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INTRODUCTION

Artificial opals represent the basis for the produc�
tion of functional composites, in particular three�
dimensional photonic crystals (3D�PCs), i.e., materi�
als that contain a photonic band gap, which suppresses
the propagation of light in a certain frequency range
[1]. Opals are porous media composed of densely
packed monodisperse spherical silica particles
(MSSPs) with submicron sizes [2–4]. Opal films are
most promising to be used in optics and optoelectron�
ics [5, 6]. One of the procedures for opal film produc�
tion is the meniscus method proposed in [5]. MSSPs
are ordered under the effect of the surface tension and
capillary forces acting in a meniscus, which results
from the contact of a suspension with a vertically
installed substrate. In this situation, spherical SiO2
particles are packed into a face�centered cubic lattice
with plane (111) parallel to the substrate. High�quality
opal films may be prepared, provided that the disper�
sion of MSSP sizes is less than 6% [7].

There are several methods to produce MSSPs, in
particular their formation from aqueous SiO2 sols (the
Gaskin–Darragh method) [8], the preparation of
slightly aggregated MSSPs from a mixture of a gelation
agent (a formate, acetate, or propionate) with an
aqueous sodium silicate solution (the Asker–Winyall
method) [9], and the hydrolysis of orthosilicic acid
esters (the Stöber–Fink–Bohn method) [10]. The
Stöber–Fink–Bohn method [10] is most frequently
applied because the synthesis takes rather a short time
(2–3 h) and does not requires the use of expensive
reagents; however, the properties of the synthesized
particles (the final sizes and their dispersion) strongly
depend on the properties of initial tetraethoxysilane
(TEOS) [2].

TEOS is known to be readily hydrolyzable with
water [11], including that contained in air. The initial
stage of TEOS hydrolysis proceeds as follows:

Si(OR)4 + H2O = (RO)3SiOH + ROH,

where R is an alkyl C2H5 group. Further, hydrolysis
products undergo condensation with the formation of
disiloxane and hydroxydisiloxane followed by their
polycondensation. It was revealed [2] that the pres�
ence of polysiloxanes with different degrees of poly�
merization in TEOS causes the nucleation of primary
SiO2 particles with different sizes and enhances the
size dispersion during their growth. It was proposed to
remove polysiloxanes by the fractional distillation of
TEOS followed by a treatment with ammonia of a
fraction having boiling temperature Тb = 166–168°C
[2, 12, 13]. The treatment of TEOS with an aqueous
ammonia solution decreases the size dispersion of sil�
ica particles [2].

Variations in the properties of TEOS treated with
an aqueous ammonia solution were studied by the IR
spectroscopy method in [2]. It was shown that the
treatment results in the formation of an intermediate
hydrous complex without the saponification of ethoxy
groups, which is evident from the appearance of two
new absorption bands at 3590 and 3650 cm–1 in the
spectral region of the stretching vibrations of OH
groups in the IR spectrum of TEOS. The band at
3590 cm–1 is assigned to the stretching vibrations of
OH groups of water molecules hydrogen�bonded to
oxygen atoms of TEOS ethoxy groups. The band at
3650 cm–1 arises due to the vibrations of OH groups of
water molecules bonded to Si atoms of the ether. In
other words, TEOS treated with NH3 contains a large
amount of water that is not involved in the chemical
interactions with the ether.
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The final size of MSSPs synthesized through the
Stöber–Fink–Bohn method depends on the concen�
trations of TEOS [14, 15], H2O [10], and, to the great�
est extent, NH3 [10] in the initial mixture, as well as on
temperature. A twofold increase in TEOS, NH3, and
H2O concentrations in a reaction mixture leads to a
drastic rise in the average MSSP diameter by factors
1.5, 2.5, and 2, respectively [10, 14], while the eleva�
tion of the reaction temperature from 20 to 60°C
causes a twofold decrease in the size of SiO2 particles
[16]. Because of the strong dependence of the particle
size on the concentrations of initial reagents and tem�
perature, it is rather difficult to precisely synthesize
monodisperse SiO2 spheres with strictly preset diame�
ters [17]. More reliable results can be obtained when
MSSPs are synthesized by applying the so�called
“successive growth” of particle [2, 18, 19]. In this case,
particles are grown in two stages. The standard synthe�
sis procedure is performed at the first stage, during
which particles with diameter on the order of 100 nm
and a low dispersity grow. At the second stage, the pre�
cisely preset amount of TEOS is added to synthesize
spheres with a desired diameter.

In our work, MSSPs with diameters of 250–
700 nm were synthesized from TEOS treated with
ammonia during 2–30 h after treatment. At the same
ratios between the initial reagents, particles that were
produced 30 h after the treatment of TEOS with
ammonia had a diameter twofold smaller than MSSPs
synthesized from freshly treated TEOS. The devel�
oped procedure enables one to gradually regulate the
final size of MSSPs in a range of 250–350 nm. Opal
films were grown from the MSSPs, and their optical
properties were investigated.

