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"Electricity flows through all things. The
Universe is a symphony of alternating
currents."

Nikola Tesla



ABSTRACT

This thesis investigated the structural, morphological, and dielectric properties of Ba>T1Si20s
(BTS) with SrTiOs (STO) additions (0, 5, 10, 15, and 20 wt%) across both radio frequency
(RF, £ <300 MHz) and microwave (MW, 300 MHz < f < 300 GHz) ranges. The ceramic
composites were synthesized via the solid-state reaction method, uniaxially pressed at 15.2
MPa into cylindrical disks, and sintered at 1200°C for 4 hours. Morphological analysis via
Scanning Electron Microscopy (SEM) revealed distinct microstructural evolution with STO
incorporation. X-ray diffraction studies were conducted for phase identification and structural
refinement. Complex Impedance Spectroscopy (CIS) analysis correlated dielectric properties
with microstructural features, where the Maxwell-Wagner-Sillars model best explained the
observed behavior. The ceramic composites exhibited activation energies (Ea.) ranging from
1.76 to 1.92 eV. Thermal capacitance coefficients (TCC) for 10-15% STO-added
compositions fell within £1500 ppm-°C~'. Nyquist plots analyzed dielectric behavior, with
grain and grain boundary effects modeled using equivalent circuits (CPE). For MW-range
analysis, the temperature coefficient of resonant frequency (tr) obtained via the Silva-
Fernandes-Sombra (SFS) method indicated optimal thermal stability for 3% STO addition (t¢
=+49.23 ppm-°C™"), making it ideal for antenna applications. Hakki-Coleman measurements
showed improved quality factors (53.64 < Q < 110.50), reduced loss tangents (tan o), and
permittivity (g;) values. Numerical simulations demonstrated >96% electromagnetic

efficiency when the composites functioned as antennas.

Keywords: composites; capacitors; antennas.



RESUMO

Esta tese investigou as propriedades estruturais, morfologicas e dielétricas de Ba>TiSi2Os
(BTS) com adicdes de SrTiOs (STO) em proporcdes de 0, 5, 10, 15 e 20% em peso,
abrangendo as faixas de radiofrequéncia (RF, f <300 MHz) e micro-ondas (MW, 300 MHz <
f <300 GHz). Os compdsitos ceramicos foram sintetizados por meio do método de reagcdo em
estado solido, prensados uniaxialmente a 15,2 MPa em discos cilindricos e sinterizados a
1200 °C por 4 horas. A andlise morfologica, realizada por Microscopia Eletronica de
Varredura (MEV), revelou uma evolu¢ao microestrutural distinta com a incorporagdo de STO.
Estudos de difragdo de raios X foram conduzidos para identificacdo de fases e refinamento
estrutural. A andlise por Espectroscopia de Impedancia Complexa (CIS) correlacionou as
propriedades dielétricas com as caracteristicas microestruturais, sendo que o modelo de
Maxwell-Wagner-Sillars foi o que melhor explicou o comportamento observado. Os
compositos ceramicos apresentaram energias de ativagdo (Ea) variando entre 1,76 ¢ 1,92 eV.
Os coeficientes de capacitancia térmica (TCC) para composigdes com 10-15% de STO
ficaram dentro de £1500 ppm-°C'. Diagramas de Nyquist foram usados para analisar o
comportamento dielétrico, modelando os efeitos do grao e das fronteiras de grao por meio de
circuitos equivalentes com elementos de fase constante (CPE). Para a andlise na faixa de
micro-ondas, o coeficiente de temperatura da frequéncia ressonante (tr), obtido pelo método
Silva-Fernandes-Sombra (SFS), indicou estabilidade térmica ideal para adi¢cao de 3% de STO
(tr = 49,23 ppm-°C™), tornando-o adequado para aplicacdes em antenas. As medicdes de
Hakki-Coleman mostraram fatores de qualidade aprimorados (53,64 < Q < 110,50), tangentes
de perdas (tan 0) reduzidas e valores de permissividade (&) adequados. Simulagdes numéricas
demonstraram eficiéncia eletromagnética superior a 96% quando os compodsitos funcionaram

como antenas.

Palavras-chave: compdsitos; capacitores; antenas.
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1 INTRODUCTION

Electroceramic materials are essential for radio frequency (RF) engineering circuits
(1-3). Historically, the discovery of ferroelectricity in BaTiOs (barium titanate) ceramic
matrices in 1942 marked a breakthrough in electronics, particularly for ceramic capacitor
development, due to its colossal dielectric permittivity (4).

This has driven intense scientific efforts to develop novel ceramic composites through
chemical reactions, as modern applications demand stringent parameters including high
permittivity, low dielectric loss, and exceptional thermal stability (5).

The field underwent further transformation in the 1960s with ceramic dielectric
resonators revolutionizing telecommunications. This advancement originated from Hakki and
Coleman's pioneering microwave characterization method (6), which enabled replacement of
bulky metallic microwave oscillator cavities with compact hybrid (metal-ceramic) electronic
components.

Subsequent progress included the 1984 development of (Zr,Sn)TiO4 electroceramics,
exhibiting exceptional microwave properties (& = 38, Oxf = 50,000 GHz) and near-zero
temperature coefficient of resonant frequency (tr= 05 ppm/°C) (7). Recent studies suggest
the feasibility of nanoscale dielectric antennas (NRAs) utilizing surface plasmon radiation in

the terahertz regime (8).

Figure 1 - Ceramic resonators.

Source: Public domain image.
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1.1 Ba.TiSi.Os Ceramic Matrix

Currently, barium titanium silicate Ba-TiSi2Os (BTS) is used in various interesting
technological applications such as piezoelectric, optical and microwave devices. This material
has been studied since 1965 when it was found in Fresno County, California (9). In 1976,
Japanese researchers identified significant piezoelectric properties in BTS crystals with kis =
0.28 (10). These properties indicated BTS as a good candidate for pressure sensors. In 2012,
scientists presented a new method to prepare BTS as dense monolithic dielectrics or high-

surface-area catalytic powders through a Pechini process (11).

Recently, the BTS ceramic matrix, produced via solid-state reaction, has been
studied for radio frequency (RF) and microwave (MW) applications (12-14). However,
achieving the ideal requirements for electronic devices in the RF and MW ranges remains a
scientific challenge. Thus, it becomes necessary to combine different ceramic matrices to

obtain ceramic composites with improved electrical properties and high thermal stability.

Figure 2 — Crystal structure of Ba>TiS120sg ceramic matrix.

Source: Public domain image.



24

1.2 SrTiOs Ceramic Matrix

In the 1950s, the ceramic matrix SrTiOs (STO) was discovered, featuring a cubic
perovskite crystal structure (ABOs-type), where Ti*" ions occupy the centers of oxygen
octahedra while Sr** ions fill the interstitial voids. This structure undergoes a transition to a
tetragonal phase below ~105 K due to crystal lattice instabilities (15).

STO's dielectric characteristics at radio frequencies are particularly notable,
distinguished by low loss tangent (~107*) and high relative permittivity (~290) at room
temperature (16). These properties have motivated research demonstrating STO's potential
applications in energy storage devices, capacitors, and telecommunications system
components (17,18).

Additionally, STO exhibits superconductivity at temperatures between 0.05 K and 0.4
K through Niobium doping (StTii—Nb,Os), where Ti*" is replaced by Nb** in the crystal lattice
(19). Therefore, by combining STO with other ceramic matrices, it's possible to obtain
composites with optimal dielectric parameters for both radio frequency and microwave

applications.

Figure 3 — Crystal structure of SrTiOs ceramic matrix.

Source: Prepared by the author.
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2 OBJECTIVES
2.1 General Objective

To develop solid-state synthesized Ba.TiSi20z (BTS)-SrTiOs (STO) ceramic
composites with optimized dielectric properties for applications as capacitors, temperature
sensors, and dielectric resonator antennas (DRAs) operating at radio frequency (RF) and

microwave (MW) ranges.

2.2 Specific Objectives

e Produce the Ba.TiSi20s (BTS) ceramic matrix via solid-state reaction.

e Obtain ceramic composites by adding different molar proportions of SrTiOs to the
BTS matrix.

e Identify and structurally characterize the formed phases through X-ray diffraction with
Rietveld refinement.

e Study the sample microstructures using scanning electron microscopy (SEM)

e Investigate the electrical and dielectric properties of the composites in the radio
frequency (RF) range via complex impedance spectroscopy (CIS), including
parameters such as conductivity, dielectric permittivity, activation energy, and Nyquist
plots.

e Analyze the thermal stability of the composites by evaluating the capacitance variation
with temperature (TCC) in the RF range.

e Characterize the dielectric behavior in the microwave (MW) range, focusing on
permittivity, loss tangent, and temperature coefficient of resonant frequency (tf)

e Analyze the temperature coefficient of resonant frequency (tr) of the BTS-STO
composites.

e Investigate the feasibility of using BTS-STO composites as dielectric resonator
antennas (DRAs) through experimental measurements and electromagnetic

simulations using HFSS® software.
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3 THEORETICAL BACKGROUND
3.1 X-Ray Diffraction (XRD)

X-ray diffraction is a materials characterization technique where X-ray beams
strike a material. As a result, these beams scatter in specific directions due to interaction with
the material's atomic planes (20). It is recommended that the material be in powdered and
homogenized form (particles < 10 um) to prevent the diffraction from favoring any particular
direction. X-ray diffraction is governed by Bragg's Law. Thus, Equation 1 shows how this law

describes this optical phenomenon:
n-A=2dsin(0) €))

Where 1, 4, d e 6 represent the diffraction order, wavelength, interplanar spacing,
and incidence angle, respectively (20). Figure 4 illustrates the X-ray diffraction phenomenon

in a crystalline sample.
Figure 4 — Bragg's Law representation showing X-ray diffraction process.
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From the raw X-ray diffraction data, a quantitative interpretation is nevertheless
required. Thus, the Rietveld method was developed to numerically analyze the data and

predict information about the materials' crystal structures (21).
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Thus, the Rietveld method is based on an iterative numerical process that uses
least-squares minimization algorithms to progressively fit a theoretical crystallographic model
to the experimental diffraction pattern (21). An additional advantage of the Rietveld method
compared to others is that it considers the entire diffraction profile, unlike other methods that

analyze only isolated peaks (22).

Among the statistical parameters that are fundamental for a good refinement, we

can mention Rwp (R-weighted pattern) [21, 22]:

p o | wilyi(obs) — yi(caD]? )
v il wilyi(obs)]?

where y; (obs) is the observed intensity, y; (cal) is the calculated intensity, and w; is the
statistical weight. In addition to R, , there is also R.x, (expected R-factor) , calculated as (21,
22):

N _ )
exp = N w;[y;(obs)]?

Where N is the total number of observed data points and P is the number of refined
parameters. When Rexp approaches Ryp , the experimental measurements are indeed in good
agreement with the theoretical model, indicating the precision of the experimental data.

Additionally, a third statistical parameter called the Goodness of Fit (y?) can be defined

) pr>2 4)
X <Rexp

mathematically as (21, 22):




3.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a technique that uses electron beams to
acquire images and provide morphological information at scales ranging from micrometers to
nanometers, making it extremely important for materials characterization (23). This
remarkable detail in analysis is possible due to its much shorter wavelength compared to

visible light. The SEM is divided into four main components, each with an important role in

the image formation process.

