). The
coatings were deposited on glass substrates by dipping
them into the synthesized silica soles and subsequently
pulling them out at a controlled velocity (50 ± 5, 100 ±
5, 150 ± 5 mm/min). The substrates were preliminar�
ily degreased by ethanol. 

When the glass with the deposited coatings was
dried in air for 10 min at a temperature of 20 ± 1°C,
the samples were thermally treated at a temperature of
500 ± 10°C for 1 h to remove ammonia, ethanol, and
water. 

The average diameter, polydispersity index, and ζ�
potential of silica sol particles were measured on an
analyzer of series Zetasizer Nano (ZS). 

In order to determine the structure of silica parti�
cles obtained from silica soles, we used the X�ray phase
analysis (XPA), diffractometer DRON�4 (CuK

α
�radi�

ation). Prior to this procedure, the sediments sepa�
rated by spin were dried and baked at a temperature of
500 ± 10°C for several hours. The diffractograms were
analyzed using data base of PCPDFWIN, v. 2.02, 1999
(JCPDS). 

The structure of the obtained antireflecting coating
surface on a glass substrate was studied using atomic
force microscopy (AFM) with the help of Solver P47
microscope produced by NT�MDT. As the samples to
be analyzed, we used slides of 8 × 8 × 1 mm (CP�7101,
State Standard 9284�75) without a coating and with a
deposited coating of silica sol 2 (see the table, exposi�
tion duration is 72 h). 

The optical transmission of the glass samples with
the deposited antireflecting coatings was measured on
a Lambda�950 (Perkin Elmer) spectrophotometer at
an angle close to normal in the wavelength range from
300 to 1000 nm with a step of 10 nm. A change in the
optical transmission was fixed as the difference
between the transmission of the glass half with the
coating and that without a coating. An error in the
measurement of the optical transmission was ±0.01%. 

The optical constants of these coatings were mea�
sured on an Ellyps�1000 ASG spectral fast ellypsomet�
ric complex. In order to calculate the refractive indices
and thicknesses of the coatings, the ellypsometric
results were processed by the Spectran software with
the use of the Bruggeman model for a two�component
medium, SiO2–air. 

The area of the specific surface and the sizes of the
pores of SiO2 particles obtained by spinning from silica
sol 2 were determined on a Quantachrome NOVA
1200 analyzer and by the methods of Brunauer–
Emmett–Teller (BET) and Barrett–Joiner–Halenda
(BJH), respectively. 

RESULTS AND DISCUSSION 

The average particle diameter of the obtained
silica soles depends on the parameters of their nucle�
ation and growth. During the hydrolysis reaction, an
ethoxi�group of a TEOS molecule reacts with a water
molecule forming an intermediate compound
Si(OC2H5)4 – x(OH)x with a hydroxyl group instead of
ethoxi�group of TEOS: 

Characteristics of synthesized silica sols

Number of samples 

Molar ratio of silica 
sol components 

TEOS/ethanol/ammo�
nia/water 

Exposure duration, h Average diameter 
of particles, nm Index of polydispersity 

1 0.25/8.00/0.05/1.20 
24 14 0.197 
72 31 0.207 

2 0.25/8.00/0.10/1.30 
24 105 0.089 
72 107 0.091 

3 0.25/8.00/0.30/1.70 
24 177 0.133 
72 219 0.217 

4 0.25/8.00/0.50/2.20 
24 273 0.090 
72 379 0.160
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Ammonia is a catalyst in this reaction. 

After hydrolysis, a reaction of condensation occurs
immediately. A hydroxyl group of the intermediate
compound Si(OC2H5)4 – x(OH)x reacts either with an
ethoxi group of another molecule of TEOS, or with a
hydroxyl group of another hydrolysis product forming
bridges Si—O—Si [6]. 