EXPERIMENTAL

Spherical silica particles were synthesized by
hydrolyzing TEOS in a C2H5OH–NH3–H2O system
[10]. The main substance concentration in the aque�
ous ammonia solution was 24 wt %. Initial ethanol had
a concentration of 95.7 wt %. Ethanol and the ammo�
nia solution were used as received. Deionized water
with a resistance of 10 MΩ was applied for the synthe�
sis.

Tetraethoxysilane was subjected to fractional distil�
lation collecting a fraction with boiling temperature
Тb = 166–168°С. Then, TEOS was treated with an
aqueous 0.5 wt % ammonia solution for 20 min at a
TEOS�to�aqueous ammonia solution ratio of 5 : 1,
mass/mass (the procedure is described in [12]).

The TEOS : NH3 : H2O concentration ratio in the
reaction mixtures used to synthesize MSSPs was 0.18 :
(1–6) : 9 mol/l, respectively. The first series of the
experiments was implemented with TEOS freshly
treated with ammonia; in the second series, the exper�
iments were carried out 30 h after the treatment. In all
experiments, the temperature of the reaction mixtures
was 20°С. The duration of the synthesis was 4 h.

Artificial opal films were grown from the synthe�
sized dispersions by the meniscus method [5] on
quartz substrates with sizes of 25 × 25× 1 mm. The con�
centration of MSSPs in the aqueous suspension was
1 wt %.

Variations occurring in TEOS after the treatment
with ammonia and final sizes of MSSPs were deter�
mined by the dynamic light scattering (DLS) method
with a Zetasizer Nano instrument (Malvern, Great
Britain) at 25°С. Reflectance and transmission spectra
of the grown opal films were recorded at a normal inci�
dence of light with Ocean Optics USB4000 and Ocean
Optics NIR512 spectrometers in wavelength ranges
of 500–900 and 900–1600 nm, respectively. Micro�
scopic studies were performed applying a SMENA
(NT�MDT, Russia) atomic force microscope (AFM)
in the tapping mode.

RESULTS AND DISCUSSION

Diameters d of the synthesized silica particles, as
measured by the DLS method, are presented in Fig. 1
as functions of ammonia concentration in reaction
mixtures. Increasing ammonia concentration leads to
a rise in the average particle diameter. At constant
ratios between other reagents, spheres prepared from
freshly treated TEOS have larger diameters than those
obtained from TEOS aged for 10–30 h after the treat�
ment with ammonia. Note that the dependence of
particle diameter on NH3 concentration plotted for
freshly treated TEOS (Fig. 1, curve 1) coincides with
the dependence that Stöber established in [10].

The plotted curves may be described by the follow�
ing linear function:
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Fig. 1. Average diameters determined by DLS for synthe�
sized particles as functions of ammonia concentration in
reaction mixtures containing TEOS, 0.18 mol/l, and H2O,
9 mol/l. Synthesis was performed using (1) freshly treated
TEOS and (2) TEOS aged for 30 h after treatment with
ammonia.
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where Dsphere is the diameter of MSSPs being synthe�
sized, nm;  is the concentration of ammonia,
mol/l; k is the proportionality coefficient, nm l/mol;
and b is a constant, nm.

Thus, we find that the growth of particle sizes is
described by the following equations Dsphere = 85 +

 and Dsphere = 200 +  for systems com�
prising TEOS freshly treated with ammonia and that
aged for 30 h after treatment, respectively. In order to
explain the differences that arose in the Dsphere vs. 
dependence, the changes occurring in TEOS after its
purification with ammonia were investigated. During
initial 10 h, no changes in TEOS were observed. Then,
the appearance of particles with an average hydrody�
namic radius of approximately 10 nm was recorded in
it (Fig. 2a). Figure 2b illustrates the AFM image of
TEOS aged for 10 h after the purification with ammo�
nia, applied onto a silicon substrate, and dried at
200°C. The micrograph demonstrates spherical parti�
cles, the majority of which have a size of ~10 nm,
which coincides with the results of DLS measure�
ments. Over 25–30 h, the size of particles in TEOS
reaches ~100 nm; then, it remains almost unchanged
(Fig. 2a). Most likely, these particles consist of SiO2 ⋅
xH2O and result from the chemical reaction between
TEOS and complexed H2O. The product of the
hydrolysis is hydrated amorphous SiO2 (polysiloxane).
SiO2 particles have a spherical shape (Fig. 2b), which
minimizes their surface free energy.

The formation process of SiO2 particles in TEOS
essentially influences the growth of MSSPs and their
sizes. When freshly distilled and ammonia�treated
TEOS is used, the nucleation and subsequent growth
of particles to a final size obviously proceeds during
the synthesis [13, 15]. Thirty hours after the treatment
with NH3, nucleation centers (SiO2 ⋅ xH2O particles)
are already present in TEOS; therefore, the successive

NH3
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NH3
200C NH3
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C

growth process, i.e., an increase in the particle sizes
similar to that described in [2, 18, 19], takes place. 

