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Abstract: Based on porous silicate glasses obtained by ion exchange, glass-ceramic materials
containing a solid solution of barium-strontium titanate with a dielectric constant of more than
100 at microwaves, were synthesized for the first time. Glass-ceramic structures were studied using
X-ray diffraction, secondary electron microscopy, Mossbauer spectroscopy and porometry methods.
Electrical characteristics such as permittivity and losses of as-prepared and annealed in oxygen
medium samples were also investigated at microwaves. It was shown that the method of obtaining
porous glasses, due to ion exchange between KFeSi glass and LiNO3; and NaNO3 melts, allows for
controlling a wide range of pore sizes and makes it possible to form glass porous structures with pores
of the required size. The efficiency of the process of filling a porous matrix with a ferroelectric filler
was investigated and the average depth of its penetration was estimated. It was shown that annealing
glass-ceramic structures in an oxygen environment had a positive effect on their structural and
electrical characteristics. Glass-ceramic structures demonstrate a significant increase in permittivity
and a decrease in losses after high-temperature treatment in oxygen.

Keywords: glass-ceramic structures; barium-strontium titanate; filling of porous material; microwave

1. Introduction

Ferroelectric (FE) materials are of great interest for microwave electronics because of their nonlinear
response to an electric field. On the basis of the ferroelectric materials, microwave devices such as
tunable capacitors, delay lines, phase shifters, etc. [1-3] have been actively developed.

However, like any functional materials, ferroelectrics have some disadvantages that limit their
use in microwave devices. The weak points of FE materials are rather high microwave losses, a strong
dependence of properties on temperature, and difficulties in matching a material with a large dielectric
permittivity with microwave circuits [4,5].

One of the ways to minimize the above-mentioned disadvantages and improve the functional
characteristics of FE materials is to create composite structures that combine ferroelectrics and linear
dielectrics [6-9]. Composites containing lead titanate [6,7], barium and strontium titanates [8,9] have
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been well studied. This approach allows to control the dielectric permittivity and losses by changing
the concentration of ferroelectric inclusions in the composite. A distinctive feature of the approach is
the uniform distribution of FE inclusions over the structure volume.

Another approach to the formation of ferroelectric composite structures is the introduction of
ferroelectric particles into the pore space of glass matrices [10,11]. This approach allows to adjust the
size, shape, and relative location of ferroelectric inclusions by choosing the type of matrix. It also
provides the possibility of obtaining structures with an artificially created spatial distribution of the
dielectric permittivity. The advantage of this approach is the possibility of creating materials with new
properties: structures with a purposefully formed dispersion characteristic; structures with a specified
distribution of submillimeter-sized inhomogeneities, which determine their frequency and spatial
selectivity when interacting with electromagnetic waves; structures with any specified permittivity
with values from units to several hundred for the implementation of complex functional devices of
microwave electronics, in which the matching of individual elements will be achieved due to a gradient
change in the permittivity of the substrate.

A promising way to create glass-ceramic structures for microwave applications is the introduction
of barium-strontium titanate Ba,Sr1_TiOs (BST) into the pore space of a glass oxide matrix [12].
By varying the component composition of the solid solution, the permittivity of the composite can
be changed within a wide range [13]. Oxide porous glasses exhibit thermal and chemical resistance,
stable permittivity and low losses [14,15], which distinguishes them from other porous materials.

To obtain porous glass materials the following methods are used: through chemical
etching (leaching) of two-phase glass with interpenetrating phases [16], the sol-gel method [17],
template synthesis method [18] and replica method [19], which consists in sequential mixing of glass
powder, solution for impregnation of the polymer matrix with further high temperature treatment of
the finished mixture. The disadvantages of these methods are rather strict limitations on the pore size.

An alternative to the above approaches is a method for producing silicate glasses with a porous
structure due to ion exchange between alkaline glass cations and salt melt cations [20], which allows one
to control the size of pores in a wide range. The advantage of this method is the possibility of obtaining
new porous glass materials with the required distribution of properties by volume, depending on the
composition of the glass and the salt melt, the ionic radii of the exchanging cations, and the temperature
and time of interaction.

The aim of this paper is to study the possibilities of creating glass-ceramic ferroelectric structures
based on barium-strontium titanate, introduced in the pore space of silicate glass, formed by ion
exchange between alkaline glass cations and salt melt, and to characterize their structure and electrical
properties at microwaves.

2. Materials and Methods

2.1. Materials Synthesis and Characterization

The synthesis of potassium-iron-silicate glass (KFeSi glass) of the composition 15K,0-20Fe;O3-
655i0,, mol.% was carried out from chemically pure reagents-K,COj3, FeO, Fe;O3 and SiO; in a
platinum crucible at a temperature of 1450 °C for 2 h, followed by annealing at a temperature of 550 °C.
Glass samples were quenched in air by casting the melt on a steel mold.

In order to form porous glasses, ion exchange processing of model glass plates was performed in
NaNOj3 and LiNO3 melts at temperatures of 450 °C with isothermal exposure for 9 h. The duration of
isothermal treatment was chosen in such a way as to provide thorough processing of the glass plate,
taking into account the data obtained earlier [21]. Since K* ions are replaced by Li* and Na* due to ion
exchange, the glass processed in LiNO3z and in NaNOj3 will be designated as Li,O-Fe,O3-5i0; (LiFeSi)
and as NayO-Fe;O3-5i0, (NaFeSi), respectively.

The geometric parameters of the porous structure of glass after ion exchange and subsequent
removal of the salt melt by treatment in water were determined by reference porometry of glass samples
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in the form of a disk with a diameter of 23 mm and a thickness of 2 mm, at the Porotech 3.1 installation
in the resource center of St. Petersburg state University “Thermogravimetric and calorimetric research
methods”. Electronic micrographs of the studied glass samples were obtained using a Zeiss SUPRA
40VP scanning electron microscope (Carl Zeiss, Munich, Germany) with an SE2 detector (SEM) in the
resource center of St. Petersburg state University “Nanotechnologies”.

