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ABSTRACT
Ceramics, metals and polymers have unique electrical properties that are
combined for electronic devices and systems.

It necessitates lower processing

temperatures for ceramics to be compatible with metal and polymer systems. In this
thesis, the synthesis, crystal structure, and dielectric properties of barium tellurate are
studied for temperatures between 500 and 900oC. Barium tellurate dielectric ceramics
(BaTe4O9, BaTe2O5, BaTe2O6, BaTeO3, BaTeO4, and Ba2TeO5) are extensively
investigated as new LTCC (Low-Temperature Cofired Ceramics) dielectric systems
integrated with low resistivity metal electrodes such as silver and aluminum for
microwave application.
Studies on the phase formation and crystal structure through thermal analyses
(Differential Scanning Calorimetry and Thermogravimetric Analysis, DSC-TGA) and Xray diffraction phase analysis attest that barium tellurates are formed in the temperature
range of 500 ~ 900oC, through the sequential phase formations from Te-rich to Ba-rich
phases. The oxygen coordination of the tellurium ion progresses from TeO4 to TeO6 via
TeO3+1 and TeO3 with increasing barium content as confirmed by structural analysis
using infrared spectroscopy. High density barium tellurate ceramics are achieved at
temperatures as low as 550oC, which provides the potential to be co-fired with lowmelting aluminum metal electrodes in LTCC processing.
Dielectric permittivity, loss, and temperature stability of barium tellurate
dielectric ceramics were measured from 100 Hz to 13 GHz. Barium tellurate ceramics
exhibit excellent microwave dielectric properties with intermediate dielectric
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permittivities and high quality factors (Q). The dielectric properties at microwave
frequencies are εr = 17.5, Q×f = 54700 GHz, TCf = -90 ppm/oC for BaTe4O9, εr = 21,
Q×f = 50300 GHz, TCf = -51 ppm/oC for BaTe2O6, εr = 10, Q×f = 34000 GHz, TCf = 54 ppm/oC for BaTeO3, and εr = 17, Q×f = 49600 GHz, TCf = -124 ppm/oC for Ba2TeO5.
Co-firing studies of barium tellurate ceramics with metal electrodes establish new
LTCC systems for microwave devices. Chemical compatibility of barium tellurates with
silver electrodes was achieved in the barium rich compositions. Ba2TeO5 was found to be
co-fireable with silver electrodes at 850oC by adding CuO and B2O3 as fluxing agents.
During the co-firing, a thin interfacial layer of AgTe is metastable according to the
thermodynamic equilibrium between the Ba2TeO5-Ag/Ag2O pseudo-binary system.
A breakthrough LTCC technology with aluminum is based upon the ultra-low
processing temperature and chemical compatibility of BaTe4O9, which enables co-firing
and fabrication of multilayer ceramic capacitors (MLCCs) with aluminum inner
electrodes. The aluminum base metal electrode (BME) BaTe4O9 MLCCs provide good
dielectric properties of εr = 17.5, TCε = 100 ppm/oC, and tan δ = 2.1×10-3 (Q ≈ 500) at 1
MHz, which are suitable for the class-1 MLCCs. Aluminum microstrip ring resonators on
the BaTe4O9 substrates realized good electromagnetic performance of the new materials
at microwave frequency exhibiting resonant frequency of 2.97 GHz and Q factor of 278.
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Chapter 1
INTRODUCTION

1.1 STATEMENT OF PROBLEM
Microwaves refer to oscillating electromagnetic waves with frequencies between
300 MHz and 300 GHz, with a corresponding electromagnetic wavelength between 1 m
and 1 mm, respectively. (Figure 1-1) The majority of microwave applications are related
to radar and communication systems. In recent years, wireless telecommunication is one
of the fastest growing high-tech industries in the world. The components and modules
used in the front end microwave systems are the key to the wireless communication
systems, such as cellular systems, personal communication systems (PCS), direct
broadcast satellite (DBS) television, wireless local area computer networks (WLANS),
cellular video system (CV), and global positioning satellite (GPS) systems, operated in
the frequency range 0.8 to 94 GHz. [1][2]
The advancement of wireless electronics and worldwide commercialization of
wireless microwave mobile communication devices has placed continuous demand on the
electronics industry to develop new, multi-functional, and miniaturized circuits. The
progress in semiconductor components has led to continuous miniaturization of active
microwave components, such as diodes, transistors, and tubes, in forms of monolithic
integrated microwave components.[1]
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Figure 1-1: The electromagnetic spectrum after Pozar.[2]

For the passive components, miniaturization has been achieved by employing ceramic
materials with high dielectric permittivities to reduce the size by a factor of

ε r as

shown in Eq. 1.1
D ≈ λ0 ⋅
where, D, λ0 ,

1

εr

1.1

and ε r are component size, wavelength in vacuum at the

resonance frequency, and relative dielectric permittivity, respectively.[3] However,
miniaturization of passive components has not matched the advancement of
semiconductor-based active components. Although the integration of active electronic
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components has resulted in the miniaturization and improvement of electronic circuits,
the majority of passive elements still remain discrete. Transition from surface mount
discrete components to integrated components into the substrate will result in enhanced
reliability, better electrical performance, and miniaturization. By applying LowTemperature Co-fired Ceramics (LTCC) technology, passive elements can be integrated
in monolithic, highly reliable, and robust LTCC modules. The LTCC modules consist of
several layers of ceramic substrates with integrated elements like capacitors, resistors,
inductors, and other functional units, which are interconnected with three-dimensional
strip-line circuitry.[4],[5] Figure 1-2 shows a typical three-dimensional LTCC assembly
of λ / 4 strip-line resonator 'band-pass' filter.

Figure 1-2: Schematic of a λ/4 strip-line resonator 'band-pass' filter exploring LTCC
technology after Moulson and Herbert.[6]
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Although LTCC technology demonstrates some very advantageous features for
wireless systems, its development is still in the early stage. The main problems relate to
the rigorous demands placed on the materials. For microwave applications, the
requirements for ceramic dielectrics are controlled dielectric permittivity (εr), high
quality factor (Q) (i.e. low dielectric loss), and temperature stability. Recently a multitude
of materials have been developed with a wide range of permittivities, nearly zero
temperature coefficients, and very high quality factors.[7] However, it is believed that the
main difficulties in the development of new LTCC materials are not related to their
dielectric properties but to their sintering behavior, their thermomechanical properties
and especially their chemical compatibility with metallic electrodes. LTCC materials are
co-fired to produce modules with inner electrode structures, and as a consequence, the
sintering temperature must be lower than the melting point of the electrode. In addition,
chemical compatibility between the LTCC materials and metal electrodes must be
satisfied. Highly conductive silver metal is a usual choice for the electrode because the
conductor loss typically dominates the total loss of microstrip resonator devices.
Therefore, the cofiring temperature needs to be below 900oC (the melting point of silver
is 960oC).
Newly developed materials are expected to exhibit suitable dielectric
permittivities, a moderate temperature coefficient of permittivity (TCε in the range of
±30 ppm/oC for NP0-capacitor ceramics) and low dielectric losses (tanδ<0.01 or
Q>100).[8] Dielectric losses are generally quantified by the multiple of Q and frequency
(Q×f) with units of GHz. There are two causes that limit quality factors in LTCC modules,
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resistive losses in the metal conductor and dielectric losses in the glassy phase of the
LTCC substrate. Commercial LTCC tapes are mainly low-permittivity glass-ceramic
composites that are used as a substrate in the LTCC module. The Q×f values of such
modules do not generally exceed 600 GHz. Furthermore, the phase complexity of
commercial LTCC tape consisting of four or five phases, is a critical challenge in terms
of chemical compatibility in heterogeneous multilayers. The polyphase assemblages in
the LTCC tape significantly increase the possibility of chemical reaction with other
material layers (e.g. metal electrodes).[9] Hence, to reduce the complexity of LTCC
systems, it is necessary to reduce the number of phases within particular LTCC tape.
Since glass-ceramics have a minimum of a glass and a crystalline phase, the one way to
reduce the number of phases is to develop a glass-free, single phase composition.

1.2 GOALS AND ORGANIZATION OF THESIS
The primary goal of this thesis is to develop ultra low firing ceramics with
dielectric properties suitable for microwave applications. Inherently low melting barium
tellurates are proposed as candidates. Dielectric constants between 10 and 20 are useful
for reducing the component size and low dielectric loss is important for many
applications. The temperature dependence of dielectric constant is also critical for a wide
array of wireless and high frequency devices.
If a single phase material can be densified at a low temperature with good
dielectric properties for LTCC, there would be no need for the glass phase in LTCC. For
this approach, low-loss dielectric materials which contain low melting elements such as
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bismuth, lead, and zinc, have been considered.[10][11] In this thesis research, the lowmelting element, tellurium has been extensively studied for a new glass-free, LTCC
microwave dielectric composition. With a melting point of 733oC, tellurium dioxide is
well known as a network-former in the glass industry. Tellurite glasses have high IR
transmission, high refractive index, and low dispersion, which are of considerable interest
for various optical devices.[12][13] The physical properties and applications of Te-based
polycrystalline oxide ceramics have only been investigated during the past few years.
Recently, Te-based polycrystalline compounds were investigated as promising
dielectric candidates for LTCC applications based on the low melting points of TeO2
raw materials. Udovic et al. reported the phase formation and microwave dielectric
properties of several Te-based binary compounds such as Bi2O3-TeO2, TiO2-TeO2 and
the CaO-TeO2 binary systems.[14][15][16] All of the binary compounds demonstrated
densification below 850oC with very low dielectric loss (i.e. high Q×f values) and
dielectric permittivities in the range from 17 for CaTeO3 to 56 for Bi2TeO6. The
Bi2Te2O8 ceramic samples were fully densified at 650oC with a dielectric permittivity of
39 and Q×f product of 23,000 GHz.
In spite of their low sintering temperature and excellent dielectric properties, the
application of Te-based dielectrics to LTCC technology has been limited because of
their poor chemical compatibility with silver which is the most common electrode metal
in LTCC processing. Most Te-rich binary tellurate compounds react with the silver
electrode during cofiring to form silver tellurates such as Ag6TeO6, Ag2TeO3 and
Ag3Te2O7.[17]

7
Based on its high ionic polarizability (α = 6.4 Å3) [18], barium (Ba2+) is one of
the most frequently used A-site cations in numerous dielectric ceramic systems
represented by the famous barium titanates (BaO-TiO2).