The difference in the average diameters of MSSPs
formed from freshly treated and aged TEOS at the
same reagent concentration ratios (Fig. 1) may be
explained as follows. The same total volume of SiO2
particles is formed from the same amount of TEOS.
Seemingly, the number of nuclei present in aged
TEOS is several times larger than the amount of nuclei
formed immediately during the hydrolysis of freshly
treated TEOS in a reaction mixture. Therefore, a
smaller number of particles with a larger diameter are
obtained from freshly treated TEOS, while the appli�
cation of aged TEOS results in the formation of a
larger number of suspensions of particles with smaller
sizes.

In order to prove the feasibility of PC production
from the synthesized MSSPs, opal films were grown
from SiO2 dispersions obtained from freshly treated
and aged TEOS and their optical properties were stud�
ied.

The AFM image of the external surface of artificial
opal is depicted in Fig. 3a. Freshly treated TEOS was
applied for the synthesis. The fcc packing of the
spheres seen in the AFM image suggests that plane
(111) is oriented parallel to the substrate surface.
According to the statistical processing of the data on
the particle sizes (Fig. 3a), their average diameter is
605 ± 25 nm. Dispersion of the sizes of MSSPs
obtained from aged TEOS was no higher than 4%.

The reflectance and transmission spectra of opal
films grown from suspensions of SiO2 particles result�
ing from different series of the experiments on synthe�
sis implemented at an ammonia concentration in the
reaction mixtures of 2.6 mol/l are illustrated in Fig. 3b.
The maxima in the reflectance spectra and the minima
in the transmission spectra result from the Bragg light
diffraction on planes (111) of the opal films. Their
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Fig. 2. Panel (a) DLS spectra measured for TEOS in (1) 10, (2) 15, (3) 22, (4) 30, and (5) 400 h after its treatment with ammonia;
spectra 3–5 are shifted along the ordinate axis for convenience and panel (b): AFM image of TEOS dried on a silicon substrate
10 h after treatment with aqueous ammonia solution.
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positions in the spectra are described by the Bragg law
as follows:

(2)

where λ111 is the spectral position of an extreme,

d(111) =  is the interplanar spacing along
the (111) direction, neff is the effective refractive index
of opal, and θ is the light incidence angle relative to the
normal to the sample surface. The effective refractive
index of opal can be presented in the following form:

(3)

where nsphere ≈ 1.4 is the refractive index of SiO2 parti�
cles [20], nair ≈ 1 is the refractive index of air, and
fsphere = 0.74 is the volume fraction occupied by the
particles.

The diameters of SiO2 particles calculated from the
Bragg equation (2) are 590 and 305 nm for dispersions
synthesized from freshly treated TEOS and that aged
for 30 h after the treatment with the ammonia solu�
tion. The spectra demonstrate oscillations resulting
from the Fabry–Perot interference on the opal film.
The observed interference testifies that the film is
plane�parallel. The positions of the interference peaks
were used to determine the thicknesses of the prepared
films [5], which amounted to 14 and 22 layers for SiO2

particles with diameters of 305 and 590 nm, respec�
tively. Bragg reflection coefficients RB of opal films
depend on their thickness. According to [21, 22], RB of
opal films composed of 14 and 22 layers must be on the
order of 50 and 65%, respectively. The measured RB

coefficients correspond to the aforementioned values,
which indicates the high structural perfection of our
films.

eff
2 2

111 (111)2 sin ,d nλ = − θ

sphere 2 / 3D

( )ef sphere sphere air phere
2 2

f 1 ,sn n f n f= + −

CONCLUSIONS

Spherical silica particles with a dispersion of sizes
of less than 4% were synthesized from tetraethoxysi�
lane aged for 2–30 h after its treatment with ammonia.
The application of TEOS freshly treated with ammo�
nia resulted in the formation MSSPs with sizes in the
range of 250–700 nm. Using TEOS aged for 30 h after
the treatment, MSSPs were obtained with sizes of
250–350 nm. At the same reagent ratio in the initial
mixtures, the difference in the final diameters of syn�
thesized MSSPs was only governed by the time elapsed
after the TEOS treatment with ammonia. In 10–30 h
after the treatment, SiO2 particles with sizes on the
order of 10–100 nm were formed in TEOS. These par�
ticles were the products of TEOS hydrolysis with water
that was introduced into it with the ammonia solution.
Seemingly, reaction mixtures based on freshly treated
and aged TEOS contained different amounts of nucle�
ation centers, and this circumstance affected the final
size of SiO2 particles.

At a constant concentration of TEOS, the final
diameters of MSSPs were related to the ammonia con�
centrations in the initial mixtures as Dsphere = 85 +

 for TEOS freshly treated with ammonia and
Dsphere = 200 +  for aged TEOS. Therefore, the
application of aged TEOS results in the more gradual
regulation of final MSSP diameters within a range of
250–350 nm by varying NH3 concentration. The
reflectance and transmission spectra of opal films
grown from the synthesized MSSPs contain intense
Bragg and interference bands characteristic of film
opalile photonic crystals with a high structural perfec�
tion.
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