X-ray diffraction images (XRD) of samples were obtained using a DRON-3 diffractometer
(radiation wavelength 0.154 nm, Cu Ky) (Burevestnik, St. Petersburg, Russia) at room temperature.

The degree of iron oxidation in the glasses was determined by Mossbauer spectroscopy
(nuclear gamma resonance) on the MC-1107 Em spectrometer (Institute for Analytical Instrumentation
RAS, St. Petersburg, Russia). The samples were measured in the transmission mode with constant
acceleration, using % Co in the rhodium matrix as the source. The registered spectra were processed
using a specialized MossFit software package.

In order to synthesis barium-strontium titanate (BST), the initial mixtures were prepared from
hydrated titanium dioxide, which was obtained by the interaction between TiCly and dilute ammonia
NH4OH at a reaction medium pH equal to 9.5. The residue was washed of impurities, and then
dissolved in 1.4 mol/L solution of nitric acid. The solution of TIO(NOj3), was obtained. The gravimetric
method was used to control the concentration of TiO; in the obtained solution of titanyl nitrate.
It equaled 0.1 g/mL. Aqueous solutions of Ba(NOj3), or Ba(CH3COO), and Sr(NOs3), were introduced
into the obtained solution of titanyl nitrate according to the stoichiometry of the forming complex
oxide. Glycine (Vekton, St. Petersburg, Russia) was also added. The solutions containing amount
of strontium nitrate were obtained corresponding to the calculated stoichiometry of BagySry3TiOs3.
After the evaporation of excess water, porous glasses were placed in the sol and were kept in it at
80 °C within 2 h. After impregnation, the glass was heat treated at 500 °C within 3 h in air during
which crystallization of barium-strontium titanate occurred with a low content of impurity phases
both on the glass surface and in its pore space. The procedure of soaking a glass sample in the sol,
followed by heat treatment, was repeated 2 times. After preparing glass samples with BST in a porous
space, some of them were annealed in an oxygen stream at 500 °C for 2 h in order to increase the
crystallinity of barium-strontium titanate.

2.2. Electrical Characterization

The dielectric (¢) permittivity of samples, as well as dependencies ¢ on frequency in microwaves
were estimated by the Nicholson-Ross method [22]. For this purpose, a microstrip transmission line
connected to the vector network analyzer was used. In this study the frequency dependences of the
modulus of the reflection coefficient and the phase of the transmission coefficient were measured in the
frequency range of 3-10 GHz, when samples were superimposed on the transmission line. Then, these
measurement data were recalculated into dielectric permittivity. Dielectric losses (tan 6) of ceramic-glass
structures were measured in plane-parallel samples with silver paste electrodes at a frequency of 1 MHz
and room temperature by Agilent E4980A LCR meter (Agilent, Santa Clara, CA, USA).

3. Results and Discussion

3.1. Structural and Morphologic Characterization of Porous Glasses

Ion exchange treatment of 15K;0-20Fe;O03-655i0; glass in a LiNO3 and NaNOj3 melt at a
temperature below the glass transition temperature (Tg) leads to the formation of a porous structure
in glass [21], as schematically shown in Figure 1 using the example of a KFS and NaNOj interaction.
In another study [23], it was established that the kinetics and nature of the interaction of glasses with
molten salts substantially depend on the direction of the fluxes of exchanging cations. With the same
ion exchange treatment, in the case where the flow of a cation with a smaller ionic radius is directed
from the molten salt to glass, the interaction process leads to the formation of an opaque diffusion
zone, the length of which is many times larger than the size of the zone during ion exchange with the
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opposite direction of alkaline cation fluxes. The reason for the observed anomalies of the ion exchange
process is that at temperatures below the glass transition temperature silicon-oxygen groups cannot
change their orientation and position in space. Replacing the alkaline glass cations with cations with a
smaller ionic radius and, accordingly, with a higher field strength leads to tensile stresses at T < Tg.

Figure 1. Jon exchange process between KFeSi glass and NaNO3 melt.

Figure 2 shows diffractograms of annealed and tempered KFeSi glass, as well as glasses subjected
to ion exchange treatment in LINO3; and NaNOj3 melts. XRD analysis data indicate that ion exchange
in NaNOj3 and LiNOj3 melts has different effects on the formation of crystal phases in the samples
under study. Figure 2 indicates the presence of crystalline iron oxide, presumably y-Fe,O3, both in the
initial glass (curves 1 and 2) and in the porous glass after ion exchange (curves three and four). The ion
exchange procedure, which takes place at a temperature of 450 °C for 9 h, leads to a change in the
phase composition and crystal structure of iron oxide: for both porous glasses, the intensity of reflexes
decreases for most phases, for LiFeSi glass a rather intense peak (320) appears. Comparison of curves
two and three allows us to suggest that ion exchange in the NaNO3 melt leads to a decrease in the
content of the crystalline phase of iron oxide in the NaFeSi glass. On the contrary, the presence of rather
intense reflexes (311), (320), and (440) in LiFeSi porous glass indicates a redistribution of the crystalline
phases of iron oxide as a result of ion exchange (comparison of curves two and four). In addition to
v-Fe; O3, the X-ray image of LiFeSi glass shows reflexes indicating the presence of the LisFeOy phase.

- Fep03[24-81] M- LisFeOy, [24-624]

“e(511)
.---@(440)

- 11—
10 15 20 25 30 35 40 45 50 55 60 65 70
26, deg

Figure 2. X-ray diffraction images (XRD) patterns of KFS glass samples: 1—tempered glass;
2—annealed glass; 3—glass after the ion exchange treatment in NaNO3z; melt at 450 °C for 9 h;
4—¢glass after the ion exchange treatment in LiNO3 melt at 450 °C for 9 h (e—y-Fe,O3 Pdf No 24-81 [24],
m—LisFeO, Pdf No 24-624 [24]).
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It is known that magnetite (Fe3O4) and maghemite (y-Fe;O3) cannot be distinguished by the X-ray
method, because both oxides have a spinel-type structure. To identify the phases of iron oxides in the
studied glasses, the Mssbauer spectroscopy method was used, since the parameters of the hyperfine
interaction of the Mssbauer spectra of magnetite and maghemite differ significantly.