However, polycrystalline

oxide ceramics in the BaO-TeO2 binary system have not yet been seriously investigated
for dielectric applications. BaO-TeO2 binary compositions have been extensively
studied as tellurate glasses and have several advantages over silicate and phosphate
glasses including extended infrared transmittance, higher linear and nonlinear indices,
low fusion and glass transition temperatures and lower phonon energies. In addition,
tellurate glasses exhibit good chemical stability and durability.[19][20]
Polycrystalline oxides in the BaO-TeO2 system are explored for LTCC
microwave dielectrics application in this thesis research, which promises to fulfill the
electronic industry requirements for new and improved dielectric materials. The major
goals of this thesis are to explore the phase development, crystal structure and the
dielectric properties of BaO-TeO2 ceramics. A theoretical foundation for microwave
dielectric materials and measurement is provided in Chapter 2. Experimental results in
regard to phase formation, structural characterization and ceramic processing of BaOTeO2 compounds are discussed in Chapter 3. Chapter 4 presents the dielectric properties
over a wide frequency range (100 Hz to 15 GHz) for various BaO-TeO2 compounds. For
LTCC co-firing, Chapter 5 shows the chemical compatibility of barium tellurates with
metal electrodes such as silver and aluminum. Co-firing studies of barium tellurate
ceramics with silver revealed that Ba-rich compounds are compatible and Te-rich
compounds forming an Ag-Te interface. Oxide fluxes were successfully employed as
sintering aids for Ba2TeO5, which is co-fired with silver electrodes. Ultra low fire
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BaTeO4 ceramics are co-fired with aluminum electrodes at 550oC, which is a significant
breakthrough for LTCC technology. Prototype devices with base metal electrodes such as
multilayer ceramic capacitors (BME-MLCC) and microstrip ring resonators were
fabricated.
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Chapter 2
BACKGROUND

This chapter presents background related to the subsequent chapters of this thesis.
Specifically, Chapter 2 covers the physics of microwave dielectrics and application of
LTCC technologies for microwave devices.

2.1 PHYSICS OF MICROWAVE DIELECTRICS
Consideration of polarization mechanisms in dielectrics is the first step to
understanding the dielectric behavior of ceramic materials over a wide frequency range.
Based on the polarization concept, the frequency dependence of dielectric properties
including dielectric permittivity and loss provides better understanding for dielectric
behavior at microwave frequencies. As a background of microwave dielectrics, this
section presents theoretical descriptions of polarization mechanisms, as well as important
microwave dielectric properties, which are dielectric permittivity, quality factor (Q),
temperature coefficients of dielectric permittivity (TCε) and resonance frequency (TCf).
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2.1.1 Polarization Mechanisms
When an alternating electric field is applied to a dielectric material there is a
limited spatial rearrangement of charge resulting in the formation of a dipole moment,
which is called “polarization”. There are four main types of polarization mechanisms in
materials. First, atomic polarization involves electron displacement relative to the nucleus
of an atom and is active well above optical frequency ~ 1015 Hz. Electronic polarization
leads to relative dielectric permittivities (εr) up to ~ 5 and is related to the refractive index
(n) as εr ≈ n2. Second, ionic polarization involves relative displacement of the cation and
anion sublattices from their equilibrium positions and gives rise to dipoles. Ionic
polarization is correlated to the lattice vibrations and can respond up to ~ 1013 Hz.
Normally, its contribution to the relative dielectric permittivity falls between 10 and 60.
Microwave dielectrics rely specifically on electronic and ionic polarizations. The third
type of polarization mechanism is the dipolar polarization, which arises from
reorientation of permanent dipoles by an external field. The dipolar response range is
from 108 to 1011 Hz, and results in relative dielectric permittivity values from 102 to 104.
Finally the fourth type, space charge polarization, involves a limited transport of charge
carriers until they are stopped at a potential barrier, potentially a grain boundary or phase
boundary, thus resulting in spatial distribution of charge centers over the microstructure.
Depending on conductivity (mobility) and barrier contribution (distances), space charge
polarization responds up to 106 Hz in most ceramic microstructures and produces high
dielectric permittivities up to 105. A schematic of the various polarization mechanisms
after Moulson and Herbert [1] is presented in Figure 2-1 for both unpolarized and
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polarized states. In general, there exist more than one active polarization mechanisms in a
material so that the total permittivity εtotal = ε∞ + εelectronic + εionic + εdipolar + εspace charge,
where ε∞ in this case is the permittivity at frequencies above 1015 Hz and typically
corresponds to 1. This sum of contributions is presented in Figure 2-2.

Figure 2-1: Schematic of polarization mechanisms in dielectric materials. [1]
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Figure 2-2: Frequency variation of the complex dielectric permittivity indicating the
contribution from each of the polarization mechanisms. The peak in the imaginary part of
dielectric permittivity corresponding to two relaxations at low frequencies and two
resonances at high frequencies. [1]

Since electronic and ionic charges have inertia, polarization does not occur
instantaneously with the applied electric field. The dynamic model of both electronic and
ionic polarizations can be described by the simple harmonic oscillator model (Lorentz
oscillator). In the case of the electronic polarization, the electrons behave, to a first
approximation, as though bound to equilibrium positions with a restoring force
proportional to the displacement x. The polarization process involves energy dissipation
quantified by a damping factor γ, which is assumed to be proportional to the velocity ( x& )
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of the moving charged particle. If m, Q and ω0 are the mass, charge and natural angular
frequency of the particle and E 0 exp( jωt ) is the forcing local field, then the motion
equation can be described as Eq. 2.1

m&x& + mγx& + mω 02 x = QE0 exp( jωt )

2.1

If the transient terms are ignored after Eq. 2.1 is solved for x(t ) , then the following

equation for the particle displacement is obtained.
x(t ) = −

eE0 exp( jωt )
m[(ω 02 − ω 2 ) + jωγ ]

2.2

Eq. 2.2 clearly corresponds to a resonant behavior around the resonant frequency ω0. It
can be shown that this displacement behavior leads to a frequency dependent relative
dielectric permittivity (ε∞) described by Eq. 2.3.

ε ∞′ − 1 =

Ne 2
mε 0

(

)



ω 02 − ω 2
 2

2
 ω 0 − ω 2 + (γω )2 

(

)


γω
Ne 
ε ∞′′ =
 2

mε 0  ω 0 − ω 2 2 + (γω )2 
2

(

2.3

)

where, ε ∞′ and ε ∞′′ are the real and imaginary part of the permittivity, N is the number of
particles per unit volume, and ε 0 is the permittivity of free space.
A similar description using the simple harmonic oscillator model can be applied
to ionic polarization. The real and imaginary part of the dielectric permittivity are
described as Eq. 2.4
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ε r′ (ω ) = ε r′ (∞) +


{ε r′ (0) − ε r′′(∞)} ω

 ωTO

ω2 
1 − 2 
 ωTO 
1 1 
= 2 Ka + 
m M 

ε r′′(ω ) =

2
ωTO

ε r′ (∞) − ε r′ (∞)
ω2
1− 2
ωTO




2.4

where, ωTO is transverse optic frequency, K is spring constant, m and M are mass
of vibrating ions in lattice. The frequency dependence of permittivity which involves
electronic and ionic polarizations is presented in Figure 2-3.
In contrast to electronic and ionic polarizations, dipolar and space charge
polarization mechanisms (rotation of dipoles and diffusion of charge species,
respectively), are relatively slow and strongly temperature dependent. When the period of
applied field is comparable to the alignment (or diffusion) time of the polarized unit, the
dielectric polarization of the material shows relaxation. A simple harmonic oscillator
model is no longer valid to describe these polarization mechanisms.
An expression of ε (ω ) = ε ∞ + f (ω ) is required to describe the relaxation
phenomena for diffusion-based relaxation. In this case, ε ∞ represents the contributions to
the permittivity at frequencies much greater than the inverse of the aligning time (i.e.
electronic and ionic polarization).
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Figure 2-3: Angular frequency dependence of the dielectric response of a resonator with
finite damping close to the resonant frequency ω0. [1]

Also, when the frequency tends to zero ε (0) = ε s , which is the static dielectric
permittivity. This requires that f (0) = ε s − ε ∞ .
Debye first developed a general description for the dielectric properties of polar
molecules and gases. [2] In the Debye model, the electronic and ionic polarization occurs
instantaneously, followed by slower polarization mechanism. The dipolar reorientation P
approaches its final static value Ps and it is assumed that at time t the rate at which P
increases is proportional to the difference between the static value and the present value
as described in Eq. 2.5 .
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1
P& = {Ps − P(t )}