The first component is the electron gun, which contains a source that generates
the electron beam. This beam is then focused through a series of electromagnetic lenses, with
each lens progressively reducing the electron beam diameter (24). The system also includes
scanning coils that control the electron beam to examine the material's surface. Finally, a

detector sends the signal to an amplifier connected to a computer, which displays the images

produced by this process.

Figure 5 — SEM equipment schematic.
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3.3 Applied Electromagnetism

To better understand electroceramics, it is essential to comprehend how dielectric
materials behave under electric and magnetic fields. This understanding is only possible

through Maxwell's equations, which unified electromagnetism. The four Maxwell's equations

are.

V-D=p (5)
V-B=0 (6)

—0B
VXE=—— )

at
oD (3

VXH—]+¥

It is known that D, B, E, H, J, and p represent, respectively, electric flux density,
magnetic flux density, electric field, magnetic field, net current density, and free charge
density. Equation 5 is called Gauss's law for the electric field, whose interpretation states that
electric charges are sources (or sinks) of electric field (25). Equation 6 is Gauss's law for the
magnetic field; the understanding of this equation can be stated as: the magnetic field has no
"sources", meaning there are no magnetic monopoles (25). Equation 7 is Faraday's law of
induction; the statement of this law says that a time-varying magnetic field generates an

electric field (25).

Finally, Equation 8 is the Ampere-Maxwell law, which was essential for
predicting the propagation of electromagnetic waves in a vacuum (25). Moreover, there are
also constitutive relations that enable the determination and understanding of materials'

dielectric properties when subjected to electromagnetic fields (25). Mathematically, we have:

B =uH ©)
D =¢E (10)
] =0E (11

The parameters |, €, and ¢ represent, respectively, the magnetic permeability,
dielectric permittivity, and conductivity of the material (26). Thus, by measuring these

variables, one can study the dielectric Properties.
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Moreover, the magnetic permeability and dielectric permittivity of materials can
assume relative values compared to those in a vacuum, denoted respectively u, e &..
According to the literature, the values of magnetic permeability and dielectric permittivity in
a vacuum are: W, = 1,257 X 107°H-m™! e g, = 8,854 x 107 12F -m~! [26]. Thus,

mathematically we have:

_H (12)
Uy e

_£ (13)
& %

With the above physical definitions established, we can now introduce a vital
parameter for electromagnetism: capacitance (C). By definition, capacitance represents a
material's ability to store electric charge (Q) when subjected to an electric voltage (V) (27).

Mathematically, this is expressed as:

o (14)

<SS

In an ideal parallel-plate capacitor, as illustrated in Figure 6 below, it is known
that the capacitance depends on the dielectric's area dimensions (A) and material thickness (d)

(27). Therefore, we can calculate the capacitance as:

_€A (15)

“=3

Figure 6 — Ideal parallel plate capacitor representation.
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When a material is subjected to an alternating current (AC) electric field, another
highly important variable emerges: impedance (Z). To better explain this physical parameter,

consider Figure 7, which illustrates an RLC circuit powered by an AC source.

Figure 7 — RLC circuit diagram.
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Source: Prepared by the author.

Therefore, impedance can be defined as a physical parameter that measures the
total opposition an electrical circuit presents when traversed by alternating current (AC) with
a specific angular velocity (w) or frequency (f). When referring to the opposition of electric
current that dissipates energy as heat (Joule effect) in the circuit, this corresponds to the

element called resistance (R) (27).

However, when this opposition to electric current refers to capacitive (C) or
inductive (L) elements, this variable is called reactance (X). The following equation clarifies

this definition:

Z=R+jX (16)

|Z] =VR? + X2 17)

As observed above, reactance represents the purely imaginary component of
impedance, while resistance constitutes the purely real component (27). Naturally, the
magnitude of impedance is used to measure the total opposition to current in the analyzed
circuit Furthermore, the reactance component associated solely with the capacitor (C) is called
capacitive reactance (X¢), while the component linked to the inductor (L) is termed inductive
reactance (Xz). However, Xc e X, exhibit opposite phases (27). Mathematically, these

definitions are established as follows:

X=X -Xc (17)
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X, = wl (18)
K=k (19)
w = 2nf (20)
> X = anL—ﬁ @)

Similarly, when a material is subjected to alternating current, its dielectric
permittivity will also exhibit complex values, as occurs with impedance (27). Therefore, in

this new context, the permittivity becomes:
er=¢ —je" (22)

Where €' is the real part and €" is the imaginary part. Here, the real part of
permittivity is related to energy storage capacity, while the imaginary part is associated with
energy dissipation as heat (20, 27). To better quantify this energy storage performance, we

can further define the loss tangent (tan o) and quality factor (Q) as:

g 23
tand = — ( )
1 ¢ (24)
Q= tans &

The higher the quality factor (Q), the greater the material's capacity to store energy
per cycle before releasing it (20, 27). Furthermore, it is important to emphasize that dielectrics
with high Q values are particularly suitable for applications as resonators, antennas, and

sensors. Equation 25 demonstrates this precisely:

0=2 Stored energy (25)

& Dissipated energy per cycle
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3.4 Radio Frequency Impedance Spectroscopy

By definition, Impedance Spectroscopy (EIS) is a materials characterization
technique that measures the response of a sample's dielectric properties to an alternating
current (AC) electrical signal across frequency ranges and temperature conditions (28).
Consequently, EIS analysis begins with the complex impedance of a circuit. Through
electromagnetic equations, it becomes possible to extract and study electrical parameters such
as conductivity, permittivity, and loss tangent (28). Additionally, EIS can determine the
transport mechanisms occurring in a material during polarization phenomena. A generic

schematic of the EIS technique is shown in Figure 8.

Figure 8 — Schematic illustration of the EIS technique.
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The capacitance of materials depends not only on current and frequency but also
on temperature. Therefore, the TCC (Temperature Coefficient of Capacitance) is the
parameter that indicates how much the capacitance changes with temperature variation (28).
The TCC can be calculated as:

TCC = <%) x 108 [ppm/°C] 23)

Capacitors can also be classified according to the TCC using standardized
categories. For example, Class 1 capacitors have a TCC range of 0 = 30 ppm/°C (29).
According to the literature, materials exhibit different types of relaxations, which creates the
need for models to fully understand this phenomenon (30). Examples of relaxation models
include Debye, Cole-Cole, Cole-Davidson, Havriliak-Negami, and Maxwell-Wagner-Sillars
(30).
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3.5 Dielectric Relaxation Models
3.5.1 Debye Model

The first model to quantify the phenomenon of dielectric relaxation was proposed
in 1929 by Debye. The Debye model describes the existence of a single relaxation time (1),
meaning it is a mono-exponential relaxation model (30). Therefore, this model is suitable for

materials with dominant polarization. Mathematically, the model is expressed more clearly as
follows (30):

S0 & " ¢ (26)
¢ (w)_SW+1+(jwr)

Where ¢, is the static permittivity, and, &, is the high-frequency permittivity. The
real and imaginary parts are given by Equations 26 and 27 (30):

& — Eoo

oy (27)
£(w) =& + 1+ (wt)?

weo~ (& = €x)(wT) (28)
&) = 1+ (wT)?

Figure 9 — Debye model plot.
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The Cole-Cole model introduces a new parameter 1 — a within the Debye

equation as an exponent, aiming to explain cases that the Debye model could not justify (31).

The function of this parameter is to broaden the relaxation by considering dispersion in real

systems.

Thus, the Cole-Cole model is focused on understanding dipole-dipole interactions

(31). Equation 29 shows how this model was engineered, along with Figure 10, which

illustrates the graph of this function (31).

& — €

: =&t 12
elw)=e¢ 1+ (jwr)l~@

(&5 — £00)[1 + (wT)17¢ sin(%)]

e'(w) =€, +

() = (g5 — €00) (WT) 1™ cos(%)

1+ 2(wt)t~= sin(%) + (wt)20-9)

1+ 2(wt)l~@ sin(%) + (w1)2(-)

Figure 10— Cole-Cole model plot.
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3.5.3 Cole-Davidson Model

Following the evolution of the models, we now have the Cole-Davidson model,
which complements the Cole-Cole model. By introducing the variable 3, which essentially
determines the asymmetry of a material’s relaxation times, it has been successfully applied to

glycerin as well as in glasses and polymers (32).
Equation 32 shows how this model works mathematically (32):

€s ™ €oo (32)

e (w) = € +1+(]—'wr)3

By separating the real and imaginary parts, we have (32):

£'(w) = ex(&s — £x0) cos(BP) (wD)B(wT)~F (33)
e (W) = ex(&s — &x) SIN(BP) (WD) (wr)F (34)
¢ = arctan(wt) (35)

Figure 11 illustrates the graph of the Cole-Davidson model, showing how the real

and complex parts behave.

Figure 11 — Cole-Davidson model plot.
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3.5.4 Havriliak-Negami Model

The Havriliak-Negami (HN) model is a generalization of the previous models.
Specifically, this model achieves better asymmetric distributions and broader relaxation times
(33). The main materials to which this model is applied include: amorphous polymers,
electrolytic solutions, and ceramics. Equations (36), (37), and (38) are, respectively, the

complex permittivity, real permittivity, and imaginary permittivity (33).

() = Es ~ Eo (36)
€1(0) = o+ g G ap
(@) = £, + (&5 — €x)[1 + cos[f - O (w)] (37)

[1+ 2(wTt)'%sin (%) + (w1)2(-@)B/2

(& = €0)[1 + sin[f - 6(w)] (38)
[1 4 2(wT)~%sin (az_n) + (wr)2(-0]B/2

(wt)1™% cos (az_n) (39)

1+ (wt)1~%sin (%)

e'(w) =¢ex +

0(w) = arctan

Figure 12 illustrates the Havriliak-Negami graph, showing how the real and

complex parts behave in relation to the other models previously mentioned.

Figure 12 — Havriliak-Negami model plot.
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3.5.5 Maxwell-Wagner-Sillars Model

In the literature, it is reported that the Maxwell-Wagner-Sillars (MWS) model
defines the structure of materials as being composed of conductive grain layers interspersed
with insulating grain boundaries (34). Thus, at low frequencies, charge carriers accumulate at
the resistive grain boundaries, while at high frequencies, the charge carriers are located in the
conductive grains, where they can move more freely (34). This model is effective for
understanding the dielectric behavior where internal electrical heterogeneities occur in
polycrystalline electroceramics (34). Figure 13 illustrates the description of this model, and

Figure 14 shows the graphs of this model.

Figure 13 — Schematic Illustration of the Maxwell-Wagner-Sillars Model.
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The equations that govern this model are [34]:

Eoff = Eeff ~IEefs (40)

& =dg+dgb (41)
eff ﬁ_l_dgb
£y Egp

Where: ;¢ it is the effective complex permittivity; dg,dgb they are the average
thicknesses of the grains and grain boundaries; €j ,&g, they are the complex permittivities of

the grains and grain boundaries (34).
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Figure 14 — Maxwell-Wagner-Sillars model plot.

— (w)

--e"(w)

10

1072 107! 109 10! 10? 10°

w (rad/s)

Source: Prepared by the author.