Figures 3 and 4 show the Mossbauer spectra of NaFeSi and LiFeSi glasses, respectively.
Table 1 below shows hyperfine parameters: isomeric (or chemical) shift (IS), quadrupole splitting
(QS), and line widths at half height (G). It can be seen from the presented data, that the spectra of
the studied glasses are a superposition of two quadrupole doublets. The values of the isomeric shift
suggest that all iron atoms are in the +3 valence state in unsymmetrical surroundings in both NaFeSi
and LiFeSi glasses.
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Figure 3. Mossbauer spectrum of the NaFeSi sample obtained at room temperature and in an external
magnetic field.
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Figure 4. Mossbauer spectrum of the LiFeSi sample obtained at room temperature and in an external
magnetic field.
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Table 1. Hyperfine parameters obtained from Mossbauer spectrum of the NaFeSi and LiFeSi samples.

Sample # G (mm/s) IS (mm/s) QS (mm/s) %

NaFeSi 1 0.514 + 0.025 0.249 + 0.004 1.163 £ 0.040  64.00
abest 2 0.351 + 0.031 0.232 + 0.004 0.714 + 0.024  36.00

LiFeSi 1 0.550 + 0.024 0.266 + 0.003 1242 +0.036  55.88
thest 2 0.453 + 0.026 0.254 + 0.003 0.753 + 0.027  44.12

As shown in another study [25], the Fe3* cations appear to be in tetrahedral surroundings.
Sufficiently large values of quadrupole splitting indicate a significant distortion of polyhedra in the
glass structure. It follows that iron Fe*? is present in the studied glasses both as part of the crystalline
oxide y-Fe;,O3 and directly in the glass structure.

The difference between the spectra lies in the shape of the doublets: in the case of the NaFeSi
sample, the doublet has a more symmetrical shape than for LiFeSi, which indicates a more crystalline
structure of the latter.

Figure 5 shows data on pore sizes in NaFeSi and LiFeSi glasses obtained by reference porometry.
Analysis of porometric data shows that at an ion exchange temperature of 450 °C, 14% of the pores
in the NaFeSi glass have a size in the range of 1-100 nm, and 57% in the range of 1-10 microns;
in LiFeSi glass, the content of pores with a size in the range of 1-10 nm is 35%, and in the range of
1-10 microns—49%. The porosity values of these glasses by weight are 0.033 cm?/g for NaFeSi and
0.041 cm?/g for LiFeSi, with a specific surface area of 3.07 m?/g and 5.0 m?/g, respectively.

60 o7
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40

NaNO3, 450 °C, 9 h.

LiNQO3, 450 °C, 9 h.

1-100 nm 100 nm-1 mkm 1-10 mkm 10-30 mkm

Figure 5. The distribution of the pore sizes for glasses after the ion exchange in NaNO3 and LiNO3 melts.
3.2. Characterization of BST in Porous Space of Glass

Micrographs of the surface of the original KFeSi glass (a), LiFeSi (b) and NaFeSi (c) glasses
obtained as a result of ion exchange, as well as NaFeSi glass (d) with embedded barium-strontium
titanate are shown in Figure 6. According to SEM analysis data, the morphology of the glass surface
after ion exchange treatment is in good agreement with the data of standard reference porometry.
The micrographs allow us to estimate changes in the surface morphology of the original glass as a result
of ion exchange in NaNOj and LiNOj3 melts and as a result of the introduction of barium-strontium
titanate into the pore space of the glass matrix. SEM data indicate that the ion exchange of potassium
with lithium and with natrium changes the surface of the original glass in different ways (see Figure 6b,c).
Crystal structures that can be attributed to the orthorhombic phase of LisFeOy are clearly visible on
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the surface of LiFeSi glass. The micrograph of NaFeSi glass shows the presence of a fine-grained
structure formed as a result of ion exchange. Based on the porometric data and the results of electron
microscopy, it can be assumed that the glass subjected to ion exchange in the LINO3; melt shows a
more developed porous structure, which can have a positive effect on the efficiency of introducing
barium-strontium titanate into it. Figure 6d indicates that the impregnation of porous glasses with BST
sol leads to uniform pore filling and the formation of a surface without significant cavities.

Figure 6. SEM-image of the surface of the original KFeSi (a); LiFeSi glass obtained as a result

of ion exchange in LiNOj (b); NaFeSi glass obtained as a result of ion exchange in NaNOjs (c);
NaFeSi-based composite containing BaSrTiO3 (d).

Figure 7 shows diffractograms of NaFeSi/BST and LiFeSi/BST glass-ceramic samples before and
after annealing in an oxygen atmosphere. Since the matrix glass is an X-ray amorphous material,
the low-intensity peaks from barium-strontium titanate in the X-ray diffraction pattern are due to
the fact that the pore volume is not completely filled with the crystalline phase, which is a typical
situation for porous structures. From the XRD analysis data, it follows that high-temperature
treatment in an oxygen atmosphere has a positive effect on the crystal structure of barium-strontium
titanate—the diffractograms of samples after annealing clearly show the increase in intensity of (111)
reflexes. This allows us to expect an improvement in the dielectric characteristics of glass-ceramic
structures as a result of annealing—the increase in the dielectric constant and reduction in losses.
In addition to BST peaks, the XRD images of glasses both before and after annealing show reflexes
indicating the presence of the y-Fe,O3 phase (marked as *) with an almost unchanged intensity.
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Figure 7. XRD of BaSrTiOj3 in porous glass matrices before and after annealing in oxygen atmosphere
(+—y-FepO3 Pdf No 24-81 [24]; +—presumably BaTi4Og9 Pdf No 34-70 [24]).