τ


 1 
P (t ) = Ps 1 − exp − 
 τ 


2.5

where, τ is a relaxation time. In order to relate the time variation characteristics of the
polarization in the frequency spectrum, Fourier transformation is applied to Eq. 2.5, and
the well known Debye equations are obtained. (Eq. 2.6)

εs −ε∞
1 + ω 2τ 2
ωτ
(ε s − ε ∞ )
ε ′′(ω ) =
1 + ω 2τ 2
ε ′(ω ) = ε ∞ +

2.6

The variation in permittivity with frequency for a dielectric showing Debye relaxation is
presented in Figure 2-4. Finally, it must be said that τ depends on temperature through an
exponential factor in the Eq. 2.7



Ea 

 k BT 

τ = τ 0 exp −

2.7

where, Ea is the activation energy of relaxation, the inverse of τ0 is the attempt
jump frequency, and kB is Boltzmann’s constant. Therefore, the dipolar and space charge
polarization mechanisms are strongly dependent on temperature.[3]
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Figure 2-4: Debye relaxation response of the real and imaginary parts of the dielectric
permittivity in the neighborhood of characteristic relaxation frequency. [1]

2.1.2 Dielectric Permittivity of Microwave Dielectrics

The permittivity of a dielectric material is related to the polarization of its
constituent dipoles and for isotropic dielectrics, the Clausius-Mossotti equation applies.
(Eq. 2.8)

ε − 1  4π  α m 
=


ε + 2  3  V 

2.8
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where, αm is the polarizability of a macroscopic small sphere of volume V, only if all the
atoms in the structure have an isotropic environment. Dipolar polarization and space
charge polarization cannot follow the electric field oscillation in the microwave regime.
Therefore, only electronic and ionic polarizations contribute to the total polarization of
material, resulting in the low- and mid-ε values of microwave dielectrics. The dielectric
constants of microwave ceramic materials are generally in the 5 ~ 100 range.
The microwave dielectric properties of low-loss ceramics are determined by
resonance methods using the lowest order transverse electric mode of microwaves (TE01
mode). The relationship between dielectric permittivity and microwave resonance
frequency is derived from the propagation velocity of an electromagnetic wave, which is
retarded by 1/ ε in the dielectric material. The electromagnetic wavelength is also
reduced to 1/ ε in dielectrics compared to that in free space. Therefore, an approximate
analysis of resonant frequency of the TE01δ transverse electric mode of a cylindrical
dielectric resonator is available using its dielectric permittivity. The geometry of a
cylindrical dielectric resonator is shown in Figure 2-5. The dielectric resonator is
considered as a short length, L, of dielectric waveguide open at both ends. Because of the
high dielectric permittivity of the resonator relative to free space, propagation along zaxis can occur inside the dielectric at the resonant frequency, but the field will be cut off
in the air region around the dielectric. In this situation, the Hz field is distributed as shown
in Figure 2-6, and the higher order modes will have more variation in z-direction inside
the resonator.
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Figure 2-5: Geometry of a cylindrical dielectric resonator. [4]

Figure 2-6: Magnetic wall boundary condition approximation and distribution of Hz
versus z for ρ = 0 of the first mode of the cylindrical dielectric resonator. [4]
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To find the fields of the TE01 dielectric waveguide mode, it is assumed that a
magnetic wall boundary condition can be imposed at ρ = a. For TE modes, Ez = 0, and Hz
must satisfy the wave equation Eq. 2.9

(∇

2

)

+ k 2 H z = 0,

2.9

where, k = ε k 0 for z < L / 2 and k = k 0 for z > L / 2 .By solving the Eq. 2.9 with the
boundary conditions, the transverse fields for the TE01δ mode are obtained as Eq. 2.10
Eφ = A cos β z ,
Hρ = −

jA
sin βz
Zd

2.10

for z < L / 2 , and Eq. 2.11
Eφ = Be
Hρ = ±

−α z

,

B −α z
e
Za

for z > L / 2 , where α = (2.405 / a ) 2 − k 02 , β = εk 02 − (2.405 / a ) 2 , k 0 =

2.11

2πf 0
, f0 is
c

resonant frequency, and Zd and Za are the wave impedance of dielectric and air regions,
respectively. Finally, matching tangential fields of Eq. 2.10 and Eq. 2.11 at z = L/2 yields
transcendental equation of Eq. 2.12
tan

βL
2

=

α
β

2.12

This transcendental equation can be numerically solved for k0, which determines
the resonant frequency. Therefore, the resonant frequency of dielectric resonator is
determined by its dimensions (diameter and height) and dielectric permittivity. [4] With
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this relation, the dielectric permittivity of ceramics can be directly determined from
resonant frequency measurements, commonly used for dielectric characterization at
microwave frequencies.

2.1.3 Temperature Dependence

To obtain temperature-stable oscillators and frequency filters, it is desirable that
the resonance frequency, f0, of a resonator does not change appreciably over a wide
temperature range (-20oC ~ +80oC). The temperature coefficient of the resonant
frequency, TCf, is given by Eq. 2.13
TCf =

1 ∂f 0
1 ∆f 0
⋅
≈
⋅
f 0 ∂T
f 0 ∆T

2.13

where, f0 is resonant frequency and ∆f0 and ∆T are deviations of resonant frequency and
temperature, respectively. The resonant frequency of a resonator depends on component
size and permittivity. TCf can also be represented by Eq. 2.14

TCf = −

TCε
−αl
2

2.14

where TCε is temperature coefficient of permittivity and αl is the linear thermal
expansion coefficient. The differentiated form of Clausius-Mosotti equation gives TCε
relation. Eq. 2.15
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1  ∂V 
1  ∂V 
V  ∂α m 
 ∂ε 

 ⋅

 =−

 +


(ε − 1)(ε + 2)  ∂T  p
3V  ∂T  p α m  ∂V  T 3V  ∂T  p
1  ∂α m 
+

 = A+ B+C
α m  ∂T  V

2.15

This separation of the temperature coefficient into three components (A, B, and C) was
described by Bosman and Havinga,[5] and these are:
A: The decrease in the number of polarizable intrinsic ions and electrons per unit
volume as the temperature increase is a direct consequence of volume expansion.
B: The increase in the polarizability of a constant number of polarizable intrinsic
ions and electrons with the increase in the available volume as the temperature increases.
C: The dependence on temperature of the polarizability of the intrinsic ions and
electrons, the volume remaining constant.
The term “A” corresponds to the thermal expansion coefficient and “B” is related
to the thermal expansion coefficient, compressibility, and variation of dielectric
permittivity as a function of pressure (∂ε / ∂P) T . The sum of A and B describes the effect
of volume expansion with increasing temperature. The actual value of the A term is
negative and B term is positive. For most oxides, the values of A+B are reported as
2~10ppm, therefore the C term becomes dominant and controls the sign of the
temperature coefficient.
Mechanisms A, B and C are derived from the Clausius-Mosotti equation in
dealing with non-polar isotropic materials of low loss. For the polar material showing
high loss (extrinsic loss, tanδ > 0.1%), an extra term “D” can be added. [6]
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D: The variation with temperature of the permittivity due to inhomogeneities such
as defects and disorder, which combine to give an extremely wide distribution of
relaxation times.
Since the conductivity of all known insulators is extrinsic at room temperature, extrinsic
loss related term (D) is important in inhomogeneous materials. For this mechanism, the
term “D” is described as 0.05 tanδ.
With consideration of the four mechanisms (A, B, C, and D terms) a general
expression of temperature coefficient of dielectric permittivity for most insulators can be
represented as Eq. 2.16
TCε =

(ε − 1)(ε + 2)

ε

(−α + B + C ) + 0.05 tan δ

2.16

For low dielectric permittivity, low loss materials, that have 1.5 < ε < 2.5, tanδ < 0.1%,
there is only an electronic polarization contribution, so the B and C terms become zero
and the TCε corresponds to -2α. For materials with 2.5 < ε < 10, ionic and electronic
polarizability are comparable and the TCε passes from a negative value (electronic
polarizability dominating) to a positive value (ionic polarizability dominating). The TCε
of high dielectric permittivity (ε > 10), low loss (tan δ < 0.1%) follows the relation of
TCε = const. − αε . Therefore, TCε shifts negatively with increasing dielectric

permittivity. However, the dielectric loss dominates TCε values for materials having 10 <
ε and tanδ > 0.1%. In this case, the term “D” is much larger than the sum of “B” and “C”,
so TCε follows the relation of TCε = 0.05 tan δ − αε .
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Highly covalent materials have little ionic contribution to the permittivity and the
TCε values are generally low or negative. On the other hand, highly ionic materials have
large positive TCε values, owing to the large contribution of polarizable ions. Paraelectric
materials have usually large negative TCε values, especially as the Curie temperature (Tc)
is approached.
Figure 2-7 shows the empirical relation between dielectric permittivity and
temperature coefficient for dielectric ceramics having relative dielectric permittivity less
than 100.