3.6 Nyquist diagram

According to the literature, the Nyquist diagram is used to analyze the dielectric
parameters of polycrystalline materials, as it allows for an understanding of how the grains
and grain boundaries behave, also correlating the relaxation processes that occur (35).
Mathematically, the Nyquist diagram is a plot of the imaginary impedance versus the real

impedance, that is, Z" versus Z'.

Consequently, for a more accurate analysis of this electromagnetic phenomenon,
it is essential to model the Nyquist diagram using equivalent circuits. In this context, the use
of constant phase elements (CPE) is important, as electrode roughness or even diffusion may

occur, thus altering the nature of this element toward a more capacitive, resistive, or inductive

behavior (35).

Equation 42 shows how to calculate the impedance of a resistor in series with a

CPE (28):

Zepp(w) = g~ (iw) ™" (42)

Where ¢ is a fitted numerical parameter and » is an exponential parameter that,
depending on its value, will determine the nature of the CPE. Thus, when »n = 1, the behavior

1s capacitive; when n = 0, it is resistive; and when n = —1, it is inductive (28, 35).
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Generally, materials exhibit three arcs in the Nyquist diagram, derived from the
effects of the grain, grain boundary, and electrode, but in many cases, these three arcs result
in only one (35). The most appropriate equivalent circuit for representing these three arcs is
typically composed of three resistors, each in parallel with a CPE, with these sets connected

in series, as depicted in Figure 15 (28, 35). Mathematically, the total impedance is calculated

as:
> (43)
Ztotal(w) Z
=11+ quk(w))
Figure 15 — Nyquist diagram.
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3.7Analysis of Dielectric Properties in Microwaves (WM)

Dielectric materials also exhibit interesting electrical properties when subjected to
electromagnetic fields with frequencies in the microwave range (GHz) (36). Among the many
applications, the most well-known 1is the dielectric resonator antenna (DRA).
The physical explanation of how resonators function as antennas begins when they are placed
in an electromagnetic field, which excites them to oscillate in their natural modes, similar to
a resonant cavity (37). This generates oscillating electromagnetic fields which, in turn, create
displacement currents and consequently result in the emission of electromagnetic radiation
(36, 37). Figure 16 illustrates an array of DRAs excited by a probe that emits electromagnetic
radiation. The resonance frequency depends on the geometry of the DRAs. As a result, DRAs
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with cylindrical geometry exhibit wave functions in the Transverse Electric (TE) mode along
the z-axis and the Transverse Magnetic ™ mode along the z-axis. Mathematically, we have

[38]:

o (Xn sinngy . [@m+ 1)nz (44)

l/)TEnpm _]Tl (TPP) {COSTLQ)}Slnl 2d l
X'n sinngy . |@2m+ Dnz (45)

YrBupm = I ( - p) (g ) sin [—2 = ]

Where J,, is the Bessel function of the first kind, a is the radius of the cylinder, and d is the

height of the cylinder.

Figure 16 — DRA (Dielectric Resonator Antenna) array.

Source: Public domain.

The antenna parameters of DRAs are essential for understanding and evaluating how
this technology can be useful in society. One such parameter is the radiation intensity U(0, ¢),
which is a mathematical function that indicates the spatial distribution of the radiated power

(38). Equation 46 clearly shows the definition of radiation intensity (38).
U(@, ¢) =r?. Srad(rr 0, ¢) (46)

Where: Syqa (1, 6 ,¢) 1s the radiated power density (W/m?) in the direction of (6, ¢)
and r is the distance from the antenna. The total power is calculated as the integral of U(6, ¢)

over all solid angles, and the radiation pattern, as (38):

2T T 47
Prqa =fo Jo U (06,0) sin6dBd¢ @7
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According to the literature, the directivity D (0, ¢) is a function that measures the
amount of electromagnetic radiation an antenna emits in certain directions in space (38). Its

formal definition is given by equation (48), and its maximum value by equation 49 (38):

U@b,¢) 4nU (48)
D®.9)=——=13
iso rad
U 41U
Dinax (0, 4) =~ = =52 “49)
ra

The gain G (0, ¢) of an antenna is defined as a function that relates the radiation
intensity to the input power, as indicated by equation (50) (38). Furthermore, the gain can also
be expressed as a function of directivity and electromagnetic radiation efficiency (1)) through

equation 51 (38):

4ty

6(0,9) =5 0
ent

6(0.9) =1 D(6,9) 5

For a better understanding of the concept of antenna gain, Figure 17 shows the
radiation pattern of an isotropic antenna versus a directional radiation pattern in a specific

direction.

Figure 17 — Isotropic vs. directional antenna radiation patterns.
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3.8 Monopole Measurement

According to the literature, the monopole technique with the aid of a network
analyzer is essential for analyzing the use of resonators as antennas (39). Basically, this
technique consists of a probe, a ground plane, and the network analyzer. With this in mind,
one of the prerequisites for indicating that a resonator can function as an antenna is when the
monopole measurements show a reflection coefficient (S11) of at least less than -10 dB (39).

Mathematically, Si1 can be calculated as (39):

Z,—Zy (52)

S =
n=zo 47,

Where Z; is the load impedance and Zy is the characteristic impedance of the
transmission line, which is typically 50 Q.

Air gaps can originate from manufacturing defects in DRAs. These tiny spaces,
usually on the order of micrometers, can alter the S11 response of antenna resonators, affecting
directivity, gain, and electromagnetic efficiency (40, 41). Figure 18 shows the monopole

measurement technique.

Figure 18 — Monopole measurement setup illustration.
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3.9 Hakki-Coleman Method

The Hakki-Coleman method is a widely used technique for extracting the loss
tangent (tan d), permittivity (¢'), and quality factor (Q) of ceramic resonators at microwave
(MW) frequencies (42). These parameters are crucial for use in simulations and other
experimental tests involving DRAs. For this, the dielectric geometry must be cylindrical, with
a diameter-to-height ratio of 2:1, and it must be excited in the TEo11 mode (42). Thus, using

equations 53, 54, and 55, these parameters can be obtained (42):

) -
- 2 2
1- (%) @)
0= (24" &
Ca = tar116 ©Y

Where Ao is the wavelength in vacuum, c is the speed of light, fo;; is the resonance
frequency of the TEo11 , D is the diameter of the dielectric resonator, Q4 is the quality factor
due to dielectric losses, and Q. is the quality factor due to conductor losses (42). Figure 19

shows an illustration of the Hakki-Coleman Method.

Figure 19 — [llustration of the Hakki-Coleman Method.
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3.10 Silva-Fernandes-Sombra Method

The Silva-Fernandes-Sombra method is an alternative approach for calculating the
Temperature Coefficient of Resonant Frequency (tr), particularly for materials with high
dielectric losses (tand> 1072) (43). This method consists of a refractory ceramic, a ground
plane, a feed system, probes coupled to a vector network analyzer, and a heating system, as
shown in Figure 20 (43).

Thus, this method has a higher success rate than the traditional Courtney method.
In summary, the Silva-Fernandes-Sombra method monitors the frequency of the DRA using
the dominant hybrid mode HE.:6, which is less sensitive to dielectric losses HE;5 the

operating frequency is calculated using Equation 56 (43) :

6.324c a a\? (56)
fHE115 = m [0.27 + 0.36 (ﬁ) +0.02 (ﬁ) ]

However, the equation that determines zr is Equation 57. Dielectrics with values
between £10 ppm/°C exhibit good thermal stability, which enables the application of these
materials as DRAs (44). Mathematically, we have (44):

1 A
—f -10%[ppm/°C].

_ 1 (57)
YT AT

Figure 20 — Illustration of the Silva-Fernandes-Sombra Method.
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Source: Prepared by the author.
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4 EXPERIMENTAL PROCEDURES

This chapter aims to describe the equipment used, the methodology employed in
the radiofrequency and microwave characterizations, the structural and morphological
analyses of the samples, as well as the manufacturing process of the test specimens. All these
steps are illustrated in the flowchart presented in Figure 21, which shows the logical sequence

of the processes carried out.

Figure 21 — Flowchart of the procedures.

| Bibliographic Review |

| Stoichiometric Calculation |

| Weighing of Reagents |

| Grinding |

| BST+STO |

| Samples Pressing |

| Samples Sintering |

A

| X-ray Diffraction and MEV |

| Experimental Measures |

| Simulation |

| Results |

Source: Prepared by the author.



47

4.1 Preparation of the Ba:TiSi:Os e SrTiOs Matrices

The Ba.TiSi20s matrix was fabricated using the solid-state reaction method,
following the appropriate stoichiometry from the literature. However, the SrTiOs matrix was
used in its commercial form (Aldrich, 99.9%). The synthesis of the Ba>TiS1.0s ceramic matrix
was carried out via solid-state reaction, as described in Equation (58). High-purity reagents
BaCOs (99.99%, Vetec), TiO2 (99.8%, Aldrich), and SiO2 (99.9%, Aldrich) were used and
weighed according to the stoichiometric ratio given by Equacao 58 (45-47).

A
2BaC0; + 25i0, +Ti0, = Ba,TiSi,0q + 2C0, (58)

The reagents were milled in a planetary ball mill operating at 360 rpm for 4 hours, and

then the homogeneous mixture was calcined at 1100 °C for 6 hours, as shown in Figure 22.

anetary ball mill.

Source: Public domain.

4.2 X-ray Diffraction

For the XRD analysis, a Rigaku D/max-B XPert Pro MPD-Panalytical
diffractometer was used, with Cu-Ka radiation (1.5406 A), a scan range of 10° to 80° (20), a
step size of 0.013°, and operating at 40 kV and 40 mA. This equipment is from the Federal
University of Ceard, specifically from the X-ray Laboratory in the Department of Physics, as
shown in Figure 23. The phases were identified by correlating the experimental results with

data from the Inorganic Crystal Structure Database (ICSD) (46, 47).
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Figure 23 — Rigaku D Diffractometer.

Source: Public domain.

4.3 Scanning Electron Microscopy (SEM)
SEM analysis was performed using a Quanta 450 FEG scanning electron microscope
with a magnification factor of 2500, as shown in Figure 24. This equipment is owned by the

Federal University of Ceara, specifically by the Central Analytical Facility.

Figure 24 — SEM Equipment.

Source: Public domain.

4.4 Fabrication of Ceramic Composites

Next, 5-20% of STO was added to the BTS ceramic matrix. The composites were
named BTS, BTS-5STO, BTS-10STO, BTS-15STO, and BTS-20STO. The composites were

compacted using uniaxial pressure of 15.20 MPa into cylindrical disc shapes. The samples
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were then sintered at 1200 °C for 4 hours. Afterwards, the cylindrical discs were coated with
silver paint on both sides in order to fabricate a capacitor. The discs were then heated in a

resistive furnace at 500 °C for 2 hours. Figure 25 shows the fabricated ceramic cylinders.

Figure 25 — Ceramic cylinders of the produced composites.

Source: Prepared by the author.

4.5 Pycnometry

To calculate the relative density (D:) of the samples, it is first necessary to
determine the experimental density of the specimens (ppoqy). For this purpose, the
pycnometry method was used. This method is defined as a procedure to experimentally obtain
the density of a body using the principle of buoyancy, through a 25 mL container filled with
pure (distilled) water, as shown in Figure 25 (48).