Attention is drawn to the appearance of the more pronounced and intensive reflexes at the angles
of 47° and 48° on the diffractograms of samples subjected to high-temperature processing (indicated as
+) which may be due to the presence of crystal phases of secondary barium polytitanate in the composite,
presumably BaTi4Og. The increase in polytitanate reflex intensity can be explained by the partial
conversion of barium titanate to polytitanates in an oxygen medium [26]. Barium polytitanates, such as
BaTiyOs, BaTizOy, BaTiyOy and so on, are intermediate products that can be formed in a stoichiometric
mixture of reagents, depending on the temperature conditions of the synthesis process. Many of
polytitanates have a crystal structure similar to BaTiO3, which makes it difficult to identify them by
XRD. Generally being linear dielectrics with a permittivity scale of 1040, these compounds have a
greater influence on the final electrical properties of the composite, the greater their content in it [27].

3.3. Electrical Characterization of BST-Glass Structures

The frequency dependences of the permittivity of the base KFeSi glass, as well as NaFeSi/BST and
LiFeSi/BST glass-ceramic samples before and after annealing in an oxygen environment are shown in
Figure 8. It can be seen from the presented data that in the studied frequency range, the permittivity of
both NaFeSi/BST and LiFeSi/BST samples weakly depends on the frequency. The NaFeSi/BST structure
shows a permittivity of about 40, which increases slightly after annealing. The LiFeSi/BST one exhibits
a significantly higher permittivity and shows an almost two-fold increase in it as a result of annealing.
The increase in the permittivity is obviously related to the improvement in the crystal structure of the
barium-strontium titanate as a result of annealing in an oxygen atmosphere [28,29]. The decrease in
dielectric permittivity under the applied DC voltage was about 1% under electric field strength of 10 V/cm.
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Figure 8. Dielectric permittivity of KFeSi base glass, and NaFeSi/BST and LiFeSi/BST glass-ceramic
samples. The insert presents dielectric losses of NaFeSi/BST and LiFeSi/BST glass-ceramic samples
before and after annealing in an oxygen atmosphere.

The decrease in tan § of the glass-ceramic samples after their high-temperature treatment in O is
shown in the insert of Figure 8. One of the possible explanations for this improvement in dielectric
losses both for NaFeSi/BST and for LiFeSi/BST structures may be due to a decrease in the number of
oxygen vacancies in the perovskite lattice of BST. It is known that barium-strontium titanate is often
deficient in oxygen, i.e., there are vacancies in the oxygen sublattice [30]. When located near oxygen
vacancies, titanium ions Ti** can capture free electrons and turn into Ti3*. The presence of Ti3* ions
in the lattice leads to the appearance of “hopping” conductivity, when electrons can move between
different Ti*" titanium ions and increase dielectric losses. It is obvious that annealing in an oxygen
atmosphere restores the missing oxygen in the crystal lattice and, as a result, reduces losses by two to
three times. A change in the charge state of iron ions (as a result of oxidation from Fe?* to Fe**) may be
another possible reason for the change in losses due to high-temperature treatment of iron-containing
samples in oxygen [31-33].

3.4. Porous Matrix Filling Estimation

Under various technological regimes of forming a composite system, the ferroelectric filler can
impregnate a part of the porous matrix, leaving some inner pore layers free. In this case, the dielectric
constant of the composite structure turns out to be lower than expected. In order to estimate the average
penetration depth () of a ferroelectric filler into a porous matrix with the H thickness, the following
analytical models can be used.

Figure 9a schematically shows a typical case. The composite sample in general can be conditionally
divided into several layers. Near-surface layers (L1) are a ferroelectric-filled glass matrix, since the pore
filling process occurs on both sides. The central layer (L2) of the porous structure can be left empty if
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the technological process of pore filling is not optimal, and between these layers, there are intermediate
layers (IL), in which some parts of the pores are occupied by the ferroelectric phase, and the other parts
of the pores remains empty. This multilayer model is the most common case for the technology used
in this study. Several simpler situations are shown in Figure 9b—e: only porous matrix (Figure 9b);
all pores are filled with ferroelectric (Figure 9¢c); a model, when the intermediate layer can be neglected
(Figure 9d); a model, where the central layer is particularly filled (Figure 9e). Electrodes are located
above and below the composite film, forming a capacitor.

IL (b)
L2
IL

(©

L1

()

(e)

Figure 9. The composite film model (a) and its simplified particular cases: only porous matrix (b);

all pores are filled (c); a model where the intermediate layer can be neglected (d); a model where the
central layer is particularly filled (e), where 1 is ferroelectric, 2 is air, m is medium matrix.

For the two-phase air/glass (Figure 9b) and ferroelectric/glass (Figure 9c) systems, the effective
dielectric constant (gjy) can be calculated in different ways if the volume fraction of the dispersed
phase (¢) and the dielectric constants of the dispersed phase (¢j) and medium matrix (em) are known.
Various models are used for estimating the effective dielectric constant. Different models have to be
used to correctly describe the effects under consideration, since the effective dielectric properties of the
composite depend on the peculiarities of phase mixing and the nature of their interaction, the filler
concentration, its morphology, and the microstructure of the composite. Many of the above aspects
depend on the technological conditions for obtaining the composite [34-37].

The simplest mixing model gives [37]:

e (@) = €,(@) (0 = 1) + (@), 0

where w is the frequency; 7 is the empirical parameter and ranges from —1 to 1, depending on composite
morphology. For n equal to one, this is the model of an ideal mechanical mixture [38]. The deviation
of n from unity corresponds to the deviation of the mixture from the ideal case. In practice, n is
determined from the experiment, by approximating the experimental data by Equation (1), for this
reason 1 is called the empirical parameter. For the model in Figure 9, the index j is one or two for
ferroelectric- or air-filled (i.e., pores) glass, respectively.