Figure 2-7: Temperature coefficient of permittivity vs. relative permittivity for various
materials after Harrop. [6]
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2.1.4 Q factor (Inverse of Dielectric Loss)

The figure-of-merit for assessing the performance or quality of a resonator is the
quality factor, Q, which is a measure of energy loss or dissipation per cycle as compared
to the energy stored in the fields inside a resonator. Q factor is defined as Eq. 2.17 [7]

W 
 ωWmax 
=
Q = 2π  max 

 Wd  ω =ωres  Pd  ω =ωres

2.17

where, Wmax is the maximum energy stored in the resonator, Wd is the dissipated energy
in the resonator, Pd is the average power dissipated in the resonator, and ωres is the
resonant frequency.
The unloaded Q-factor, Q0 describes losses associated with the resonator. The
energy loss attributed to the measurement fixture has been removed, leaving losses
defined in Eq. 2.18.
1
1
1
1
=
+
+
Q0 Qd Qc Qr

2.18

where, Qd, Qc, Qr are quality factors of the dielectrics, conductor, and radiation,
respectively.
Among these, the dielectric quality factor, Qd, dominates the unloaded Q in a well
defined resonator set up while the other two terms are negligible. The loss tangent for a
dielectric material is defined by Eq. 2.19
tan δ =

σ
ωε 0 ε r

2.19
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where, ε0εr is the dielectric permittivity, σ is conductivity of the medium, and ω is radian
frequency. The dielectric quality factor for homogeneous dielectrics is described with the
relation that the loss tangent is reciprocal of Qd given in Eq. 2.20. [8]

Qd =

ω 0Wmax
Pd

ω 0 ε ∫ E dv
2

=

σ ∫ E dv
2

=

ω0ε
1
=
σ
tan δ

2.20

where tan δ is the dielectric loss.
Dielectric loss mechanisms in the microwave frequencies can be distinguished as
follows; [9]
1) Losses in perfect crystals arise from anharmonic lattice forces that mediate the
interaction between the crystal’s phonons. This leads to damping of the optical
phonons. These losses are usually termed intrinsic losses.
2) Losses in homogeneous crystals or crystallites also arise from deviations from the
perfect lattice periodicity or point defects such as isotopes, dopant atoms,
vacancies or defect pairs that form quasi bonded states. These defects lead to
scattering of phonons and thus to damping. The losses arise from crystallographic
point defects are also included in intrinsic losses.
3) Losses in inhomogeneous ceramics caused by extended dislocations, grain
boundaries, inclusions and second phases. These losses are usually termed
extrinsic and are caused by either dipole relaxation of impurities concentrated at
interfaces or relaxation of space charge polarizations present at interfaces.
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Intrinsic loss

Intrinsic dielectric losses are the losses in perfect crystals due to the interaction of
the AC electric field with the phonon system of the crystalline lattice. Dielectric losses
related to phonon damping are usually described in the framework of the classical
dielectric function; (Eq. 2.21)
n

2
∆εωTOj

j =1

2
ωTOj
− ω 2 + iωγ TOj

ε (ω ) = ε ' (ω ) − iε " (ω ) = ∑

+ ε∞

2.21

where, ε ∞ is the permittivity at optical frequencies, ωTOj are the frequencies of the
transverse optical (TO) lattice modes, and γ TOj is their damping constant. Intrinsic loss is
considered as the energy transfer from the microwave with the frequency ( ω << ωTOj i.e.

ω ≈ 0 ) and the wave vector k = 0 to transverse optical phonons. [9] These optical
phonons can then generate thermal phonons through scattering by lattice imperfection
points and through interaction with other phonons. This leads to damping of optical
lattice vibrations and therefore of the microwave. The dielectric loss at microwave
frequencies ( ω << ωTOj i.e. ω ≈ 0 ) can be calculated as Eq. 2.22.
tan δ =

∆ε j γ j
1 ε"
= = ω ⋅∑
⋅ 2
Q ε'
j ε (0) ωTOj

2.22

A linear increase of intrinsic losses with frequency is therefore characteristic for these
phonon effects. In addition to the frequency dependence, the temperature dependence of
dielectric loss can be characterized by the temperature dependence of the mode
dampening in crystallite. According to Gervais and Piriou, the lifetime of TO phonons in
rutile (TiO2) crystal is basically limited by the anharmonic three phonon coupling, and
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the damping constant (γ) of the TO modes increases linearly with temperature, which
leads linear increase in dielectric loss. [10]
Cation disordering in complex perovskite material is one of the intrinsic loss
factors. Disordered cations are regarded as a kind of impurity resulting in phonon
scattering. Several investigations of the relation of cation ordering in high Q complex
perovskites have been performed to decrease dielectric loss by generating cation ordering
through annealing. Sagala and Nambu suggested a microscopic model explaining the
relation between loss and cation ordering. [11] In A(B’1/3B”2/3)O3 complex perovskites,
the disordered charge distribution due to the disordered occupation of B’ and B” ions
results in increased dielectric loss. From their calculation of the interaction of charge
distribution and electromagnetic wave, the Q value can be increased up to 100 times
higher when cations are ordered completely. Another model explains the relation between
Q and change of bonding characteristic.[12] The anisotropy of crystal structure increases
when the cations in complex perovskites are ordered, resulting in increase in covalency of
B’-O bonding. Therefore the increase in covalency of bonding leads to the increase of
bond strength and decrease of damping and dielectric loss.

Extrinsic losses

The role of defects on dielectric loss has been studied by many authors. The
dielectric loss has been studied as a function of grain size, grain boundary diffusion,
porosity, dopants, sintering atmosphere, and impurity level.
Additives and sintering atmosphere were found to be important for the reduction
of loss associated with improved sinterability and controlled impurities. Dielectric losses

30
were reduced in (Ba,Sr)(Zr,Ti)O3 compounds to less than 6×10-4 at 4 GHz with increased
sintered density by the addition of 1 mol % of Ta. [13] Nomura has studied the effect of
Mn additions in Ba(Mg1/3Ta2/3)O3, Ba(Zn1/3Ta2/3)O3, Ba2Ti9O20, and Zr0.8Sn0.2TiO4
ceramics. [14] Mn additions were found to increase sintered density and decrease
dielectric loss. Nomura and Kaneta also found that sintering Ba(Mn1/3Ta2/3)O3 in nitrogen
gas increased Q from 1,550 to 10,400 with reduced porosity. [15]
Early work by O’Bryan et al. on Ba2Ti9O20 showed that Q increased with density
and by an oxygen heat treatment. [16] They later found that Q values can be further
increased by treating the calcined powder with HCl or HNO3. The acid leached out
phosphorus impurities that were found to be in the TiO2 raw powder. A relationship was
found between phosphorus impurities and the dielectric loss at microwave frequency.
[17] Wakino et al. experimented with Fe impurities in (Zr,Sn)TiO4 and found that
dielectric loss increased when iron ions diffused into the grain from the grain boundary.
[18]
Alford et al. researched the effect of porosity and impurity on dielectric loss in
polycrystalline Al2O3 and TiO2. [19] The effect of even minor amounts of impurities can
reduce Q significantly. In polycrystalline alumina for example, there is a dramatic
decrease in Q with the addition of alkalies and metallic impurities and a far smaller effect
on the Q with the addition of silica. However, very small amounts of TiO2 doping in
alumina increased the Q by improving sinterability and microstructure, therefore purity
alone was a poor indicator of dielectric loss tangent.[20] The pore volume in
polycrystalline alumina plays a critical role in determining the loss. (Figure 2-8) Penn et
al.[21] also reported that even small amounts of porosity considerably increase the loss.
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Grain boundaries and secondary phases are also important extrinsic factors. It is generally
the case that impurities are swept to the grain boundaries by diffusion. At the grain
boundaries, there may be relaxation of space charges or dipoles. However, the effect of
grain size in polycrystalline dielectrics is anomalous. In alumina, the loss increases as the
grain size increases, but in polycrystalline TiO2, there is no influence of grain size on loss.
Extrinsic loss factors of dielectric ceramics are listed in Table 2-1.

Figure 2-8: Effect of porosity on the tan δ of polycrystalline alumina at 300K and
10GHz. [19]

Table 2-1: Type of extrinsic loss factors of microwave dielectric ceramics.
Extrinsic loss factor

Effects on loss (tan δ)

Porosity

significantly increase

Dopant

enhancing sinterability, decrease loss

Impurity

located on grain boundaries, generate relaxation, increase loss

Atmosphere

control oxygen vacancy, decrease loss

Grain size

anomalous
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2.2 LOW-TEMPERATURE CO-FIRED CERAMIC (LTCC) TECHNOLOGY

Low-temperature co-fired ceramics (LTCC) is a key technology to achieve
miniaturization of ceramic based electronic devices. As its name implies, LTCC is
ceramic co-fired with metal interconnects. Figure 2-9 shows the basic multilayer LTCC
process. A distinguishing feature is that LTCC technology allows for parallel processing
of the individual layers, which makes it possible to obtain high yields. Each layer may be
examined before being committed to the final stacking and lamination process. As it is
comparatively easy to combine LTCC with materials that have different functions, it is
possible to integrate and build the different types of components into the ceramic. The
ceramics in LTCC generally have lower dielectric loss than resins that are used in printed
circuit boards. When combined with highly conductive metals, very low loss microwave
components are achieved. In addition, ceramic thermal expansion coefficients are low
when compared with resin materials, and consequently LTCC has the merit of excellent
connection reliability for high packaging of LSI components. [22] For these reasons,
LTCCs are regarded as promising future technology for the integration of components
and substrates for high frequency applications.
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Figure 2-9: Low temperature co-fired ceramics (LTCCs) multilayer manufacturing
process indicating the possibility of automated inspection of the individual layers.
(Diagram after Midas Vision Systems, Inc., Wrentham. MA).