Mpody * Pwater (59)

mbody + mpic+water - mpic+water+body

Pbody =

Where myoq, is the mass of the specimen, pyqrer is the density of water
Mpic+water 18 the mass of the pycnometer filled with water, and My ywater+boay 18 the mass

of the pycnometer filled with water and the specimen. Additionally, the theoretical density

(D) was calculated as a weighted average of the component densities using Equation 60 (48):



100

D=

%mass (a) %mass (f)

dmonocrystal (CZ) dmonocrystal (ﬁ)

50

(60)

Where dponocrystar 18 the density of the monocrystal of the phase present in the

composite, and, %omass is the mass fraction of the phase present in the composite. Once the

theoretical density and experimental density are obtained, the relative density can now be

calculated as:

D, = ’”"%”-100%

Figure 26 — Pycnometer.

Vil

\/§ /
Source: Public domain.

4.6 Radio-Frequency Measurements

=

(61)

The measurements of the dielectric resonators in radiofrequency began initially at

room temperature (30°C), increasing up to 380 °C. The equipment used was a Solartron®

impedance analyzer model SI1260, operating in the range of 100 Hz to 1 MHz, with the

Impedbeta data acquisition software, also from Solartron®.

This equipment is owned by the Federal University of Ceard, as shown in Figure

27. By inputting the sample dimensions into the software, dielectric parameters such as

permittivity, conductivity, activation energy, temperature coefficient of capacitance (TCC),

and Nyquist plot are extracted.
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Figure 27 — Impedance Analyzer.

Source: Prepared by the author.

4.7 Microwave Measurements

For the microwave measurements, the three previously mentioned methods were
used: Monopole Measurements, Hakki-Coleman Technique, and Silva-Fernandes-Sombra
Method. The monopole measurements were first performed, where the DRA is placed on the
probe to measure the Si1 and Impedances (Z’, Z’). These parameters are crucial for the
simulations that will calculate antenna parameters such as directivity, gain, and
electromagnetic efficiency. Figure 28 shows the monopole measurement equipment, which is
owned by the Federal University of Ceara. It consists of a ground plane, probes, connectors,

and a HP8716ET network analyzer.

Figure 28 — Monopole Measurement Equipment.

Source: Prepared by the author.
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Secondly, the Hakki-Coleman Technique was used, which consists of two
conductive (metal) plates where the probe will excite the ceramic sample. This measurement
is essential to determine the loss tangent, quality factor, and permittivity of the sample, as

explained earlier. Figure 29 shows the equipment used from the Federal University of Ceara.

Figure 29 — Hakki-Coleman Technique Equipment.

Source: Public domain.

Finally, the Silva-Fernandes-Sombra Method was used to calculate thermal
stability, that is, to measure the Temperature Coefficient of Resonance Frequency (zy). This
method is exclusive to the researchers of LOCEM (Telecommunications and Materials

Science and Engineering Laboratory) at UFC. Figure 30 illustrates the equipment.

Figure 30 — Silva-Fernandes-Sombra Method Equipment.

Source: Prepared by the author.
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4.8 Numerical Simulation

The numerical simulations were performed using the Ansys HFSS software. This
software is a widely used simulation program in the field of telecommunications engineering
to calculate directivity, gain, and electromagnetic efficiency of various antennas (12, 13, 55).
In this context, the model used for the simulation was a simplification of the Monopole

Measurements, as shown in Figure 31.

It is important to note that the input data for this model are the sample geometries,
such as height and radius. In addition to these variables, the input data also includes: Sii,
impedances (Z’, Z’’), permittivity (¢'), and loss tangent (tan §), which are obtained through
the Hakki-Coleman Method and Monopole Measurements (12). The final result of the
simulation, as shown in Figure 32, indicates the amount of radiation, directivity, gain,

electromagnetic efficiency, and radiation pattern of the DRA (13).

Figure 31 — Model used in the simulation.

Eromet Manager

[ Semple
= @ HFSSModel | (Driven Tesminal)
& Modd

Source: Prepared by the author.

Figure 32 — Numerical simulation output.

0 5 10 (cm)

Source: Prepared by the author.
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5 RESULTS AND DISCUSSIONS
5.1 X-Ray Diffraction

The Rietveld refinement of the pure BTS sample is shown in Figure 30 (a), and no
spurious phases were observed; the observed peaks are compatible with the crystallographic
record ICSD 201845. The statistical parameters obtained from the Rietveld refinement for the
BTS matrix were 2 = 1.44, RBragg = 5.9% € Rwp=17.86% , confirming an adequate refinement
consistent with the literature (21, 22).

From Figure 33 (b), a significant change in the standard deviation of the fractions is
observed starting from BTS — 5STO. This indicates that, in addition to the BTS and STO
phases, a spurious crystalline phase called Bao3Sro7TiO3 (BSTO) emerges. This phase is
present in all the composites, confirming a chemical reaction between BTS and STO. The
densification of the samples was calculated by the ratio between the monocrystal density
obtained through the Rietveld Refinement and the density of the samples obtained through
pycnometry (46). All samples exhibited a high degree of densification, with values exceeding
90%. The high densification of electro-ceramics contributes to the increase of dielectric

parameters, such as relative permittivity (47).

Table 1 Refinement parameters from the Rietveld method and the mass proportion
determined for the analyzed samples.

Statistical Mass fraction (%) Density (%)
Parameters
Samples
Rwe > Rs(%) Ba:TiSi20s (Bao3Sro7)TiO3 SrTiOs3
(Y0)

BTS 17.86 1.44 5.9 100 - - 92.15
BTS-5STO 15.67 1.23 5.2 92.7 6.2 1.1 90.38
BTS -10STO 1594 1.31 6.1 86.5 9.6 3.9 91.19
BTS - 15STO 15.60 1.25 6.0 80.0 10.5 9.5 91.08
BTS —20STO 16.23 1.40 6.2 75.2 11.6 13.2 91.62

Source: Prepared by the author.
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Figure 33 (a-e)- XRD patterns and Rietveld refinement.
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5.2 Scanning Electron Microscopy (SEM)

Figure 34 presents the micrographs of the BTS — STO ceramic composites obtained
by Scanning Electron Microscopy (SEM) with a magnification of 2500x. The images show a
microstructure with distinct shapes and a heterogeneous distribution composed of grains of
various sizes.

The grain morphology changed, which may be related to modifications in the
crystalline phases that were previously reported in the previous section. This morphological
change demonstrates how the different chemical compositions of the composites affect the

development and coalescence of the grains (48, 49).

Figure 34- Surface micrographs (2500% magnification).

. (b) BTS-58TO

(d) BTS-15STO

Source: Prepared by the author.
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5.3 Dielectric Analysis in Radiofrequency (RF)

Figure 35 shows the spectra of relative permittivity (¢’r) from 100 Hz to 1 MHz for
all samples at room temperature (25°C). It was observed that the addition of STO to the
composites increased €’ at room temperature. This increase in €’ can be attributed to the
appearance of the (Bao3Sro7)TiOs phase, which, according to the literature, has a high
permittivity (&’r ~ 623) (53), and the secondary phase of SrTiO3, which has a significantly
higher €’; compared to the BTS ceramic matrix (¢’; ~ 18.90) (12-14, 54-56).

It can be observed that as the frequency increases, the values of €’; decrease. This
phenomenon is related to the polarization process to which the material is subjected in the
frequency range analyzed, which, in this case, is dipole polarization. As the frequency
increases, the total polarization of the system decreases because the intrinsic dipoles of the
samples cannot keep up with the applied electric field; €’ follows the polarization trend and
decreases. This phenomenon is explained by the theoretical model of two layers of Maxwell-
Wagner-Sillars (MWS) (57-58).

According to this model, the structure of the materials consists of layers of
conductive grains intercalated by insulating grain boundaries (56-59). Thus, at low
frequencies, charge carriers accumulate at the boundaries of the resistive grains, while at high
frequencies, the carriers are present in the conductive grains and can move with greater

freedom (56-59).

Figure 35 - Room temperature permittivity vs. frequency.
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Source: Prepared by the author.
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The spectra of ¢’ with temperature variation (300°C — 380°C) are shown in Figure
36. It is observed that ¢’ increases with the rise in temperature; however, the samples still

exhibit behavior consistent with the Maxwell-Wagner-Sillars model.

Figure 36 - Permittivity of samples with frequency and temperature variation.
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Figure 37 shows the behavior of conductivity versus frequency for the temperature
range 300°C — 380°C, with a numerical fit performed using Jonscher's equation (universal
power law) in equation 62 (59-64).

o' =opc+A()". (62)

o': total conductivity; opc: Direct current conductivity4, n: thermally activated quantities; w.

frequency

The importance of this analysis lies in the fact that the numerical values of 4 e n and
n in Jonscher's equation have a physical meaning that appropriately explains the conduction
process (59-64). The parameter A provides the polarization intensity (61, 62), and the
parameter n determines the type of charge carrier hopping (61, 62). Thus, n can be divided
into two cases: when n < 1, the charge carriers perform translational hopping (61, 62).
However, for n > 1, the charge carriers perform localized hopping in their vicinity (61, 62). It

is noted that the charge carriers in the samples only performed translational hopping (n < 1).

Table 2 Adjustment of AC conductivity parameters using Jonscher's power law.

Temperature (°C)  opc (€/m) A n R?
BTS
300 1.41 x10°% 1.20x10° 0.761 0.999
320 8.64x10° 1.88x10®% 0.774 0.993
340 7.53x10° 1.64x10° 0.843 0.994
360 5.10 x 10* 4.54 x 1071 0.879 0.998
380 7.38 x10* 595 %101 0.904 0.999
Temperature (°C) o'pc (£2/m) A n R?
BTS5
300 7.35x107 2.94x10° 0917 0.991
320 5.03x10°% 3.13x10% 0.869 0.993
340 2.17x10° 1.44x107 0.818 0.992
360 1.25x10%* 5.20x 10° 0.785 0.994

380 3.46 x 10* 253 x10° 0.772 0.997




Temperature (°C) o'pc (€2/m) A n R?
BTS10
300 599 x 107 1.49x107° 0.782 0.995
320 2.68 x 106 4.08 x10° 0.753 0.998
340 142 10° 121 x10% 0.712 0.994
360 1.65x10* 2.81 x10% 0.687 0.991
380 6.72 x 10% 3.46 x 10° 0.632 0.998
Temperature (°C) o'pc (€/m) A n R?
BTS15
300 3.18 x 10°% 9.18 x 107 0.651 0.990
320 2.95x10°% 321 x10% 0.638 0.999
340 7.68 x 10% 5.10x10%  0.591 0.996
360 6.50 x 10° 3.71x 107  0.569 0.997
380 4.45x10% 299 x10°% 0.522 0.993
Temperature (°C) o'pc (€/m) A n R?
BTS20
300 1.98 x 10 1.84x10°% 0.536 0.999
320 3.49 x 10 1.55x 107 0.520 0.995
340 2.12x10° 1.65x 107 0.507 0.996
360 143 x10* 6.11 x107 0.475 0.992
380 2.57x10* 3.81x10° 0.406 0.991

Source: Prepared by the author.
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Figure 37: Conductivity spectra with temperature variation.
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Figure 38 shows the spectra of imaginary impedance (Z") at different temperatures
(300°C — 380°C). It was observed that the values of Z" increase around 10 Hz — 1 KHz for
BTS, while the other composites (BTS —5STO, BTS — 10STO, BTS — 15STO, BTS — 20STO)
show an increase in the range of 10 Hz — 100 Hz. Furthermore, the peaks of imaginary
impedance gradually shifted to higher frequencies, showing broadening and asymmetry as the

temperature increases, indicating a non-Debye behavior and highlighting a temperature-

dependent phenomenon (59-64).