Another model of the dielectric constant of a two-phase system is represented by the equation [38]:

k(p(am(w) - ej(w))

m = & 1 _|_ ,
i fi() (1—(p)(sm(w) —sj(w))+kem(w)

@
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where k can vary greatly and relates to the filler microstructure [39-41]. When k is equal to three, it gives
a Maxwell-Garnett equation [42], which is a model based on the analysis of the average field values
for a single spherical inclusion in a continuous medium of a polymer matrix. In another study [31],
it was established that the composite sample was satisfactorily described with k equal to 20.

The Bruggeman model gives the following equation [43]:

8m(w) - 8jm(w) ej(w) - Ejm(w)
em (W) + 2¢jm(w) (pej(w) + 2¢jm (w)

(1-9) =0. ®G)
This model is based on the mean field theory and considers the composite in the form of repeating
elements consisting of a matrix phase containing the inclusion of a spherical filler in the center.
The effective dielectric constant eq¢ of the complete three-phase system of the multilayer model
(Figure 9a) is determined by the dielectric properties of each of the layers and their thicknesses,
according to Equation (4):

H _Zh—Ah 4Ah H-2h—-Ah
teff(w)  em(w)  e1m(w) + e2m(w) €om (W)

)

where indices one, two and m refer to the ferroelectric phase, air and matrix medium, respectively;
€1m and ey, are the effective dielectric constant of the ferroelectric/matrix and porous matrix,
respectively; w is the circular frequency; H, h, Ah are the thickness of the composite film, the average
penetration depth of ferroelectric filler and the thickness of the intermediate layers, respectively.
Equation (4) was derived from geometric considerations based on the sequence of layer arrangements
shown in Figure 9a.

For this model the values of €1, and €5y, can be calculated according to one of the Equations (1)—(3),
for which the volume fraction of the dispersed phase will be the same and equal to the volume fraction
of pores in the glass matrix.

The thickness of the intermediate layer can be estimated from considerations of the average
statistical fluctuation theory [44] and diffusion limitation of the process [45] of introducing a ferroelectric
filler into a porous matrix, according to Equation (5):

Ah=h/ VN, N ~ ¢N; VD17/H, (5)

where N is the number of filler microstructural particles involved in the process; N1 and D; are the
total number and diffusion coefficient of the filler particles; 7 is the processing time.

Solving the system of the equations above, it is possible to estimate the process efficiency of
the composite formation, determining how deeply the ferroelectric filler was introduced into the
porous matrix.

Equation (4) can be simplified by replacing the three-phase system of the general multilayer model
(Figure 9a) with the special ones shown in Figure 9d,e:

H 2h H-2h H  4h-H 4(H - 2h)

Eeff(w) B £1m(w) EZm(w), 5eff(w) B 51m(w) E1m(w) + £2m(w),

(6)

where the left equation corresponds to the case of a series layer model of completely filled and empty
pores, and the right equation corresponds to the case of a half-filled central layer.

By solving Equation (4) or (6), as well as substituting one of Equations (1)—(3) in them, depending on
the choice of the model, it is possible to estimate the penetration depth (k).

For the series layer model (Figure 9d) the penetration depth using Equation (1) can be estimated as:

H (eh(@)(@=1) + e (w)e)(en (@) (@ =1) + ef (w)e — eerr(w))
: .

h=
tetr() (el (w) — e (w))

@)
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For the series/parallel layer model (Figure 9e), in which the near-surface layers are completely
filled with ferroelectric and the central one is half filled, the penetration depth can be estimated as:

,_H. (eﬁl(@ -1)+ a’f(p)(ng(cp -1)+ (a’f - eg)(p) + geff(zgg((p 1)+ (Eg _ 35711)@)
2 .

8
2¢crrp(ef — €f) ®

On the basis of the considered Equations (1)—(8), the degree of filling of the porous glass matrix
by BST were estimated, depending on the type of matrix and the treatment modes of the sample.
The obtained parameters are shown in Table 2. The spread in the values of 2h/H is determined by the
different models used.

Table 2. Parameters of the NaFeSi/BST and LiFeSi/BST samples.

. . 3 Eeff
Sample Annealing Concentration of Pores, cm°/g (9.7 GHz) 2h/H
o No 0.041 58 0.84... 0.94
LiFeSi/BST Yes 0.041 110 092...098
. No 0.033 40 0.82...0.93
NaFeSi/BST Yes 0.033 55 091... 0.97

The results show the importance of annealing, which apparently improves the degree of
impregnation of the porous system with the ferroelectric filler.

4. Conclusions

Glass-ceramic structures based on porous NaFeSi and LiFeSi glasses and barium-strontium
titanate incorporated in the porous space were formed and studied using XRD, SEM, and porometry
methods. The identification of iron oxide in the glasses investigated was facilitated by Mossbauer
spectroscopy. Electrical characteristics such as permittivity and losses of as-prepared and annealed in
oxygen medium samples were also investigated in microwaves.

The results of the studies conducted allow us to draw the following conclusions.

1.  The method of obtaining porous glasses due to ion exchange between KFS glass and LiNO3 and
NaNOj melts allowed us to control a wide range of pore sizes and made it possible to form
glass porous structures with pores of the required size. The ion exchange treatment between the
cations of potassium-containing glass and NaNOj; and LiNOj3 melts leads to the formation of
porous structures with significantly different pore size distributions, which affects the efficiency
of the barium-strontium titanate insertion in a porous space and, consequently, the electrical
characteristics of the structures.

2. XRD data indicate the presence of crystalline iron oxide, both in the initial glass and in the porous
glass after ion exchange. The ion exchange procedure leads to a change in the phase composition
and crystal structure of iron oxide. The ion exchange in the NaNO3 melt leads to a decrease in the
content of the crystalline phase of iron oxide in the NaFeSi glass. On the contrary, the presence
of rather intense reflexes of iron oxide in LiFeSi porous glass indicates a redistribution of the
crystalline phases of iron oxide as a result of ion exchange. The charge state of iron in porous glass,
and, consequently, the type of iron oxide—y-Fe,O3 was determinated by Mossbauer spectroscopy.