In the 1980s, multilayered ceramic based circuit boards with flip chip bonded LSI
components for computers were developed and commercialized by IBM. [23][24] Since
this multilayer board was co-fired at a high temperature of 1600oC with the alumina
insulating material and conductor materials (Mo, W, Mo-Mn), it is called HighTemperature Co-fired Ceramics (HTCC) to distinguish it from LTCC. However, as the
performance and speed of computers increased, high density mounting of chips on board
and narrow width of metal wiring were required, and, consequently, it was necessary to
use electrode materials with low electrical resistance such as Au, Ag and Cu, which have
low melting points, to avoid conspicuous attenuation of the signal.
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With the demand of co-fire processing with low melting metal electrodes, LTCC
technology has been developed since the 1990s. [25] (Table 2-2) Originally, LTCCs
were developed as multilayer chip modules for mainframe computers with an operating
frequency about 300 MHz. With the goal of high density mounting of LSI chips on
substrates to enable high-speed transmission, ceramic materials were developed with low
dielectric constant and thermal expansion coefficients close to that of silicon. Recently,
however, the focus of LTCC applications has shifted to wireless applications, because of
low loss at microwave frequencies. The development targets for LTCC are also changing
from a low dielectric constant to the direction providing a variety of dielectric constants
with a view to combining the different materials to achieve different passive functions.
Most passive components in wireless communication equipments are LTCC products as
listed in Table 2-3. [26]
Even though the LTCC technology has provided advantages in many aspects, the
material development has been the biggest challenge, since LTCCs are made by
combining different materials, which have their own characteristics and requirements.
The LTCC material development involves research for the conductor materials and
various dielectric ceramic materials.
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Table 2-2: Typical material combinations of LTCC and HTCC [26]
Ceramics

conductor
Firing (oC)

Material

material

Melting (oC)

Cu

1083

Au

1063

Ag

960

Ag-Pd

960 to 1552

Ag-Pt

960 to 1769

Mo

2610

W

3410

Mo-Mn

1246 to 1500

Glass/Ceramic composite
Crystallized glass
LTCC

Crystallized glass/Ceramic composite

900 to 1000

Liquid-phase sintered ceramics

HTCC

Alumina ceramics

1600 to 1800

Table 2-3: Typical LTCC products for microwave applications. [26]
Type

Product
Front-end Module

Module

Rx Module
Automatic Power Control, (APC)/Coupler Module

Package/Substrate

Power Amp (PA) Module
Saw device Package
Band Pass Filter (BPF)
Low Pass Filter (LPF)

Surface Mount Device (SMD)

Balun
Coupler
Duplexer
Antenna
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2.2.1 Development of Conductor Materials for LTCC

LTCC conductors are achieved by patterning metal conductor pastes onto a
ceramic green tape by screen printing and subsequently co-firing with the ceramic. The
conductive metal is an important constituent material of LTCCs, and many characteristics
are required of it so that it can meet the wide range of applications in high frequency
components. Low electrical resistance for the conductive material is necessary for low
transmission loss at high-speed, high-frequency signals. As shown in Table 2-4, Cu, Au,
Ag and related metal alloys with them have low electrical resistance, and can be
considered appropriate for wiring in high frequency substrates. It is also essential to form
good adherence interfacial properties between the ceramic and metal layers to achieve a
monolithic module by co-firing of conductor layer and dielectric layer.
The metal conductor paste is generally obtained by dispersing conductive metal
powders in an organic vehicle as a binder or plasticizer using a roll mill, and kneading it
in a mixer. To match the sintering behavior of the conductor layer with that of the
ceramic, inorganic additives, normally low melting point glasses and/or reactive oxides
are added in the paste. Figure 2-10 shows the sheet resistance after firing of different
kinds of metal pastes used in thick film processing. Since the conductor pastes include
inorganic additives, voids are easily formed inside the conductor layer during the firing
process, resulting in higher resistance than the specific resistance of metals themselves.
[26]

37
Table 2-4: Electrical resistance and melting point of conductor materials.
Metal

Electrical Resistance (µΩ⋅cm)

Melting point (oC)

Cu

1.7

1083

Au

2.3

1063

Ag

1.6

960

Al

2.7

660

Pd

10.3

1552

Pt

10.6

1769

Ni

6.9

1455

W

5.5

3410

Mo

5.8

2610

Figure 2-10: Sheet resistance values for each type of conductive paste. (Diagram after
Imanaka [26])
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In the low-temperature co-firing process, metallic conductor materials are sintered
and bonded to the ceramic layer below the melting point. The co-firing temperatures of
most LTCC materials with Ag or Cu electrode are targeted around 900oC. Types of
bonding are divided into frit bonding and chemical bonding as shown in Figure 2-11.

Figure 2-11:
Schematic of different adherence types in metallization of lowtemperature co-fired ceramics.

For the frit bonding type conductor paste, PbO or Bi2O3 based glasses are
generally mixed with the conductive metal powder as additives for promoting adherence
with the substrate. Since the softening point of the glass frit is low, it penetrates the grain
boundaries in dielectric substrate, which also contains a glass ingredient. By fusing and
interlocking between the frit and glass ingredient in the dielectric layer, the conductor
layer bonds to the dielectric substrate.[27] For the use of copper electrode, which must be
fired in a reducing atmosphere, the SiO2-CaO-Al2O3 family glass frits that do not
deoxidize readily are used.[28]
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Simple oxides such as CuO, GeO2, ZnO, CdO, and Bi2O3 are used as inorganic
additives for bonding the conductor to the dielectric substrate. For example, while the
copper oxide dissolves in the glass flux ingredients in the dielectric substrate, penetrating
it and forming an anchor, a spinel phase of CuO⋅Al2O3 is formed at the interface,
achieving strong interface adherence.[29]

2.2.2 Development of Dielectric Materials for LTCC

Dielectric materials used for LTCC components require sufficient electrical and
thermomechanical properties so that a mechanically reliable multilayer structure with the
desired electrical performance can be produced. As previously mentioned, the dielectric
property requirement is one of the most important factors when LTCCs are developed
specifically for microwave purposes. For microwave components, the permittivity, loss
(or Q factor), and temperature coefficient of resonance frequency (TCf) have to be
considered. The thermomechanical properties include a large variety of physical
properties, which affect reliable use of the designed component. A specific requirement is
the linear thermal expansivity (LTE), which should be matched closely to the value of the
mounting board.[30] In addition, a number of mechanical requirements such as flexural
strength, hardness, surface smoothness, elasticity, and toughness have to be considered to
yield a reliable LTCC module.[31]
The most fundamental demand for the LTCC dielectric ceramic is the cosinterability at low temperature with high conductivity electrodes. Since low-loss
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dielectric ceramics mostly are refractory materials, the high sintering temperature should
be reduced. The most common way to allow densification of dielectric ceramics at low
temperatures is the formation of a glass-ceramic composite. In this case, crystalline
dielectric powders are mixed with low-melting-temperature glass working as a fluxing
agent. The final microstructure is then comprised of dielectric particles in a glass
matrix.[32] Most commercial low-k LTCC dielectric tapes are made of glass-ceramic
composites, as listed in Table 2-5.
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Table 2-5: Material specifications of glass-ceramic composite LTCCs. [26]
LTCC
Supplier

Product
(Composition)

Murata

Bas (Celsian)
CZG
(CaOZrO3+Glass)
MLS-25M (Al2O3B2O3-SiO2)

NEC glass
(powder
supply)

Sumitomo
metal
electrodevice

NEC Vacuum
glass

NGK

MLS-1000 (PbOAl2O3-SiO2)
MLS-41 (Nd2O3TiO2-SiO2)

Dielectric
const.
(ε)
6.1

300 (5GHz)

Thermal
expansion
coefficient
(ppm/oC)
11.6

Thermal
conductivity
(w/m⋅K)
2.5

25.0

700 (5GHz)

7.0

2.5

211

60.0

700 (5GHz)

-

-

-

4.7

300
(2.4GHz)

-

-

-

8.0
19.0

Dupont
Ferro
ElectroScience Lab
Heraeus

157

500
(2.4GHz)
500
2.4GHz)
150
(2.4GHz)

6.1

-

275

-

-

-

7.3

-

255

8.1

LFC (CaO-Al2O3SiO2-B2O3+Al2O3

7.7

-

5.5

-

270

GCS78

7.8

>300
(1MHz)

-

3.5

250

GCS71

7.1

-

3.2

250

GCS60

6.0

-

1.3

250

GC-11

7.9

6.3

3

240

G55

5.7

5.5

2.5

200

GL660

9.5

6.2

1.3

200

MKE-100

7.8

6.1

2.9

245

NL-Ag II

7.8

5.2

3.6

294

NL-Ag III

7.1

5.5

3.5

294

HA995
951

9.7
7.8

8.1
5.8

29.3
3.0

400
-

943

7.8

-

-

-

A6M

5.9

>300
(1MHz)
>300
(1MHz)
300 (3GHz)
500
(<40GHz)
500 (3GHz)

7

-

-

41020-70C

7-8

200 (1MHz)

7.4

2.5-3.5

-

CT700

7.5-7.9

450 (1MHz)

6.7

4.3

240

CT2000

9.1

1000
(450MHz)

5.6

-

310

Niko
MARUWA

Flexural
strength
(MPa)

MLS-61

Kyocera
Matsuchita
kotobuki

Q (1/tanδ)