Figure 38 (a-e) Z’’Spectrum as a function of temperature for all samples.
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5.4 Nyquist Diagram

Figure 36 shows the Nyquist diagrams (—Z" x Z') of the samples. The behavior of these
diagrams consists of semicircles, which are consistent with the non-Debye behavior of
dielectric materials (62—64). As shown in Figure 39, an equivalent circuit composed of two
parallel associations of a resistor (R) and a constant phase element (CPE) was used to
determine the dielectric contributions of the grain and grain boundary of the samples (14, 54,
55, 60—64). Through this model, it is possible to extract parameters from the grains and grain
boundaries, which typically exhibit different electrical and microstructural characteristics

(60—64). The total impedance of the circuit can be calculated using Equation 63.

Zr(w) = Zg(w) + Zgp(w) (63)
Ry + qR2w"cos (2~ R2w"sen (2£
Zy(w) = - - ( 2 ) —Jjq - ( 2 ) (64)

R%qza)Zn + Zqua)nCOS (TLTT[) +1 R%quZn + Zquwncos (n?ﬂ) +1

R, + CIRga)ncos (nTH) . R%w"sen (TlTTT)
—J
quzwzn + 2R;qw™cos (71771) +1 qu2w2n + 2R,qw™cos (nTR) 41

Zbg(w) = (65)

q: proportionality factor; n = - 1; inductive behavior; n = 0; resistive behavior; n =+ 1;
capacitive behavior.

The characteristics of the equivalent circuit for each sample are shown in Rg (grain
resistance), Pg (grain capacitance), ng (electrical nature exponent in the grain), Rgp (grain
boundary resistance), Pgb (grain boundary capacitance), ngp (electrical nature exponent of the
grain boundary). The values of ng and ngp for all samples remained in the range of 0.8 < n <
1 for both the grain and the grain boundary. Thus, the samples exhibit a strong capacitive
character, indicating that electrode surface roughness or charge carrier accumulation are the
likely causes of this capacitive tendency (60—64). These parameters were obtained through
numerical simulations using the software Electrochemical Impedance Spectroscopy Spectrum

Analyzer (EISSA®) (62).



Table 3 — Equivalent Circuit Parameters from 300°C to 380°C.
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Temperature (°C) Grain Grain boundary
Re (@ Py(F) ne  Rp(Q) Py (F) ng
BTS
300 9.31 x 10°  1.35x1071° 0.79 443 x10*  5.01 x10?° 0.80
320 7.30 x 10°  8.08 x1071° 0.99 6.91 x 10°  4.75 x 107 0.98
340 1.96 x 10°  1.66 x1071° 0.94 1.49 x 10° 8.29 x107 0.98
360 9.14 x10°  5.02 x10°1° 0.95 247 x10° 4.73x107 0.91
380 1.96 x 10°  9.87 x10°1° 0.97 8.62x10° 3.61 x107 0.97
BTS-5STO
300 9.75x 107 2.92x1071° 0.91 292 x10°  2.85x107 0.91
320 537 %107  1.30 x1071° 0.93 418 x10° 1.30x107 0.92
340 5.94x10° 833 x1071° 0.95 8.43 x 10° 8.83 x107 0.94
360 3.71 x10°  3.64 x10°1° 0.97 3.53 x 10° 1.62 x 107 0.95
380 1.01 x 10> 2.69 x10°1° 0.98 1.01 x 10> 123 x10? 0.96
BTS-10STO
300 5.95x107  2.96x1071° 0.90 2.76 x 10° 1.24 x 107 0.89
320 228 x 107 3.46 x10°1° 0.91 542x10° 2.47x 107 0.90
340 8.12x10° 6.37 x1071° 0.93 9.93 x 10° 4.17 x107 0.91
360 5.92x10° 9.88 x10°1° 0.94 7.80 x 10°  8.42x 107 0.93
380 1.16 x 10> 4.31 x10°1° 0.95 4.60 x 10> 4.89x10? 0.94
BTS-15STO
300 249 x10%  8.02x1071° 0.89 1.68 x 10° 5.02x 107 0.89
320 8.73 x10% 1.32x1071° 0.90 9.97 x 10° 2.78 107 0.91
340 1.12x10°  6.87 x10°1° 0.91 9.73 x 10° 6.87x107 0.94
360 2.33x10°  5.59 x10°1° 0.92 7.54 x10°  5.02x107 0.93
380 1.94 x 10° 531 x10°1° 0.93 2.80x10° 143 x10° 0.92
BTS-20STO
300 1.35x10%  1.09x1071° 0.85 6.92 x 10° 1.58 x 107 0.86
320 298 x 10° 1.76x10°1° 0.86 1.52 x 10° 1.14 x107 0.87
340 5.56 x10° 1.87 x1071° 0.88 428 x 10*  3.50x 107 0.90
360 9.99 x 10°  1.97 x1071° 0.91 8.06 x10°  7.18 x 10 0.92
380 1.25x10%  3.15x10°1° 0.92 1.56 x 10> 3.15x 107 0.93

Source: Prepared by the author.
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Figure 39 Nyquist plot with an electrical equivalent circuit for all samples.
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Activation energy (E.) is a parameter associated with charge movement or dipole
reorientation (14, 54, 55, 60-64). Consequently, the activation energy was calculated using the
Arrhenius equation based on conductivity (') through Equation 66, and also derived from

the peak frequency of imaginary impedance (fnax) using Equation 67 (14, 54, 55, 60-64).

E, = —kT -In <i> (66)
0o
T fmax (67)
E, = —kT ln( A )

Where: oo, fo: pre-exponential factors for conductivity and imaginary impedance
frequency, respectively; f.... peak frequency of Z"; E,: activation energy; k: Boltzmann
constant; 7: absolute temperature in Kelvin.

As shown in Table 4 and Figure 40, the activation energy was observed to increase
with higher SrTiOs content in the samples. This rise in activation energy is explained by the
known activation energy values of SrTiOs; (E. = 1.31 eV) and the secondary phase
(Bao.3Sr0.7)T105 (Ea = 1.024 eV) (65, 66). Additionally, a strong numerical agreement was

noted between the activation energies calculated from ¢' and Z".

Table 4 Activation energy obtained by ¢’ and Z".

Samples Ea/ o’ (eV) Ea/Z”>’ (eV)
BTS 1.76 1.73
BTS5 1.82 1.80
BTS10 1.84 1.82
BTSI15 1.86 1.83
BTS20 1.93 1.92

Source: Prepared by the author.
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Source: Prepared by the author.

The Thermal Capacitance Coefficient (TCC) indicates how the dielectric’s
capacitance changes in response to temperature variations at various operating frequencies
(14, 54, 55, 60—64). The TCC was calculated using Equation 64 in the temperature range from
30 to 100 °C.

_ C100 — C39 (64)
C30(100 — 30)

Tce
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Where Cioo is the capacitance measured at 100 °C and Cso is the capacitance
measured at room temperature 30 °C.

The TCC results shown in Table 5 were obtained in the frequency range of 100 Hz
to 1 MHz. The BTS-10STO and BTS-15STO samples exhibited the lowest TCC values
among the analyzed samples, falling within the range of 1500 ppm/°C. Materials within this
TCC range have high potential for application as Class 1 capacitors (61).

Table 5 TCC values for all samples.

Source: Prepared by the author.

5.5 Dielectric Analysis in the Microwave (MW) Range

Initially, a 3% concentration (BTS-3STO) was added, as this sample, as shown

TCC (ppm°C1)/1000
Samples Frequency

100 Hz 1 KHz 10 KHz 100 KHz 1 MHz

BTS -6.56 -6.31 -5.92 -5.24 -4.59
BTS-5STO -5.52 -4.91 -4.00 -3.57 -3.32
BTS-10STO -1.03 -0.86 -0.76 -0.60 -0.54
BTS-15STO -0.70 -0.64 -0.54 -0.41 -0.31
BTS-20STO -1.31 -1.25 -1.07 -0.94 -0.81

later, exhibits high thermal stability. Subsequently, the samples were analyzed using the
Hakki-Coleman technique, which allowed the extraction of the following parameters: &,
(relative permittivity), tgd (dielectric loss tangent), and Q (quality factor) in the microwave
range (67). It is worth noting that the ceramic pieces were geometrically favorable for this
measurement, meaning the ratio between the diameter (D) and height (a) was 2:1 (67). Table
6 shows the corresponding parameters for each sample. It is observed that with the increase
in STO addition, there is a growth in permittivity (&) up to the BTS-10STO composition,
accompanied by an increase in the loss tangent (tgd). However, above this concentration, a
reduction in tgd and an increase in the Q are observed. The BTS-20STO sample stands out for

presenting the lowest loss tangent and the highest quality factor.

Table 6 — Microwave Measurements Obtained by the Hakki-Coleman Method.
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Samples a(mm) D (mm) &r Tgd (103%) 0
BTS 5.07 10.42 9.69 18.79 53.64
BTS-3STO 4.87 10.19 10.29 23.47 42.93
BTS-5STO 4.85 10.18 10.42 31.48 32.04
BTS-10STO 4.79 10.50 10.12 35.12 28.71
BTS-15STO 5.04 10.82 9.56 22.19 4543
BTS-20STO 5.06 10.79 11.42 9.01 110.50

Source: Prepared by the author.

5.6 Microwave (MW) Range Dielectric Analysis

The results of the thermal analysis using the Silva-Fenandes-Sombra method are
shown in Table 7. It was observed that as the concentrations of STO were added, the thermal
stability, i.e., the temperature coefficient of the resonance frequency (tr) , decreased. The
reduction of tr in the samples was expected, as STO has tr (68). The BTS-3STO sample is
within the ideal range to be applied as a DRA, as its tr~ 1700 ppm/°C (68). The BTS-3STO
sample is within the ideal range to be applied as a DRA, as its tr s within the £10 ppm/°C

range (44). Figure 41 illustrates the tr graph as a function of the STO concentrations.

Table 7 - Measurements of (tr) obtained from the samples.

Samples 17 (ppm/°C)
BTS -47.56
BTS-3STO 9.23
BTS-5STO 40.55
BTS-10STO 55.70
BTS-15STO 78.54
BTS-20STO 107.95

Source: Prepared by the author.

Figure 41 — 1r vs. STO concentration plot.



Source: Prepared by the author.

5.7 Analysis of the Numerical Simulation of DRAs
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Finally, the data from the Monopole Measurements were used, which measured

the reflection coefficient (Si1), resonance frequency (f;), and the real and imaginary

impedances (Z’, Z°’). These experimental data are presented together with the simulated

results from HFSS in Table 8. Thus, there is a noticeable good agreement between the

experimental and simulated results for all variables, with errors within the range of 5%. It is

also observed that, as the percentage of STO in the samples increased, the resonance frequency

decreased.

Table 8 — Experimental and simulated measurements of f-, Si1e Z’.

Source: Prepared by the author.