3.  Based on the porometric data and the results of electron microscopy, it can be assumed that the
glass subjected to ion exchange in the LiNO3 melt shows a more developed porous structure,
which has a positive effect on the efficiency of introducing barium-strontium titanate into it.
The impregnation of porous glasses with BST sol leads to uniform pore filling and the formation
of a rather uniform surface without significant cavities.



Materials 2020, 13, 5639 13 of 15

Based on porous silicate glasses obtained by ion exchange, glass-ceramic materials containing
a solid solution of barium-strontium titanate with a dielectric constant of more than 100 at
microwaves were synthesized for the first time. The resulting glass-ceramic structures were
characterized by dielectric permittivity and losses, depending on the method of obtaining porous
glass and high-temperature processing in an oxygen environment. An increase in the intensity
of BST peak (111), an increase in permittivity, and a decrease in losses of glass-ceramic samples
after annealing in oxygen confirm the presence of crystalline BST in the pore space of NaFeSi and
LiFeSi glasses.

Annealing of glass-ceramic structures in an oxygen environment has a positive effect on their
electrical characteristics. NaFeSi/BST glass-ceramic structures demonstrate a slight increase in the
permittivity and a decrease in losses from 0.025 until 0.01 after the high-temperature treatment in
oxygen. LiFeSi/BST structures look more preferable: the permittivity increases from 60 to 100,
while the losses reduce by more than three times, from 0.05 to 0.02 as a result of annealing.
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published version of the manuscript.

Funding: This work was partially supported by the Russian Foundation for Basic Research under the project No
19-07-00600 A.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

Borderon, C.; Ginestar, S.; Gundel, HW.; Haskou, A.; Nadaud, K.; Renoud, R.; Sharaiha, A. Design and
Development of a tunable ferroelectric microwave surface mounted device. IEEE Trans. Ultrason. Ferroelectr.
Freq. Contr. 2020, 67, 1733-1737. [CrossRef] [PubMed]

Gupta, R.; Ranaa, L.; Sharmad, A ; Freundorfer, A.P; Sayer, M.; Tomar, M.; Gupta, V. High frequency coplanar
microwave resonator using ferroelectric thin film for wireless communication applications. Mater. Today Proc.
2018, 5, 15395-15398. [CrossRef]

Romanofsky, R.R.; Toonen, R.C. Past, present and future of ferroelectric and multiferroic thin films for array
antennas. Multidimens. Syst. Signal Process. 2018, 29, 475-487. [CrossRef]

Nguyen, Q.M.; Anthony, TK. Zaghloul, A.I Free-Space-Impedance-Matched composite dielectric
metamaterial with high refractive index. IEEE Antennas Wirel. Propag. Lett. 2019, 18, 2751-2755. [CrossRef]
Wang, Q.; Li, S.; Oh, J.A.S.; Wu, T. Electrical impedance matching based on piezoelectric ceramics for energy
harvesting application. Mater. Technol. 2020, 35, 650—-655. [CrossRef]

Gowdhaman, P; Annamalai, V.; Thakur, O.P. Piezo, ferro and dielectric properties of ceramic-polymer
composites of 0-3 connectivity. Ferroelectrics 2016, 493, 120-129. [CrossRef]

Zhou, W.; Fan, J.; Xin, Z.; You, G. Micro-Structure modelling and electrical properties analysis of PZT matrix
ferroelectric composites. Materials 2020, 13, 448. [CrossRef]

He, Y.; Peng, Y.; Xu, Y. The anomalous increase in tunability in Bag 5551¢ 45 TiO3-MgO-Mg,SiO4 composite
ceramics. |. Am. Ceram. 2019, 102, 2706-2717. [CrossRef]

Nenasheva, E.A.; Kartenko, N.F,; Gaidamaka, I.M.; Redozubov, S.S.; Kozyrev, A.B.; Kanareykin, A.D.
Low permittivity ferroelectric composite ceramics for tunable applications. Ferroelectrics 2017, 506, 174-183.
[CrossRef]

Koroleva, E.Y.; Burdin, D.Y.; Kumzerov, Y.A.; Sysoeva, A.A.; Filimonov, A.V.; Vakhrushev, S.B. Dielectric
properties of magnetic-ferroelectric CoO-NaNO,—porous glass nanocomposite. Phys. Solid State 2017, 59,
2036-2044. [CrossRef]

Rysiakiewicz-Pasek, E.; Antropova, T.; Polyakova, I.; Pshenko, O.; Cizman, A. New Insight into phase
transitions of porous glass-based ferroelectric nanocomposites. Materials 2020, 13, 3698. [CrossRef] [PubMed]


http://dx.doi.org/10.1109/TUFFC.2020.2986227
http://www.ncbi.nlm.nih.gov/pubmed/32275588
http://dx.doi.org/10.1016/j.matpr.2018.05.023
http://dx.doi.org/10.1007/s11045-016-0449-5
http://dx.doi.org/10.1109/LAWP.2019.2951122
http://dx.doi.org/10.1080/10667857.2020.1746526
http://dx.doi.org/10.1080/00150193.2016.1134028
http://dx.doi.org/10.3390/ma13020448
http://dx.doi.org/10.1111/jace.16151
http://dx.doi.org/10.1080/00150193.2017.1282761
http://dx.doi.org/10.1134/S1063783417100237
http://dx.doi.org/10.3390/ma13173698
http://www.ncbi.nlm.nih.gov/pubmed/32825670

Materials 2020, 13, 5639 14 of 15

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Belysheva, D.N.; Sinel’shchikova, O.Y.; Tyurnina, N.G.; Tyurnina, Z.G.; Sviridov, S.I.; Tumarkin, A.V,;
Zlygostov, M.V,; Ugolkov, V.L. Glycine—Nitrate synthesis of solid solutions of barium-strontium metatitanate.
Phys. Solid State 2019, 61, 2371-2375. [CrossRef]

Tumarkin, A.V.; Al'myashev, V.I.; Razumov, S.V.; Gaidukov, M.M.; Gagarin, A.G.; Altynnikov, A.G.;
Kozyrev, A.B. Structural properties of barium strontium titanate films grown under different technological
conditions. Phys. Solid State 2015, 57, 553-557. [CrossRef]

Wu, J.-M.; Huang, H.-L. Microwave properties of zinc, barium and lead borosilicate glasses. J. Non-Cryst. Solids
1999, 260, 116-124. [CrossRef]

Letz, M. Microwave Materials and Applications; Sebastian, M.T., Jantunen, H., Ubic, R., Eds.; Wiley: New York,
NY, USA, 2017; Volume 1, p. 345.