>300
(1MHz)
>300
(1MHz)
200 (3GHz)
800
(10GHz)
300
(10GHz)
500 (1MHz)
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The selection of glass materials is very important for sintering glass-ceramic
composites, since the softening of the glass plays a dominant role in the viscous sintering
mechanism among the constituents. In the sintering of glass-ceramic composites, the
ceramic particles, which form the three-dimensional mesh structure where the glass
penetrating, are wet by the glass melt. Therefore, in order to improve the densification of
glass-ceramic composites, it is necessary to control the softening point of the glass
material, as well as its volume and powder particle size to increase its fluidity. [33]
Although glass-ceramic composite is an effective way to reduce the firing
temperature of refractory materials (sintering temperatures over 1500oC) to around 900oC,
limitations may occur in application of high-ε, low-loss dielectrics owing to the existence
of the large amount of glass phase, which may degrade dielectric properties including
decreasing dielectric permittivity and increasing dielectric loss.
A second approach for mid-, high-ε and low loss dielectrics involves oxide
additives such as V2O5, CuO, Bi2O3, and B2O3 which are added as flux material to reduce
the sintering temperature. [34][35][36][37] The small amount of oxide additives
(generally less than 10 wt %) form a eutectic liquid phase at reduced temperatures by the
chemical reaction with the elements in dielectric ceramics or by themselves, and wet the
dielectric ceramic particles. In this way, the dielectric ceramics can be sintered at a low
temperature by a liquid phase sintering mechanism. However, the problem of secondary
phase formation at grain boundaries, which can affect to the dielectric properties of
LTCC dielectrics, remains a major issue for this method.
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Chapter 3
PHASE FORMATION, STRUCTURAL ANALYSIS, AND PROCESSING OF
THE BaO-TeO2 SYSTEM

In this chapter, the phase formation methods of barium tellurate compounds are
presented with thermal and structural analyses. Crystal structures of the synthesized
compounds were studied and confirmed by experimental analyses including X-ray
diffraction and infrared spectroscopy. To determine sintering behavior and confirm the
low processing temperature of barium tellurate ceramics, densification and related
microstructural analysis were explored.

3.1 INTRODUCTION

With the demand for new dielectric ceramic materials for use in low-loss, high
circuit density, thermally stable integrated packages using LTCC (Low Temperature Cofired Ceramics) technology, low-melting oxides such as bismuth oxide, lead oxide, tin
oxide, and zinc oxide, have been considered by many researchers as an end member for
mixed oxide compounds. A number of new dielectric ceramics have been developed
during the last decade including Bi2Zn2/3Nb4/3O7, BiNbO4, BiTaO4, Bi2Ti2O4, ZnNb2O6,
Zn2TiO4, (Pb1/2Ca1/2)(Fe1/2Nb1/2)O3, and (Pb1/2Ca1/2)(Mg1/3Nb2/3)O3; all exhibit good
microwave dielectric properties as well as low processing temperatures. [1][2][3][4]
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However, the firing temperature of most of these compounds still needs to be reduced
below 900oC by the addition of suitable glass or oxide fluxes to satisfy the cofiring
condition with silver electrodes.
Recently, tellurium dioxide has been studied as an end member dielectric oxide
compound. Udovic et al. reported very low processing temperatures of Bi2O3-TeO2,
TiO2-TeO2 compounds and showed excellent microwave dielectric characteristics
including very low loss and intermediate dielectric permittivity (εr).[5][6] Based on their
results, TeO2 is considered an excellent material for the LTCC dielectric ceramics. In the
Me2+O-TeO2 binary tellurate systems, the ferroelectric behavior of SrTeO3 and PbTeO3
have been investigated in certain temperature ranges.[7][8][9] The BaO-TeO2 glass
system also have been thoroughly investigated, however, the electrical (dielectric)
properties of polycrystalline BaO-TeO2 ceramics have not been reported. The divalent
cation Ba2+ is one of the most frequently used ions in high dielectric constant and low
loss dielectric compositions with high ionic polarizability.
It is hypothesized that the BaO-TeO2 system will yield a number of excellent
dielectric ceramic compositions within the BaO-TiO2 system. According to the ICDD Xray crystallography database, several compounds including BaTe4O9, BaTe2O5, Ba2Te3O8,
and BaTeO3 exist in the BaO-TeO2 system. For the oxidized Te6+ ion, BaTe2O6, BaTeO4,
Ba3Te2O9, Ba2TeO5, and Ba3TeO6 are stable. Among these, six compositions which are
BaTe4O9, BaTe2O5, BaTe2O6, BaTeO3, BaTeO4, and Ba2TeO5 are proposed as low-firing
dielectrics in this research. The phase formation, crystal structure and processing of
various polycrystalline BaO-TeO2 compounds are presented in this chapter.
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3.2 EXPERIMENTAL PROCEDURES

3.2.1 Sample Preparation

Polycrystalline ceramic compounds in the BaO-TeO2 system were prepared using
conventional mixed oxide ceramic processing as shown in Figure 3-1. Starting materials
were reagent grade powders of BaCO3 (Sakai Chemical Industry Co.) and TeO2 (Alfa
Aesar). Raw materials were weighed stoichiometically and mixed in alcohol media,
accounting for combustion and hydration losses. Milling was performed using the ballmilling technique with 3 and 10 mm diameter spheres of yttria stabilized zirconia (YSZ)
media for 24 hours. The slurry was dried using a hot plate and subsequently put in an
80oC oven. Dried powders were calcined in the temperature range of 500 ~ 900oC for 5
hours in different atmosphere to control valence of Te.
After calcination, the powders were remilled for 24 hours in alcohol and then
dried. Approximately 4 wt% Acryloid binder was added to assist in forming. The
prepared powders were uniaxially pressed, at approximately 120 MPa, into disks 10 mm
in diameter and 1-2 mm in thickness. The disks were pre-fired at 500oC for 1 hour to
burn-out the organic binder with 2oC/min heating rate.
Disks were sintered between 550oC and 950oC. The optimum sintering
temperatures varied with the composition in the BaO-TeO2 system. To investigate the
oxidation and reduction of the aliovalent Te ion in the ceramic compounds, three
different atmospheres were applied in sintering. (air, oxygen, and nitrogen)
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Reagent Powders
BaCO3, TeO2

Determine loss of ignition

Mixing

Ball mill in alcohol,
YSZ media, 24h

Drying

Hot plate, Drying oven (80oC)

Calcination

500 ~ 900oC, 5h
(Depending on composition)

Milling

Ball mill in alcohol,
YSZ media, 24h

Drying

Hot plate, Drying oven (80oC)

Add Binder

4 wt% to assist forming

Forming

10 mm. diameter discs.
Uniaxial press 120 MPa

Binder Burnout
Sintering

500oC 1h, 2oC/min heating
550 ~ 950oC, 2h, air, O2, N2
(Depending on composition)

Figure 3-1: Ceramic powder synthesis for BaO-TeO2 compounds.

The final bulk densities of sintered pellets were characterized using the
Archimedes’ method with kerosene. The obtained bulk densities were converted to
relative densities when normalized to the theoretical densities of barium tellurates.

3.2.2 Phase Determination and Structural Analyses

To analyze the phase formation and the effects of ambient conditions on the phase
stability, X-ray diffractometry (XRD) was conducted on each of the samples using CuKα
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radiation (Scintag PAD V, Scintag Inc., Cupertino, Ca.). The power settings used for the
generator were 35KV and 30mA. The sintered pellets were crushed to avoid preferential
crystallographic orientation, and the resulting powder was placed in a zero background
silica holder.
Phase determination and computations of Miller indices of each XRD reflections
and the cell parameters were determined using JADE 7.0 (Materials Data, Inc.) data
collection and analysis software.
The Te-O bonding characteristics in BaO-TeO2 compounds were analyzed using
Fourier Transformed Infrared Spectroscopy (FT-IR, Nexus 670 FT-IR Spectrometer).
Barium tellurate powder samples were mixed with potassium bromide (KBr) and pressed
into pellets. Infrared transmission signals were detected using DTGS (deuterated
triglycine sulphate) detector in the wavenumber range of 4000 ~ 400 cm-1.

3.2.3 Thermal Analyses

To examine the kinetics of phase formation, differential scanning calorimetry and
thermogravimetric analysis (DSC-TGA, SDT 2960, TA Instruments) were employed
with a heating rate of 15oC/min to 950oC. The thermal analysis was performed in various
ambient conditions controlled by air, oxygen, and nitrogen flows. The sample powders
were contained in platinum crucibles.
The shrinkage and shrinkage rate during the sintering process of compact pellets
were determined using thermal mechanical analysis (TMA-2940, TA Instruments) with
the heating rate of 5oC/min, which is the same heating rate in the sintering process.
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3.2.4 Microstructural Analyses

To examine the grain morphology and size, and secondary phases, polished and
thermally etched surface microstructures were examined by scanning electron
microscopy (SEM) (Hitachi S-3000H), and the chemical composition in localized areas
of the samples was characterized by energy dispersive spectroscopy (EDS).

3.3 RESULTS AND DISCUSSION

In the BaO-TeO2 system, four compositions, BaO-4TeO2, BaO-2TeO2, BaO-TeO2,
and 2BaO-TeO2, were explored. The experimental results of those compositions
including phase formation kinetics, crystal structure, and sintering behavior are presented
below.

3.3.1 BaO-4TeO2 System

The phase formation process in BaO-4TeO2 system results only one stable
compound as analyzed through Differential Thermal Analysis-Thermogravimetric
Analysis (DTA-TGA) and XRD phase identification. Solid state synthesis of mixed
BaCO3 and TeO2 raw materials over 500oC yielded a single-phase BaTe4O9 in air as
shown in Figure 3-2 and 3-3. During the phase formation, 5.5% of weight loss was
detected because of the CO2 gas production, which was close to the theoretical weight
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loss of 5.3%. From the DTA and TGA results, an unidentified intermediate phase
formation occurred at 410oC prior to the BaTe4O9 synthesis at 480oC. Figure 3-3 shows
the XRD patterns of sintered BaTe4O9 ceramics.
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Figure 3-2:
DTA and TG analysis data of BaTe4O9 phase formation using
stoichiometrically mixed BaCO3 - 4TeO2 raw materials in air.
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Figure 3-3: X-ray diffraction pattern of BaTe4O9 fired at 550oC for 2hours. The inset
shows a magnified view of XRD patterns for sintered BaTe4O9 with different firing
temperatures.