ﬁ (GHZ) Su (dB) Z’peak ( Q)

Exp. Sim. error Exp. Sim. error Exp. Sim. error

(%) (%) (%)

BTS 542 541 024 2757 -2731 094 181.39 173.67 4.19
BTS-3STO 5.34 533 0.18 2656  -27.17 224 161.13 164.16 1.88
BTS-5STO 525 526 0.19 -33.12  -34.27 347 221.75 230.86 4.12
BTS-10STO 5.17 5.19 0.38 -23.31 -24.18 373 138.78 139.57 0.56
BTS-15STO 4.80 481 0.20 2898  -3043 500 124.19 125.13 0.75
BTS-20STO 4.74 475 021 -30.92 -3198 342 118.89 11992 0.86
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Figures 42 and 43 show, respectively, the graphs of the S11 parameter as a function
of the operating frequency and the real and imaginary impedances (Z' and Z"), also as a
function of the operating frequency. From these, it is possible to better observe the numerical

agreement between the input data and the simulated results of the DRAs.

Figure 42 — Experimental vs. simulated Si1 parameters.
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Figure 43 — Experimental vs. simulated Z' and Z" plots.
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Lastly, the antenna parameters, which were Gain, Directivity, and electromagnetic
efficiency, were calculated using HFSS. Table 9 shows these results for all samples. All
samples exhibited high efficiency (>96%), especially the BTS-20STO sample, which had the
highest gain and directivity.

A general trend was observed where the addition of STO improved the antenna
parameters and ensured high electromagnetic efficiency. The gain in dBi of the DRAs is

shown in Figure 44.

Table 9 — Radiation characteristics: gain, directivity, and radiation efficiency.

Antenna Gain (dBi) Directivity (dBi) Efficiency (%)
BTS 4.78 4.94 96.76
BTS-3STO 4.73 4.84 97.72
BTS-5STO 5.02 5.13 97.85
BTS-10STO 5.09 5.28 96.25
BTS-15STO 4.83 5.01 96.40
BTS-20STO 5.74 5.89 97.35

Source: Prepared by the author.



Figure 44 — 3D gain patterns (in dBi) of DRAs.
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6 CONCLUSIONS

In this thesis, the effects of SrTiOs (STO) addition on the structural and dielectric
properties of BTS in the radio frequency (RF) and microwave (MW) ranges were investigated.
X-ray diffraction analysis demonstrated that the addition led to the formation of a secondary
Bao3S10.7TiO3 (BSTO) phase. The material morphology was studied using scanning electron
microscopy, revealing a dependence of grain size on the SrTiOs content.

Subsequently, the electrical properties of the samples in the RF range were
studied using impedance spectroscopy (IS), where it was observed that the relative dielectric
permittivity (e-) progressively increased with STO additions. Through conductivity and
impedance analysis, it was possible to conclude that the relaxation effects observed in the
samples may have been caused by the Maxwell-Wagner mechanism.

The temperature coefficient of capacitance (TCC) was evaluated, and the BTS—
10STO and BTS—-15STO samples exhibited values closest to the suitable range for capacitive
component applications (£1500 ppm°C™!). Regarding activation energy, an increase in its
value was observed with the addition of SrTiOs, which is attributed to the presence of the
secondary BSTO and STO phases, with E. = 1.024 eV and E. = 1.31 eV, respectively.

Concerning dielectric analysis in the MW range, the results indicated that both the
resonant frequency (f-) and the temperature coefficient of resonant frequency (tr) decreased
with increasing STO content. The significant reduction in tr can be explained by the high
positive 1 value of STO (1t ~ 1700 ppm/°C). Numerical simulations using HFSS were
employed to analyze the materials' behavior as dielectric resonators (DRAs). It was found that
all ceramic composites exhibited a return loss (S11) below —10 dB, gain between 4.78 and 5.74
dBi, and radiation efficiency above 96%. Based on the obtained results, BTS and its
composites with STO are excellent candidates for DRAs operating in the C-band (4-8 GHz).
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7 FUTURE PERSPECTIVES

e Doping BTS with rare-earth ions (Nd**/Tm?**) to apply these composites in optical
devices (markers).

e Producing new ceramic composites by adding CoFe20a to the BTS ceramic matrix for
application as magnetic sensors.

e Testing BTS-STO composites using impedance spectroscopy at low temperatures

(cryogenic temperatures) to assess potential applications in electronic components.
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ABSTRACT ARTICLE HISTORY

In this work, the influence of the addition of Bi;O3 on the dielectric Received 27 January 2021
properties in the microwave range of BiCuzTizFeO;, (BCTFO) ceramic Accepted 12 August 2021
matrix and its potential application as a dielectric resonator antenna KEYWORDS

are analysed. X-ray diffraction shows that a reaction between BCTFO BiCusTisFeOs; (BCTFO);
and Bi;O3; occurs that results in the formation of new crystalline antennas; microwave;
phases. The morphology of the samples is studied by field-emission composite; dielectric
scanning electron microscopy and demonstrates a dependence of resonator antenna (DRA)
the grain size on the Bi;O3; content. From the Mdssbauer spectro-

scopic analysis, it is found that the Fe** ions replace the Ti** in the

crystalline structure. The addition of Bi;O3 also reduces the dielectric

permittivity (¢,), dielectric loss (tan §) and the coefficient of the reso-

nance frequency (z¢) values. Finally, numerical simulations are carried

out in order to obtain the antenna parameters and they demonstrate

that BCTFO could be a potential candidate for devices operating in

the S-band.

1. Introduction

Electroceramic materials are known to exhibit interesting physical properties, such as
electro-optical, acoustic-optical and non-linear dielectric effects, superconductivity and
magnetism, which allow them to be applied in a wide range of applications. In particu-
lar, the dielectric properties of electroceramics, such as high permittivity and low losses,
are crucial because they enable reductions in the size and cost of electronic components.
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ABSTRACT

This work presents the dielectric properties of Ba,TiSi,Oy in the Radiofrequency
(RF) and Microwave (MW) regions. X-ray diffraction analysis showed that the
material was obtained as a single-phase without the presence of spurious
phases. Complex impedance spectroscopy demonstrated that there was no
significant change of permittivity with temperature, whereas the dielectric loss
was less than 1. Nyquist diagrams were modelled through an equivalent circuit
using two associations of R-CPE related to the grain and the grain boundary
effects. The MW analysis showed ¢, = 11.01 and tan & = 4.55 x 107, values that
are close to the results obtained in the RF region. Moreover, the t; value for
Ba,TiSi,05 was equal to — 47 ppm/°C which is close to the values adequate for
a microwave device application. The numerical simulation demonstrated the
operation of the material as a Dielectric Resonator Antenna (DRA), where a
reflection coefficient below — 10 dB, a realised gain of 6.739 dBi, a bandwidth of
452,96 MHz and a radiation efficiency around 100% were observed. The results
indicate that Ba,TiSi;Os would be an interesting candidate in microwave
operating devices in the C-band, as well as in devices operating in RF.
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HIGHLIGHTS
* BaMoO, - Ca1i05 composites d trated thermal-stability in the microwsve region.

o New LTCC materials were oblained based on BaMoO,4 and CaTiO; phases,
© DRAs investigated can be used in S and C-band applications.

ARTICLE INFO ABSTRACT
Keywords:

Ceramic composite. barium molybdate.
calcinn titanate. dielectric properties

This work presents the study of the diclectric propertics in the microwave region (MW) of BaMoO4 ecramic and
composites with CaTiOz (CTO). The BaMoO4 matrix was synthesized by solid state reaction and characterized by
X-ray diffraction. Ceramic composites were obtained by adding 20-80 mol% of CTO in the BaMoO4 matrix. The
Silva-Fernandes-Sombra method was used to the freq 'y temperature coefficient (rg), and
the BaMoO; composite with 20% CTO showed an adequate value of relative dielectric permittivity (¢, = 8.90),
low dieleetric loss tangent (tan & = 9.89.10 ") and 7 close to zero (77 = 3.48 ppm “C ). BMO and its composites
were applied as diclectric resonator antennas, and their far-ficld parameters were obtained through numerical
simulation.

1. Introduction

Dielectric ceramics have attracted great attention from research and
industry sectors due to their high values of permittivity and low values
of dielectric loss, characteristics that give these ceramics the possibility
of miniaturization and applications in various electronic circuits [1-5].

Barium molybdate, BaMoO4 (BMO) is one of the most important
inorganic materials among the molybdate families. This ceramic has a
Scheelite-like structure and has numerous applications including solid
state lasers, optical fibers, among others [6,7]. In the microwave region
(MW) the BMO has the following properties: low relative dielectric
permittivity (¢, = 9.84), low loss tangent (tan § = 510 1), and moderate

value of the temperature coefficient of the resonant frequency (ry - - 64
ppm °C '), properties that are relevant for applications in devices that in
this frequency range [5,9].

The 7y of the BMO is far from the value considered ideal —10 < 7y <
10 ppm “C ™}, however, there is the possibility of ob g a compound
in this range of values, through the manufacture of ceramic composites
with other ceramic materials with values of 1y positive. Many titanates
from the perovskite family have positive ¢ values such as CaTiO3 (CTO)
[1]. Thus, they are promising candidates for the fabrication of a ceramic
composite with 7, close to zero. CTO was chosen because of its wide
range of technological applications, from microwaves to radio fre-
quencies, and for its dielectric interesting properties: £, = 156.83, tan §
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ANNEX D - EVALUATION OF THE Sr:TiSi20s CERAMIC MATRIX FOR
RADIOFREQUENCY AND MICROWAVE APPLICATIONS. JOURNAL OF
MATERIALS SCIENCE: MATERIALS IN ELECTRONICS.
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Accepted: 19 January 2023 This paper reviews the dielectric properties of Sr,TiSi,Og (STS) ceramic in the

radio frequency (RF) and microwave (MW) regions. X-ray diffraction (XRD)
© The Author(s), under  analysis is used to demonstrate that a small secondary phase of SrTiO; is present
exclusive licence to Springer  in a synthesised STS ceramic. Complex impedance spectroscopy is performed,
Science+Business Media, LLC,  and the typical permittivity values of ceramic materials are observed. Nyquist
part of Springer Nature 2023 diagrams are fitted based on an equivalent circuit using two associations of
R-CPE related to the grain and the grain boundary effects. A dependence study
of the changes in AC conductivity with frequency at different temperatures
demonstrates that the conduction process is thermally activated, and a value of
1.0 eV is obtained for the activation energy. In the MW range, we observe values
of &, =127, tan 6 = 1.3 x 107, and 7 = — 6.1 ppm/°C, indicating interesting
properties for applications in devices that operate in the MW region. A
numerical simulation is employed to evaluate STS ceramic as a dielectric res-
onator antenna, and we observe a reflection coefficient of below — 10 dB, a
realised gain of 4.6 dBi, a bandwidth of 475 MHz, and a radiation efficiency of
around 75%. The properties of the STS matrix presented here indicate that this
ceramic would be a suitable candidate for the operation of devices in the
C-band, as well as in devices operating in the RF range.
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ANNEX E - ENHANCED MICROWAVE DIELECTRIC PROPERTIES OF THE
Ba:TiSi20s CERAMIC BY THE ADDITION OF TIO:. JOURNAL OF ELECTRONIC
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matrix
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Abstract

The present work shows the dielectric properties of (100-X)Ba,TiSi,04~(X)TiO, composites (X in wt%) at radio frequency
(RF) region (<300 MHz). X-ray diffraction and Rietveld’s refinement showed the presence of Bay(Ti;uSisx)y0y (BTSO)
phase in the studied composites. To analyze the relationship between the electrical properties and the microstructure of the
matrix and composites, Impedance spectroscopy (IS) was used. The applied model that best describes the behavior found in
the samples is the Havriliak-Negami model. From the IS it was observed that the dielectric relative permittivity presented
high values in BTS10 (X =10%) and BTS20 (X =20%) which allows classifying them as Colossal permittivity materials. This
is an important result due to the potential for applications in new storage systems, capacitive devices and microelectronics.
Nyquist diagrams were employed to evaluate the contribution of the grain and grain boundary in the electrical response of
the samples and fitted employing an equivalent circuit with two associations of R-CPE (constant phase element). Temperature
coefficient of capacitance (TCC) was also obtained and it was possible to observe that there was an increase in the TCC value
for the compounds in all frequencies. In addition, IS demonstrated that the activation energy decreasing with TiO, addition
indicating a decrease in the resistive character of the materials.