Kreisberg, V.A.; Antropova, T.V,; Kalinina, S.V. Effect of the composition and conditions of the synthesis of
porous glass on their micro- and mesoporous structures. Glass Phys Chem. 2014, 40, 501-512. [CrossRef]
Jones, J.R.; Ahir, S.; Hench, L.L. Large-Scale production of 3D bioactive glass macroporous scaffolds for tissue
engineering. J. Sol-Gel Sci. Technol. 2004, 29, 179-188. [CrossRef]

Yatskovskaya, O.V.; Baklanova, O.N.; Gulyaeva, T.I; Drozdov, V.A.; Gorbunov, V.A. The effect of polyethylene
glycol molecular weight on characteristics of the porous structure of silica materials. Prot. Met. Phys.
Chem. Surf. 2013, 49, 216-221. [CrossRef]

Tallia, F.; Gallo, M.; Pontiroli, L.; Baino, F.; Fiorilli, S.; Onida, B.; Anselmetti, G.C.; Manca, A.;
Vitale-Brovarone, C. Zirconia-containing radiopaque mesoporous bioactive glasses. Mater. Lett. 2014,
130, 281-284. [CrossRef]

Sviridov, S.I; Tyrnina, Z.G.; Tyrnina, N.G.; Kryuchkova, L.Y.; Vlasenko, N.S. Ion-exchange formation of
alkali silicate glass with a porous structure. Glass Phys. Chem. 2017, 43, 28-33. [CrossRef]

Sviridov, S.I; Eliseeva, N.P. Interaction of glasses with nitrate melts in the systems containing Na*, K*,
and Ba?*. Glass Phys. Chem. 1999, 25, 163-171.

Costa, F,; Borgese, M.; Degiorgi, M.; Monorchio, A. Electromagnetic characterization of materials by using
Transmission/Reflection (T/R) devices. Electronics 2017, 6, 95. [CrossRef]

Tyurnina, Z.G.; Tyurnina, N.G.; Sviridov, S.I.; Vlasenko, N.S. Ion-Exchange Formation of Magnetic
Iron-Containing Glass with a Porous Structure. Glass Phys. Chem. 2020, 46, 305-311. [CrossRef]

Siegrist, T. Crystallographica—A software toolkit for crystallography. J. Appl. Crystallogr. 1997, 30, 418-419.
[CrossRef]

Lebedeva, S.M.; Bykov, V.N. Valent and structural state of iron ions in basalt glasses of different crystallinity
according to the data of Mdssbauer spectroscopy. Geochem. Int. 2008, 46, 511-516. [CrossRef]

Ryu, S.S.; Lee, S.K.; Yoon, D.H. Synthesis of fine Ca-doped BaTiO; powders by solid-state reaction
method—Part I: Mechanical activation of starting materials. J. Electroceramics 2007, 18, 243-250. [CrossRef]
Roy, A.C.; Mohanta, D. Structural and ferroelectric properties of solid-state derived carbonate-free barium
titanate (BaTiO3) nanoscale particles. Scr. Mater. 2009, 61, 891-894. [CrossRef]

Altynnikov, A.G.; Gagarin, A.G.; Gaidukov, M.M.; Tumarkin, A.V,; Petrov, PK.; Alford, N.; Kozyrev, A.B.
Suppression of slow capacitance relaxation phenomenon in Pt/Bag3Srg;TiO3/Pt thin film ferroelectric
structures by annealing in oxygen atmosphere. Appl. Phys. Lett. 2014, 104, 042903. [CrossRef]

Tumarkin, A.; Gagarin, A.; Altynnikov, A.; Gaidukov, M.; Odinets, A.; Razumov, S.; Kozyrev, A. Effect of
annealing in oxygen atmosphere on structure and microwave properties of multilayered tunable (Ba,Sr)TiO3
capacitors. Thin Solid Film. 2015, 593, 189-192. [CrossRef]

Chen, L.; Xiong, X.M.; Meng, H.; Lv, P,; Zhang, ].X. Migration and redistribution of oxygen vacancy in barium
titanate ceramics. Appl. Phys. Lett. 2006, 89, 071916. [CrossRef]

Perry, N.H.; Kim, ].J.; Tuller, H.L. Oxygen surface exchange kinetics measurement by simultaneous optical
transmission relaxation and impedance spectroscopy: Sr(Ti, Fe)Os.4 thin film case study. Sci. Technol.
Adv. Mater. 2018, 19, 130-141. [CrossRef]

Ascienzo, D.; Kurt, O.; Greenbaum, S.; Bayer, T.].; Maier, R.A.; Randall, C.A.; Ren, Y. Formation of structural
defects and strain in electrodegraded Fe-doped SrTiOj3 crystals due to oxygen vacancy migration. J. Am.
Ceram. Soc. 2018, 101, 2545-2561. [CrossRef]