Finally, the hydrolysis can be written as the follow�
ing scheme: 

Si(OC2H5)4 + 2H2O SiO2 + 4C2H5OH. (2)

It is considered that in the course of the reactions of
hydrolysis and condensation, a specific basic catalysis
takes place (OH–); however, understanding of its
mechanism is impeded due to the change in the sol pH
in the course of the reactions. 

The table shows the characteristics of the synthe�
sized silica sols. 

An acceleration in the reaction of hydrolysis and,
probably, an increase in the size of the obtained silica
particles takes place in the reaction mixture at the
expense of an increase in the concentration of the cat�
alyst. 

The aggregative stability of colloid particles is
determined by the value of ζ�potential. For an electro�
static stabilization of particles, the value of ζ�potential
should be between |40| and |60| mV [7]. In this
work, the ζ�potential of silica sols ranged from –35 to
–45 mV, which proves the rather high stability of the
obtained colloid solutions. However, with a growth in

Si OC2H5( )4 xH2O+ Si OC2H5( )4 x– OH( )x=

+ xC2H5OH.

the duration of the colloid exposure, the growth of the
dispersed phase particles takes place (see table). 

A diffusion halo was observed in the diffractogram
of these particles, which is typical for an amorphous
silicon dioxide, and this is required for the coatings
because the amorphous SiO2 possesses a lower refrac�
tive index compared to a crystalline one. 

The obtained antireflecting coatings possess differ�
ent optical transmission (see table). Figure 1 shows the
spectra of changes in the optical transmission for glass
with deposited coatings in comparison to the spectra
of glass without coatings. It can be seen from the figure
that the antireflection maximum shifts to the spectrum
long�wavelength with an increase in the size of the
deposited SiO2 particles. This dependence is observed
for all the samples. In particular, a maximum of the
optical transmission of sample 1 is located in the range
of 350–400 nm, while the antireflecting properties of
the coating obtained by the use of silica sol 4 start
appearing only on a wavelength of ~800 nm (see
table). The shift in the transmission maximum towards
the long�wavelength region of the spectrum is
accounted for by an increase in the coating thickness. 

A rather important circumstance is the change in
the increase of the amplitude of the optical transmis�
sion, depending on the silica sol used for the coating
deposition. For example, the greatest increase in the
optical transmission in the measured wavelength
region occurred in samples of glass 2 (exposure 72 h)
with the deposited antireflecting coatings (a maximum
of ~5.5% for λ = 500–550 nm) and the samples 1 (an
exposure of 72 h) (a maximum of ~5% for λ = 350–
400 nm) (see Fig. 1). In the case under consideration,
a change in the amplitude of the antireflection
depends on the coating’s refractive index, which in
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Fig. 1. Change in the optical transmission of glass with deposited coatings (velocity of removal of substrates from silica sols is
100 ± 5 mm/min) in comparison to glass without coatings. 
Figures by the curves are numbers of samples from the table, and exposure is 72 h. 
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turn depends on the coating porosity. And the porosity
of the coatings is to a substantial degree determined by
the packing factor of silica particles. In the case of a
material composed of spherical or similar particles, an
important parameter is their polydispersity index
(PDI) being a dimensionless value characterizing the
width of the particle size distribution curve. Particles
whose PDI is smaller than 0.1 are often called mono�
disperse particles. The smaller the PDI of the SiO2

spherical particles deposited onto the substrate the
more nondense the package they have and, hence, a
low refractive index. For example, coating 2 (an expo�
sure of 24 h) had an efficient refractive index of 1.28 on
λ = 550 nm at the smallest PDI of the deposited parti�
cles (0.091). 

It was also found that the velocity at which the sub�
strate pulls out of the silica sols affects the optical
transmission of the composition of the glass (Fig. 2). 

So, by an increase in the removal velocity (v) the
coating thickness d increased: d = 112 nm at v = 50 ±
5 mm/min, d = 170 nm at v = 100 ± 5 mm/min, and
d = 180 nm at v = 150 ± 5 mm/min. It is noticeable
that an increase in the coating thickness is not material
when the removal velocity increases from 100 ± 5 to
150 ± 5 mm/min. 