Keywords Colossal permittivity - Ba,TiSi,04-TiO, composites - Impedance spectroscopy (IS)
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ANNEX F - STUDY OF ELECTRICAL PROPERTIES WITH TEMPERATURE
VARIATION BY COMPLEX IMPEDANCE SPECTROSCOPY (CIS) AND EFFECTS
ON THE Ba:TiSi20s-TiO2 MATRIX. APPLIED PHYSICS A
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Abstract

This work studies the dielectric properties in the microwave region (MW) of the Ba, TiSi,0 (BTS) ceramic with TiO, addi-
tions and its applications as a diclectric resonator antenna (DRA). In this study, structural characterization through x-ray
diffraction (XRD) is performed and the Rietveld refinement is used to confirm the phases formed. Analysis of the morphology
of the materials is performed using scanning electron microscopy (SEM). The resonant frequency temperature coefficient ()
reveals a variation from — 47.0 ppm°C~" to + 16.5 ppm°C~". The dielectric properties in the MW region reveal an increase
in the diclectric permittivity (¢,) and a decrease in the loss tangent (tand) of the samples. Numerical simulation shows good
fits of the experimental data, with gain and directivity standing out, ranging from 4 dBi to 6 dBi and radiation efficiency
below 80%. The results demonstrate that the samples can operate in C-band electronics, Wi-Fi devices, meteorological radar
systems, etc.

Keywords Diclectric properties - microwave - Ba,TiSi,Og - DRA - numerical simulation

Introduction communication circuits. They also have advantages over

other devices, as they are easily compressed and integrated

The need for technological innovation, miniaturization of
clectronic components, and the rise of microwave engineer-
ing has contributed strongly to a rapid expansion in the
search for dielectric resonators (DR). DRs are extremely
versatile and can assume different functions, such as
oscillators, amplifiers, tuners, and antennas in microwave
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into electronic circuits, with reduced antenna sizes, and
avoiding radiation losses.' Ceramic materials are interest-
ing candidates for these applications due to their low loss,
moderate dielectric constant (¢,), and other properties.*™
Initial reports of Ba,TiSi,Og (BTS) ceramic dates back
to 1960, when it was first observed at Rush Creek.”'! BTS
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ANNEX G - INCREASED THERMAL STABILITY AND DIELECTRIC
PROPERTIES OF Ba:TiSi20s-CaTiOs COMPOSITES FOR HIGH FREQUENCY.
APPLIED PHYSICS A
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Increased thermal stability and dielectric properties of Ba,TiSi,O4-
CaTiO; composites for high frequency applications
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Abstract

This work mvestigated composites formed from Ba,TiS1,0; — CaTi0, m the microwave region. as well as their dielec-
tric properties, dielectric permitavity (g°,), dielectric loss {fan 4), and quality factor (Q x ). Solid-state synthesis was
employed for the preparation of the Ba,Ti51,0; ceramic matrx and the composites were obtamed by mixing the matrix
with 196, 3%, 3% and 9% CaTiO, by weight. The structural characterization was performed through X-ray diffraction
(XFD), and the phases were confirmed by Fietveld refinement. Scanming electron microscopy (SEM) was performed to
analyze the surface morphology of the samples. The temperature coefficient of resonant frequency (z) was obtamed to
verify the thermal stability of the samples. An analysis of . obtained through the Silva-Fernandes-Sombra (SF5) method,
revealed that the addition of 3% CaTiO; provided a significant imoprovement in the thermal stability of the material
(BTS3, 1,=-9.57 ppm°C™ Y. Tt is noteworthy that the value obtained for this parameter is within the range required for
applications in electronic devices operating in the microwave region. The Hakki-Coleman method was used to analyze the
dielectric properties of the samples in the mcrowave region. through which it was possible to observe a subtle increase in
the dielectric permuttivity (11.00=¢, = 16.71) and a decreased level of the dielectric loss (fam &) of the samples. Finally,
the dielectnc resonator anterma (DEA) confisuration was used to analyze the potential of the samples operating m the
HE,,; mode.

Keywords Ceranmcs - Ba,T151,0,-CaTi0; - Dielectric properties - Microwave - DREA

1 Introduction enabling a search for new materials with specific properties.

In this context, dielectric ceramics stand out, as their appli-
Inorganic matenials can be used in a wide range of appli-  cation in the MW commumications industry has allowed for
cations [1-3], whereas Microwave (MW) commumications  the reduction of costs and sizes of electronic components,
have become pillars in the progress of global technology,  duoe to therr high dielectnic pemmittivities (g°,). low dielectric
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ANNEX H - EFFECT OF Bi:03 ADDITION ON THE DIELECTRIC PROPERTIES IN
RADIO FREQUENCY RANGE OF THE BiCu3TisFeO12 MATRIX. EMERGENT
MATERIALS
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Effect of Bi,0, addition on the dielectric properties in radio frequency
range of the BiCu,Ti;Fe0,, matrix
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Abstract

In this work, impedance specroscopy (I5) was used to examine the dielectric characteristics of the BiCu,Ti:Fe(, ; ceramic
matrix added with bimmuth oxdde (BL,0,) at differant concentrations. The presence of new cryvstalline phases in the com-
posites was investizated using the 3-rav analyzis (Fietveld refinement method). Impedance spectroscopy (I5) was used to
smdy the dielectric properties of the samplas in the radiofrequency region (<300 MHz). Furthermore, the IS allowed the
study of the nanire of the impedances and determined the activation enerzy {Ea) which show that the additions of BiyOy
contributed to the increase in the activation emergy. The Mvgquist diagram was used and, throush an equivalent cironit
formed by an sszociation with two resistors, each in parallel with a constant phaze element (CPE}), it was possible to
numerically determine the behaviors of the grain and contour grain effects of the ceramic samples. In addition to dielectric
analyziz, impedance specroscopy messurements were carried out to smdy the namre of impedance, and the measured data
was alzo fitted to the famous Cole—Cole spectinam. The contribution of the grain and grain boundary to the resistance and
capacitance for Biy(0); replacement was calculated from the theorstical fitted data. The capacitance coefident of tempera-
ture {TCC) was obtained and its values demonstrate that the Bi,(, additions cansed an incresse in the thermal stability
of the composites in relation to the pure matriz.

Keywords Impedance spectroscopy - BiCu,Ti,FeO,, - Caramic composites - Bi0,
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ANNEX I - PATENT APPLICATION: UM NOVO COMPOSITO DE BiCusTiz;FeO12
(BCTFO) ADICIONADO COM OXIDO DE BISMUTO (Bi:0;) COM
COEFICIENTE DE TEMPERATURA DA FREQUENCIA RESSONANTE
(€] PROXIMO DE ZERO NA REGIAO DE MICRO-ONDAS.

17020200058005A2

(21) BR 102020005805-3 A2 ‘
(22) Data do Depésito: 24/03/2020 .

Repiiblica Federativa do Brasil  (43) Data da Publicacdo Nacional: 05/10/2021

Ministério da Economia
Instituto Nacional da Propriedade Industrial

(54) Titulo: UM NOVO COMPOSITO DE BICU 3 TI 3 FEO 12 (BCTFO) ADICIONADO COM OXIDO DE BISMUTO (Bl 203)
COM COEFICIENTE DE TEMPERATURA DA FREQUENCIA RES- SONANTE (T F ) PROXIMO DE ZERO NA REGIAO DE
MICRO-ONDAS

(51) Int. Cl.: C25B 11/04; B82Y 40/00; B82Y 30/00.
(52) CPC: C25B 11/04; B82Y 40/00; B82Y 30/00.

(71) Depositante(es): UNIVERSIDADE FEDERAL DO CEARA.

(72) Inventor(es): ANTONIO SERGIO BEZERRA SOMBRA; DIEGO DA MOTA COLARES; DANIEL BARROS DE FREITAS;
ROTERDAN FERNANDES ABREU; SEBASTIAO JUNIOR TEIXEIRA VASCONCELOS.

(57) Resumo: UM NOVO COMPOSITO DE BICU3TI3FEO12 (BCTFO) ADICIONADO COM OXIDO DE BISMUTO (BI203) COM
COEFICIENTE DE TEMPERATURA DA FREQUENCIA RESSONANTE (?F) PROXIMO DE ZERO NA REGIAO DE MICRO-
ONDAS. Nesta patente um novo compésito BiCu 3 Ti 3 FeO 12 (BCTFO) adicionado com 6xido de bismuto (Bi 2 O 3 ) nas
proporgoes de 20% 40%, 60%, 80% e 93% foi fabricado e estudado na regido de micro-ondas. O coeficiente de temperatura da
frequéncia ressonante (t f ) apresenta valores bastante interessantes, principalmente para o compdsito de 93%, onde o valor de (t
f ) foi muito préximo de zero (+9,56 ppm/°C). Essas propriedades garantem que ele pode ser usado com seguranga para o bom
funcionamento de componentes em circuitos de micro-ondas, antena ressoadora dielétrica (DRA), além de outros componentes
eletrénicos de grande importancia utilizados em microeletrénica.
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ANNEX J - PATENT APPLICATION: SINTESE E CARACTERIZACAO DO
COMPOSITO DE VANADATO DE LANTANIO LaVOs (LVO) E DIOXIDO DE
TITANIO (TiO2) COM COEFICIENTE DE TEMPERATURA DA FREQUENCIA
DE RESSONANTE (z) PROXIMO DE ZERO VISANDO A SUA APLICACAO EM
ENGENHARIA DE MICRO-ONDAS

21 R 102020020636-2 a2 [ [1HIIANTUMINELL

(22) Data do Depdsito: 07/10/2020
Repiiblica Federativa do Brasil  (43) Data da Publicacdo Nacional: 19/04/2022

Ministério da Economia
Institutn Macional da Propriedade Industrial

(54) Titulo: SINTESE E CARACTERIZAGAO DO COMPOSITO DE VANADATO DE LANTANIO LAVO4 (LVO) E DIOXIDO DE
TITANIO (TI02) COM COEFICIENTE DE TEMPERATURA DA FREQUENCIA DE RESSONANTE (TF) PROXIMO DE ZERO
VISANDO A SUA APLICACAO EM ENGENHARIA DE MICRO-ONDAS

(51) Int. Cl.: CO1F 17/229; C01G 23/08.
(52) CPC: CO1F 17/229; C01G 23/08; CO1P 2006/40.