Rai, HM.; Singh, P,; Saxena, S.K.; Mishra, V.; Warshi, M.K.; Kumar, R.; Rajput, P; Sagdeo, A.; Choudhuri, I;
Patha, B.; et al. Room-temperature magneto-dielectric effect in LaGag 7Fe( 3034 ; origin and impact of excess
oxygen. Inorg. Chem. 2017, 56, 3809-3819. [CrossRef] [PubMed]


http://dx.doi.org/10.1134/S1063783419120047
http://dx.doi.org/10.1134/S1063783415030348
http://dx.doi.org/10.1016/S0022-3093(99)00513-X
http://dx.doi.org/10.1134/S1087659614050071
http://dx.doi.org/10.1023/B:JSST.0000023848.96123.8e
http://dx.doi.org/10.1134/S2070205112060196
http://dx.doi.org/10.1016/j.matlet.2014.05.062
http://dx.doi.org/10.1134/S1087659617010151
http://dx.doi.org/10.3390/electronics6040095
http://dx.doi.org/10.1134/S1087659620040124
http://dx.doi.org/10.1107/S0021889897003026
http://dx.doi.org/10.1134/S0016702908050066
http://dx.doi.org/10.1007/s10832-007-9066-x
http://dx.doi.org/10.1016/j.scriptamat.2009.07.022
http://dx.doi.org/10.1063/1.4863436
http://dx.doi.org/10.1016/j.tsf.2015.09.057
http://dx.doi.org/10.1063/1.2337097
http://dx.doi.org/10.1080/14686996.2018.1430448
http://dx.doi.org/10.1111/jace.15407
http://dx.doi.org/10.1021/acs.inorgchem.6b02507
http://www.ncbi.nlm.nih.gov/pubmed/28306265

Materials 2020, 13, 5639 15 of 15

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Fomin, A.A.; Fomina, M.A.; Rodionov, 1.V.; Koshuro, V.A.; Poshivalova, E.Y., Shchelkunov, A.Y.;
Skaptsov, A.A.; Zakharevich, A.M.; Atkin, V.S. Superhard oxide coatings formed on titanium treated
by high-frequency currents. Tech. Phys. Lett. 2015, 41, 909-911. [CrossRef]

Adilov, S.R.; Afanaciev, V.P; Kashkul, IN.; Kumekov, S.E.; Mukhin, N.V.; Terukov, E.I. Studying the
composition and structure of films obtained by thermal oxidation of copper. Glass Phys. Chem. 2017, 43,
272-275. [CrossRef]

Mukhin, N.; Afanasjev, V.; Sokolova, I.; Chigirev, D.; Kastro, R.; Rudaja, L.; Lebedeva, G.; Oseev, A;
Tumarkin, A. Heat-Resistant Ferroelectric-Polymer Nanocomposite with High Dielectric Constant. Materials
2018, 11, 1439. [CrossRef] [PubMed]

Liu, G.; Chen, Y,; Gong, M,; Liu, X.; Cui, Z.-K; Pei, Q.; Gu, J.; Huang, C.; Zhuang, Q. Enhanced dielectric
performance of PDMS-based three-phase percolative nanocomposite films incorporating a high dielectric
constant ceramic and conductive multi-walled carbon nanotubes. J. Mater. Chem. C 2018, 6, 10829-10837.
[CrossRef]

Barrow, D.A.; Petroff, T.E.; Tandon, R.P,; Sayer, M. Characterization of thick lead zirconate titanate films
fabricated using a new sol gel based process. J. Appl. Phys. 1997, 81, 876-881. [CrossRef]

Yamada, T.; Ueda, T.; Kitayama, T. Piezoelectricity of a high-content lead zirconate titanate/polymer composite.
J. Appl. Phys. 1982, 53, 4328-4332. [CrossRef]

Yoon, D.-H.; Zhang, J.; Lee, B.I. Dielectric constant and mixing model of BaTiO3 composite thick films.
Mater. Res. Bull. 2003, 38, 765-772. [CrossRef]

Tang, Z.; Scriven, L.E.; Davis, H.T. A three-component model of the electrical double layer. J. Chem. Phys.
1992, 97, 494-503. [CrossRef]

Wang, Q.; Tian, D.; Xiong, G.; Zhou, Z. A simplified model for the dielectric function of three-component
composite materials. Phys. A Stat. Mech. Appl. 2000, 275, 256-261. [CrossRef]

Staskov, N.L; Sotskaya, L.I. Three-Component Model of an Effective Medium for Determining the Composition
of Layers on Silicon Wafers. . Appl. Spectrosc. 2017, 84, 764-769. [CrossRef]

Landau, L.D.; Lifshitz, E2M.; Pitaevskii, L.P; Sykes, ].B.; Kearsley, M.]. Statistical Physics. Part I, 3rd ed.;
Lifshitz, E.M., Pitaevskii, L.P.,, Eds.; Elsevier/Butterworth Heinemann: Amsterdam, The Netherlands; Boston,
MA, USA, 1980; ISBN 9780750633727

Ben Abdallah, N.; Degond, P.; Deluzet, E; Latocha, V.; Talaalout, R.; Vignal, M.H. Diffusion Limits
of Kinetic Models. In Hyperbolic Problems: Theory, Numerics, Applications; Hou, T.Y., Tadmor, E., Eds.;
Springer: Berlin/Heidelberg, Germany, 2003; pp. 3-17, ISBN 978-3-642-62929-7.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1134/S1063785015090217
http://dx.doi.org/10.1134/S1087659617030026
http://dx.doi.org/10.3390/ma11081439
http://www.ncbi.nlm.nih.gov/pubmed/30111700
http://dx.doi.org/10.1039/C8TC03868F
http://dx.doi.org/10.1063/1.364172
http://dx.doi.org/10.1063/1.331211
http://dx.doi.org/10.1016/S0025-5408(03)00075-8
http://dx.doi.org/10.1063/1.463595
http://dx.doi.org/10.1016/S0378-4371(99)00279-4
http://dx.doi.org/10.1007/s10812-017-0542-z
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials Synthesis and Characterization 
	Electrical Characterization 

	Results and Discussion 
	Structural and Morphologic Characterization of Porous Glasses 
	Characterization of BST in Porous Space of Glass 
	Electrical Characterization of BST-Glass Structures 
	Porous Matrix Filling Estimation 

	Conclusions 
	References