The unindexed powder pattern for BaTe4O9 (PDF # 36-0887) corresponds well to
the data given in Figure 3-3. The X-ray powder pattern was indexed for the monoclinic
unit cell as shown in the Table 3-1, and the cell parameters were determined as a =
19.4121 Å, b = 4.4790 Å, c = 23.1859 Å and β = 112.9297o which agree well with the
results of Johnston et al.[12] (Table 3-2)
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Table 3-1: Indexing of XRD reflections of BaTe4O9 monoclinic phase.
hkl

2θ (obs)

I (%)

2θ (cal)

d (Å)

hkl

2θ (obs)

I (%)

2θ (cal)

d (Å)

110

20.363

3.1

20.33

4.3576

021

40.441

11.1

40.467

2.2286

111

21.362

26.8

21.32

4.1561

022

41.156

10.3

41.152

2.1916

112

22.502

4.5

22.462

3.9481

118

41.304

8.5

41.306

2.1841

-1 1 3

23.063

5.1

22.997

3.8533

220

41.581

8.7

41.571

2.1701

-3 1 2

24.32

6.7

24.279

3.6568

711

42.317

8.9

42.323

2.1341

113

25.002

27.6

24.982

3.5638

222

43.2

13.3

43.193

2.0925

-3 1 3

25.04

56.1

25.068

3.5534

420

45.22

21

45.208

2.0036

311

26.197

100

26.161

3.3989

-4 2 4

45.463

8

45.484

1.9935

-3 1 4

26.555

11.7

26.51

3.3539

408

45.861

8.5

45.851

1.9771

114

27.719

12.5

27.749

3.2157

224

46.585

9.4

46.579

1.9480

312

28.02

93.2

28.014

3.1818

318

46.921

14.4

46.942

1.9348

-3 1 5

28.557

37.3

28.514

3.1232

026

48.039

11.9

48.047

1.8924

600

30.04

21.1

29.964

2.9723

225

48.662

9.3

48.753

1.8696

313

30.479

41

30.476

2.9305

-2 2 7

49.081

8.8

49.087

1.8546

115

30.682

39.1

30.688

2.9116

-6 2 3

49.460

9.2

49.466

1.8413

-3 1 6

30.98

67.9

30.981

2.8842

319

50.9

6.2

50.912

1.7925

510

32.017

8.7

32.002

2.7931

-2 2 8

51.601

6.7

51.631

1.7698

314

33.219

6.1

33.204

2.6947

-1 1 12

53.760

7.2

53.741

1.7037

-1 1 7

34.258

14.5

34.253

2.6154

622

54.017

12.7

54.012

1.6962

512

35.561

11.7

35.571

2.5225

608

54.299

7.8

54.302

1.6881

315

36.36

17.3

36.363

2.4689

-4 0 14

55.518

7.7

55.518

1.6539

117

37.549

2.4

37.566

2.3934

-8 2 3

55.936

7.8

55.911

1.6425

-1 1 8

37.815

3.2

37.819

2.3771

029

56.438

7.7

56.456

1.6291

-7 1 1

39.338

8.1

39.345

2.2886

228

57.101

6.9

57.097

1.6117

020

40.218

8.1

40.237

2.2405

1 1 12

57.778

7.9

57.771

1.5944

Table 3-2: Comparison of calculated lattice parameters of BaTe4O9
Parameter

This Work

Johnston et al. [12]

a (Å )

19.4121

19.5354

b (Å )

4.4790

4.5099

c (Å )

23.1859

23.3021

β (degree)

112.9297

112.961
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A detailed structural study of the BaTe4O9 in terms of Te-O bonding units was
conducted using fourier transform infrared spectroscopy (FT-IR). Figure 3-4 shows the
infrared transmission spectrum of BaTe4O9 in the wavenumber range of 1000 ~ 400 cm-1.
For tellurates, absorption bands in the 800 ~ 600 cm-1 range are characteristic of Te-O
stretching vibrations in the TeO4 and TeO3 groups, which are the basic structural units.
According to Arnaudov et al., the TeO4 stretching frequencies in α-TeO2 were assigned
as follows: ν1(A1) ≡ νs(TeO4)eq = 780 cm-1; ν8(B1) ≡ νas(TeO4)eq = 714 cm-1; ν6(B2) ≡
νas(TeO4)ax = 680 cm-1; and ν2(A1) ≡ νs(TeO4)ax = 620 cm-1. [10] In the IR spectrum
shown in Figure 3-4, four absorption modes were observed indicating the existence of
TeO4 trigonal bi-pyramids (tbp) as the main structural unit of α-TeO2. The other two
modes observed at 760 cm-1 and 590 cm-1 can be assigned as the frequency shifts from
ν1(A1) ≡ νs(TeO4)eq = 780 cm-1 and ν2(A1) ≡ νs(TeO4)ax = 620 cm-1, with the formation of
TeO3+1 units. The downward shift of the νs(TeO4)eq and νs(TeO4)ax modes in the spectra
of the binary TeO2-MO (or M2O) systems have been reported in literature. According to
Dimitrova-Pankova et al.,[11] TeO3+1 structural units are formed in binary tellurite
glasses containing monovalent or bivalent cations as network modifiers. With increasing
modifier content, the deformation of the TeO4 polyhedra became greater, and the
symmetry of the TeO4 groups decreases. As a result, the mode at 620 cm-1 shifted
towards lower frequencies. Based on these results, it is believed that the crystal structure
BaTe4O9 is built up with the coexistence of TeO4 trigonal bi-pyramids and TeO3+1
polyhedra units. (Table 3-3)
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Figure 3-4: Infrared transmission spectra of BaTe4O9.

Table 3-3: IR absorption frequencies of Te-O vibrations in α-TeO2 and BaTe4O9.
Composition

α-TeO2 [7]

BaTe4O9 (This work)

Te-O units

TeO4 tbp

TeO4 tbp, TeO3+1

780

780

νs(TeO4)eq

760

νs(TeO3+1)eq

714

710

νas(TeO4)eq

680

684

νas(TeO4)ax

620

617

νs(TeO4)ax

590

νs(TeO3+1)ax

IR active modes

assignment
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The structure of crystalline BaTe4O9 was reported by Johnston et al.[12]
According to their report, BaTe4O9, which has a monoclinic crystal structure, contains
two TeO4 units and two TeO3+1 units, forming [Te4O9]2- unit in tube shape. In this unit,
five O atoms participate in Te-O-Te bridges, three are terminal to Te, and one is three
coordinated to Te neighbors. The packing of the polyhedral building units in BaTe4O9
can be described as infinite tubes of [Te4O9]2- propagating along the b-direction, as
shown in Figure 3-5. The [Te4O9]2- tubes in BaTe4O9 are cross-linked by edge sharing
and the lone pair electrons of Te4+ ions heading inside of the tube. The open structure
portrayed in Figure 3-5 suggests a large molar volume which will influence the dielectric
constant.

Figure 3-5: Polyhedral view down [010] of BaTe4O9 with the tellurium centers forming
one [Te4O9]2- tube labeled. The empty tube is indicated by E. [12]
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The sintering experiments of BaTe4O9 defined a narrow sintering temperature
range. Dense BaTe4O9 ceramics with over 98% of the density were obtained after the
firing at 550oC for 2 hours in air as shown in Figure 3-6.
The shrinkage profile during the sintering process of BaTe4O9 was shown in
Figure 3-7. As exhibited in the figure, the sintering of the BaTe4O9 ceramics was
completed at the very low temperature of 550oC. The densification of green pellets
started at 475oC and reached a maximum shrinkage rate at 537oC. The final shrinkage of
12 % was observed after firing at 550oC. However, it was observed that heating to 600oC
led to softening and transformation of polycrystalline BaTe4O9 to an amorphous phase
(glass). Therefore, it is believed that the sintering mechanism of polycrystalline BaTe4O9
achieved slightly below the glass transition temperature (Tg) of the composition belongs
to solid state sintering. [13]
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Figure 3-6: Relative densities of sintered BaTe4O9 samples after 2 hour sintering in air
at various temperatures.
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Surface microstructures of the sintered BaTe4O9 samples are shown in Figure 3-8.
While the samples sintered at 530oC and 540oC showed a high level of porosity, dense
surfaces were obtained at 550oC, which is consistent with the density change as a
function of sintering temperature shown in Figure 3-6. However, it was observed that
only 10oC of over-firing caused melting and transition to amorphous-like grains, which
was also detected in the XRD data as the intensity change of the main diffraction peaks at
2θ of 25o and 26.2o. (Figure 3-3 inset) The amorphous-like regions were extended with
increasing sintering temperature as shown in Figure 3-8 (d) and (e). There was no
specific grain growth observed in the sintering temperature range of 530 ~ 575oC, and
grain sizes were smaller than 5 µm for all sintering conditions.
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Figure 3-8: Scanning electron micrographs of polished and thermally etched surfaces of
BaTe4O9 samples sintered at (a) 530oC, (b) 540oC, (c) 550oC, (d) 560oC, and (e) 575oC,
for 2 hours. Arrows indicate amorphous-like grains resulted from over-firing.
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3.3.2 BaO-2TeO2 System