According to the AFM results (Figs. 3 and 4), the
average arithmetic roughness of the coating obtained
on sample 2 (table, an exposure of 72 h) at the velocity
of the substrate’s removal from the solution of 100 ±
5 mm/min was 20 nm, while the profile greatest height
was 55 nm. The value of the profile’s greatest height of
the glass substrate did not exceed 9 nm, and its average
arithmetic roughness was equal to 3 nm (Fig. 3). The
increase in the unevenness of the substrate’s profile
due to the deposition of silica particles barely affects
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Fig. 2. Dependence of the optical transmission of samples 2 (exposure of 24 h) on the velocity of removal from sols in comparison
with the substrates without coatings. 
The velocities of pulling out (mm/min): 1 is 50, 2 is 100, 3 is 150. 
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Fig. 3. Image of surface relief of the glass substrate (area of
scanning is 2.5 × 2.5 μm). 
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Fig. 4. Image of the surface relief of an antireflecting coat�
ing (area of scanning is 2.5 × 2.5 μm). 



GLASS PHYSICS AND CHEMISTRY  Vol. 39  No. 4  2013

ANTIREFLECTING COATINGS FOR GLASS BASED ON MONOLAYERS 413

the material’s optical properties, because it is known
that the surface of an optical piece starts noticeably
dissipating the light flux at the value of the profile’s
greatest height (Rmax) of more than 10% of the wave�
length of the impinging light. Therefore, for a visible
radiation, the surface’s cleanliness should be limited
by an index Rmax of ≤ 100 nm [8]. 

It follows from the AFM data (Fig. 4) that an anti�
reflecting coating is composed of SiO2 nanoparticles
whose shape is close to spherical. The coating has a
porous structure possibly because of the loose arrange�
ment of such particles. 

The results of the measurements of the specific sur�
face area and the sizes of the pores of the SiO2 particles
obtained by spinning silica sol 2 (see table, exposure of
72 h) showed that the particles had a specific surface of
376.4 m2/g and an average radius of pores of 1.6 nm.
Thus, it is possible to conclude that the porosity of the
coating depends not only on the arrangement of silica
spherical nanoparticles but also on their own porous
structure. 

CONCLUSIONS 

Antireflecting coatings based on SiO2 amorphous
nanoparticles on silicate soda�lime glass were
obtained and studied. 

The obtained colloid solutions had different aver�
age particle diameters of the dispersed phase in the
range of 14–379 nm. The polydispersity index of silica
sols varied within a wide interval from 0.089 to
0.217. The ζ�potentials of silica sols ranged from –35
to –45 mV, which proves the rather high stability of the
obtained colloid solutions. 

The greatest increase in the optical transmission in
the visible wavelength range (a maximum of 5–5.5%,
λ = 500–550 nm) was fixed for a glass sample with a
coating obtained from silica sol with the average parti�
cle diameter of 107 nm. The velocity of the substrate
removal from the sol was equal to 100 ± 5 mm/min.
The greatest surface profile height for the coating
under consideration did not exceed 55 nm. The area of
the particle’s specific coating surface amounted to
376.4 m2/g, and the pore’s average radius was 1.6 nm.
Hence, the coating of the porous structure was caused
not only by the tight packing of particles (because they
were approximately of the same size, PDI = 0.091) but
also by their own porosity. Due to this, the efficient
refractive index of the coating at λ = 550 nm was equal
to 1.28. Thus, by obtaining a coating of suitable thick�
ness, we managed to “antireflect” soda�lime glass. 

We have shown that by using a simple and econom�
ical sol�gel technology it is possible to obtain efficient
monolayered antireflecting coatings for silicate soda�
lime glass. Moreover , by varying the average diameter
of the SiO2 particles deposited onto the substrate and
the conditions of their deposition, we can control the
thickness of the obtained coating and, hence, the
range of the antireflection. 
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