(71) Depositante(es): UNIVERSIDADE FEDERAL DO CEARA.

(72) Inventor(es): ANTONIO SERGIO BEZERRA SOMBRA; YGUATYARA DE LUNA MACHADO.; VALERIA LIMA BES3A;
DIEGO DA MOTA COLARES; ANTONIO JEFFERSON OLIVEIRA DA SILVA; FRANCISCO NIVALDO AGUIAR FREIRE; JOAD
PAULO COSTA DO NASCIMENTO; TALLISON OLIVEIRA ABREU; MARCELO ANTONIO SANTOS DA SILVA.

(57) Resumo: Sintese e CaracterizacBo do compdsito de vanadato de lantdnio LaVO4 (LVO) e didxido de titdnio (TiO2) com
coeficiente de temperatura da frequéncia de ressonante (tf) préximo de zero visando a sua aplicagdo em Engenharia de
microondas. Nesta patente, um novo compdsito de vanadato de lantinio (LaVO4) e didxido de titdnio (TiO2) nas proporgdes de
13 %, 15 %, 20 % e 40% foram desenvolvidos e avaliados na regido de micro-ondas. O coeficiente de temperatura da frequéncia
de ressonante (tf) foi encontrado nas concentragbes de 13 % e 15 %, apresentando os valores de 6,87 ppm/°C e 8,61 ppm/°C,
respectivamente, 0s quais se encontraram dentro da faixa de limites aceitaveis entre (- 10 ppm/*C e + 10 ppm/°C) para a sua
aplicagdo na regido de micro-ondas. As propriedades obtidas, neste estudo, permitem gue este compdsito possa vir a ser
utilizado em dispositivos eletrénicos, bem como possam garantir o funcionamento adequado de circuitos eletrdnicos, da antena
ressoadora dielétrica (DRA), dentre outros componentes eletrdnicos de grande interesse industrial.

—— (Csavad)
Gk
~— (Plarnos oo Bragg)
] Dt - Catyial

Intonsitaso (ual




95

ANNEX K - PATENT APPLICATION: CRESCIMENTO DA ESTABILIDADE
TERMICA DA MATRIZ (Ba:TiSi20s) COM ADICAO DE TiO: PARA OPERACAO
NA REGIAO DE MICRO-ONDAS.

MCTMARR RNy

(21) BR 102021015932-4 A2

Republica Federativa do Brasil

Ministério do Desenvolvimento, Inddstria, (22) Data do Depésito: 12/08/2021
Comércio e Servigos (43) Data da Publicacdo Nacional:
22/02/2023

Instituto Nacional da Propriedade Industrial

(54) Titulo: CRESCIMENTO DA ESTABILIDADE TERMICA DA MATRIZ (BA2TISI208) COM ADIGAO
DE TIO2 PARA OPERACAO NA REGIAO DE MICRO-ONDAS

(51) Int. Cl.: CO4B 35/16.
(52) CPC: CO4B 35/16; CO4B 2235/3436; CO4B 2235/3234; C04B 2235/9607.

(71) Depositante(es): UNIVERSIDADE FEDERAL DO CEARA.

(72) Inventor(es): ANTONIO SERGIO BEZERRA SOMBRA; ROTERDAN FERNANDES ABREU;
DIEGO DA MOTA COLARES; TALLISON OLIVEIRA ABREU; FRANCISCO ALEKSON CHAVES
NOBREGA; ANTONIO JEFFERSON OLIVEIRA DA SILVA; SAMUEL OLIVEIRA SATURNO; FELIPE
RODRIGUES DA SILVA; JOAO PAULO COSTA DO NASCIMENTO; YGUATYARA DE LUNA
MACHADO.

(57) Resumo: CRESCIMENTO DA ESTABILIDADE TERMICA DA MATRIZ (Ba2TiSi208) COM
ADICAO DE TiO PARA OPERAGAO NA REGIAO DE MICRO-ONDAS. Algumas ceramicas avancadas
estdo sendo utilizadas como dispositivos na regido de micro-ondas, mas o problema é que a grande
maioria destas ndo tem estabilidade térmica. No entanto, é necessario sintetizar um compésito
ceramico que opere na regido de micro-ondas e tenha estabilidade térmica. Para solucionar este
problema, nesta invengdo é apresentado um novo compésito ceramico, formado pela a matriz
Ba2TiSi208 com adicdo de 6xido de titédnio (TiO2), que opere na regido de micro-ondas e tenha
estabilidade térmica. O composito ceramico foi sintetizado pela reagéo do estado sélido, em que os
reagentes precursores BaCO3, SiO2 e TiO2 foram calcinados a 1100 °C por 4 horas, apés a calcinagéo
a difragéo de Raios-X caracterizou a formagéo da matriz Ba2TiSi208. Confirmada a formagéo da fase,
foram adicionados TiO2 na matriz e formando pegas cilindricas que foram sinterizadas a 1200 °C por 4
horas. Apés a sintese foram obtidos compésitos formados pelo Ba2TiSi208 e com adi¢es de TiO2 nas
propor¢des de 10, 15, 20, 25, 30, 35 e 40%, que logo em seguida foram medidas sua estabilidade
térmica. A estabilidade térmica foi obtida pelo método (...).
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ANNEX L - PATENT APPLICATION: OBTENCAO DE NOVA MATRIZ
DIELETRICA Sr:TiSiz0s (SILICATO DE ESTRONCIO-TITANIO) COM ALTA

ESTABILIDADE TERMICA NA REGIAO DE MICRO-ONDAS.

4« BR102022015899aA2-

(21) BR 102022015899-1 A2

Republica Federativa do Brasil

Ministério do Desenvolvimento, Industria, (22) Data do Deposito: 11/08/2022
Comercio e Servigos (43) Data da Publicacéo Nacional:
20/02/2024

Instituto Nacional da Propriedade Industrial

(54) Titulo: OBTEN(;AO DE NOVA MATRIZ DIELETRICA SR2TISI208 COM ALTA ESTABILIDADE
TERMICA NA REGIAO DE MICRO-ONDAS

{51) Int. Cl.: HO1L 23/14; HO1L 23/15.

(71) Depositante(es): UNIVERSIDADE FEDERAL DO CEARA.

(72) Inventor(es): ANTONIO SERGIO BEZERRA SOMBRA; ROTERDAN FERNANDES ABREU;
MARCELO ANTONIO SANTOS DA SILVA; FELIPE FELIX DO CARMO; DIEGO DA MOTA COLARES;
FRANCISCO ALEKSON CHAVES NOBREGA; JOAO PAULO COSTA DO NASCIMENTO; TALLISON
OLIVEIRA ABREU.

(57) Resumo: OBTENCAO DE NOVA MATRIZ DIELETRICA SR2TISI208 COM ALTA ESTABILIDADE
TERMICA NA REGIAO DE MICRO-ONDAS. As ceramicas dielétricas s3o constantemente utilizadas na
fabricagdo de dispositivos que operam em circuitos eletronicos na regido de micro-ondas, mas um
problema comum que estas apresentam € a falta de estabilidade térmica. Desta forma, sintetizar uma
matriz ceramica que opere na regido de micro-ondas e possua alta estabilidade térmica, geralmente &
um desafio para os pesquisadores. Nesse contexto, esta invengdo propde uma nova matriz ceramica
Sr2TiSi208 (STS) que opera na regido de micro-ondas € possui uma alta estabilidade térmica. A matriz
ceramica Sr2TiSi208 foi sintetizada pela reagdo do estado solido, em que os reagentes precursores
(SrC03, Si02 e TiO2) foram misturados e moidos, formando a amostra que foi calcinada a 1200 °C por
6 horas. Para a caracterizagdo do STS foi realizada a difragdo de Raios-X que confirmou a formagdo da
fase ceramica Sr2TiSi208. Confirmada a fase, po resultante de STS foi compactado via pressao
uniaxial de 16,5 MPa, obtendo como resultado uma pega cilindrica que foi sinterizada a 1300 °C por 4
horas. Apos a sintese foi realizada a medida de Hakki-Coleman, obtendo os valores de (...).




97

ANNEX M - PATENT APPLICATION: ALTA ESTABILIDADE TERMICA EM
COMPOSITOS FORMADOS A PARTIR DE Ba:TiSi20s - CaTiO3 PARA
APLICACOES NA REGIAO DE MICRO-ONDAS

E

Repiiblica Federativa do Brasil (21) BR 102023003130-7 A2

Ministério do Desenvolvimento, Inddstria, (22) Data do Deposito: 17/02/2023
Comercio e Servigos (43) Data da Publicacdo Nacional:
27/08/2024

Instituto Nacional da Propriedade Industrial

(54) Titulo: ALTA ESTABILIDADE IERMICA EM COMPOSITOS FORMADOS A PARTIR DE
BAZTISI208 - CATIO3 PARA APLICACOES NA REGIAD DE MICRO-ONDAS

(51) Int. Cl.: C04B 35/46; C04B 35/468; HO1C 7/04.
(52) CPC: CO4B 35/46; C04B 35/468; C04B 2235/3436; HO1C 7/045.

(71) Depositante(es): UNIVERSIDADE FEDERAL DO CEARA.

(72) Inventor(es): ANTONIO SERGIO BEZERRA SOMBRA; ROTERDAN FERMANDES ABREU;
FRAMNCISCO ALEKSON CHAVES NOBREGA; SAMUEL OLIVEIRA SATURNO; TALLISON OLIVEIRA
ABREU; DIEGO DA MOTA COLARES; FRANCISCO ENILTON ALVES NOGUEIRA; JOADQ PAULO
COSTA DO NASCIMENTO; MARCELO ANTONIO SANTOS DA SILVA; FELIPE FELIX DO CARMO.

(57) Resumo: ALTA ESTABILIDADEMTERMICA EM COMPOSITOS FORMADOS A PARTIR DE
Ba2TiSiZ08 - CaTiO3 PARA APLICACOES NA REGIAO DE MICRO-ONDAS. Este trabalho apresenta
a proposta de patente de um novo compdsito formado pela a matriz cerdmica Ba 2 TiSi 2 08 (BTS) com
adigbes de CaTiO 3 (CTO) nas proporgdes de 1%, 3%, 5% e 9% em massa. A sintese do estado sdlido
foi empregada na produgio do Ba 2 TiSi 2 O 8 (BTS). Ma sintese da matriz cerdmica BTS foram
utilizados os sequintes materiais precursores: BaCO 3 (99.99% Vetec), TiD 2 (99.8%, Aldrich), e Si0 2
(99.9%, Aldrich). Os pds oriundos da mistura foram submetidos ao processo de moagem (360 rpm/4h)
no moinho de alta energia Fritsch Pulverisette 5. Ao findar deste processo os pos foram calcinados
(1100 *C/6h), em seguida compactados via pressdo uniaxial (22, 20 utilizada para analisar MPa) &
sinterizados (1200 oC/4h). A difragdo Raios-X (XRD) foi as estruturas das amostras, e através do
Refinamento Rietveld as fases foram identificadas e os pardmetros da rede foram obtidos. O coeficiente
de temperatura da frequéncia de ressonante (t f ) das amostras foi calculado para estudar a
estabilidade térmica dos materiais de acordo com o método de Silva-Fernandes-Sombra (SFS). O BTS
apresentou um t f=- 47,00 ppm/C. Entretanto, o melhor resultado foi obtido na (...).
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