Within the BaO-2TeO2 system, two different compounds have been reported,
BaTe2O5 (PDF # 36-0886) and BaTe2O6 (PDF # 70-2187). BaTe2O5 contains two Te4+
ions while BaTe2O6 consists of one Te4+ and one Te6+ ion per molecule. Calcination of
mixed BaCO3-2TeO2 raw materials yielded both BaTe2O5 and BaTe2O6 compounds. The
phase formation paths for BaTe2O5 and BaTe2O6 are exhibited in Figure 3-9. It was
observed that the phase formation of the BaO-2TeO2 compound occurred in two steps,
which can be described in Eq. 3.1 and Eq. 3.2 . BaTe4O9 was synthesized around 500oC
with 5.5% of weight loss, and then the subsequent reaction between BaTe4O9 and
remaining the BaCO3 formed BaTe2O5 at 565oC. The accompanying weight loss was due
to the production of CO2. An endothermic peak, which corresponds to partial liquid phase
formation was observed at 615oC, followed by oxidation of BaTe2O5 to BaTe2O6 detected
at 645oC during calcination in both air and nitrogen ambient conditions. The oxidation in
nitrogen atmosphere can be explained by the reaction with the oxygen from CO2 gas
produced during the BaTe2O5 formation.
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Figure 3-9: DTA and TG analysis data of BaTe2O5 and BaTe2O6 phase formations using
stoichiometrically mixed BaCO3 and TeO2 raw materials. Calcinations were conducted in
air and nitrogen atmospheric conditions.

The X-ray diffraction patterns of the BaO-2TeO2 ceramic samples fired in various
ambient conditions are shown in Figure 3-10. As shown in the DTA results, the oxidized
phase, BaTe2O6 was detected as the main phase in the sintered samples for all
atmospheres. However, the oxidation was not complete, and the remaining BaTe2O5 was
observed as a minor phase after the sintering at 650oC in air. Oxidation was finally
complete after firing at 750oC in an oxygen yielding single phase BaTe2O6. Meanwhile,
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reduction from BaTe2O6 to BaTe2O5 was not achieved even after the prolonged firing of
calcined powder in nitrogen, so it was difficult to obtain a single phase BaTe2O5 even
under low oxygen partial pressure.
The crystal structures of MTe2O5 and MTe2O6 (M = Ca, Ba, Mg, Zn, Mn, etc.)
compounds have been reported previously.[14] BaTe2O5 has a monoclinic structure
(P21/c) with cell parameters of a = 19.85Å, b = 4.38Å, c = 7.39Å, and β = 95.65o,
which is a distorted orthorhombic MTe2O5 (M = Mg, Mn, Zn) structure owing to the
large Ba2+ ion. According to Johnston and Harrison [15], the structure of orthorhombic
MTe2O5 consists of infinite corrugated sheets of corner sharing TeO3+1 units propagating
in the (010) plane. Connectivity between adjacent polyhedra is provided by the oxygen
species, which results in an anionic layer of stoichiometry [Te2O5]2-. These layers contain
six-ring loops, and each loop contains six TeO3+1 polyhedral units. MO6 octahedron units
are placed in between the [Te2O5]2- layers forming infinite chains running in the [001]
direction. Figure 3-11 illustrated the connections of TeO3+1 units in [Te2O5]2- layer and
3-dimentional arrangement of MO6 octahedra and TeO3+1 polyhedra units in the
orthorhombic MTe2O5 structure. The mixed valence barium tellurate, BaTe2O6 has an
orthorhombic structure (Cmcm) with cell parameters of a = 5.57Å, b = 12.80Å, and c =
7.32Å. BaTe2O6 single phase can be obtained by oxidation of BaTe2O5 or by
precipitation/crystallization from a BaO-2TeO2 melt. According to Kocak et al. [16],
oxygen coordination with tellurium ions in BaTe2O6 are characterized as TeO6 octahedra
for Te6+ ions and TeO5 pyramids for the Te4+ ions. The octahedral TeO6 and pyramidal
TeO5 units are connected by corner sharing as shown in Figure 3-12.
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Figure 3-10: X-ray diffraction pattern of BaTe2O6 fired at 650oC for 2h in (a) O2 (All
peaks were indexed to the BaTe2O6 structure), (b) air, and (c) N2.
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(a)

(b)

Figure 3-11: (a) Section of MTe2O5, viewed down [010], showing infinite corner sharing
[Te2O5]2- layers, and (b) polyhedral diagram of MTe2O5, viewed normal to [001]. [12]

(a)

(b)

Figure 3-12: (a) Schematic of Te2O6 layer consisting TeO6 octahedra and TeO5
pyramids, and (b) Structure of BaTe2O6: white balls indicate oxygen, black dots are
tellurium and gray balls are barium ions. [13]
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In the infrared transmission spectrum of the BaTe2O6 samples, Te-O bonding
characteristics including oxygen coordinations can be analyzed. According to Blasse and
Hordijk [17], the stretching and bending modes of TeO6 octahedral units usually occur in
the region of 550 to 750 cm-1 and 350 to 450 cm-1, respectively. Ratheesh et al.[18] have
assigned the modes at 650 cm-1 and 570 cm-1 as the IR-active symmetric stretching
vibrations and asymmetric stretching vibrations of TeO6 units, respectively. With the
obtained BaTe2O6 samples, seven absorption modes were detected in the wavenumber
range of 1000 ~ 400 cm-1, as shown in Figure 3-13 and Table 3-4. Among these, strong
absorption at 653 cm-1 can be assigned as symmetric stretching, and the peak at 553 cm-1
is for the asymmetric stretching of TeO6 octahedral units. With consideration of shorter
average Te-O bond length in TeO5 pyramid units (dTe-O = 1.831 Å) than that in TeO6
octahedra (dTe-O = 1.924 Å),[13] the strong absorption modes detected at 765 cm-1 and
715 cm-1 can be assigned as symmetric and asymmetric stretching vibrations of Te-O in
TeO5 pyramidal units, respectively.
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Figure 3-13: Infrared transmission spectra of BaTe2O6.

Table 3-4: IR absorption frequencies of Te-O vibration in BaTe2O6.
composition

BaTe2O6

Te-O unit

TeO5 pyramids
&
TeO6 octahedra

Mode (cm-1)

assignment

796

-

765

TeO5 symmetric stretching

715

TeO5 asymmetric stretching

653

TeO6 symmetric stretching

553

TeO6 asymmetric stretching

472

-

430

-
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In the ceramic processing of the BaO-2TeO2 compounds, the BaTe2O5/BaTe2O6
two- phase mixtures were sintered at 650oC for 2 hours in air, and melted at 700oC, while
the dense BaTe2O6 single phase samples were obtained at 750oC in a tube furnace with
flowing oxygen. The melting points of the BaTe2O5 and BaTe2O6 phases have not been
reported, but it is expected that there will be a eutectic point, which is below the melting
points of BaTe2O5 and BaTe2O6. The shrinkage profile and corresponding heat flow and
weight change during the sintering process of BaTe2O5/BaTe2O6 mixtures in air are
exhibited in Figure 3-14. Densification of BaTe2O5/BaTe2O6 mixtures in air was
complete at 650oC with the assistance of a liquid phase, which was formed at 575oC. At
the end of the densification process, it was observed that further oxidation of BaTe2O5 to
BaTe2O6 occurred at 645oC, which is consistent with the oxidation peak in Figure 3-9.
The oxidation resulted in 0.25 % of weight gain. However, the BaTe2O5 phase remained
even after the densification at 650oC for 2 hours in air.
As mentioned earlier, densification in oxygen atmosphere was complete at 750oC,
yielding a single phase BaTe2O6. Figure 3-15 shows the heat flow during the sintering
process in an oxygen atmosphere. For sintering in oxygen, two types of liquid phases,
which were formed at 575oC and 720oC, were involved. The existence of liquid phases is
responsible for the densification and grain growth. The oxidation of BaTe2O5 to BaTe2O6
was also observed at 645oC. Through the oxidation in oxygen atmosphere, the BaTe2O5
phase was completely eliminated.
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Figure 3-14: Shrinkage, heat flows, and weight change in the sintering process of
BaTe2O5/BaTe2O6 compound in air.
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Figure 3-15: Heat flow during sintering process of BaTe2O6 in oxygen atmosphere.
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The surface microstructures of sintered BaO-2TeO2 samples are shown in
Figure 3-16. A sample sintered in air, BaTe2O5/BaTe2O6 has two types of grain
morphologies. Small plate-shaped grains were dispersed as an intergranular phase
between the equiaxed grains of 3 ~ 5 µm in size. It was difficult to identify and
distinguish the phase of each grain using energy dispersive spectroscopy, since both
grains have similar Ba to Te ratios. However, it is reasonable to assume that the small
plate-shaped grains are BaTe2O5 based on the relative amount of the grains in the
micrograph. For BaTe2O6 single phase samples sintered in oxygen atmosphere, the plateshaped grains disappeared while abnormal grain growth occurred. Abnormal grain
growth has often been explained in terms of variable grain boundary energy or mobility,
which favors grains with higher mobility boundaries or lower energy than surrounding
matrix grains. [19] Liquid phase formation at grain boundaries significantly enhances
grain boundary mobility, resulting in abnormal grain growth. The DTA result in Figure 315 shows liquid phase formation at 575oC and 720oC. Therefore, it is believed that

densification and abnormal grain growth of BaTe2O6 in oxygen atmosphere are attributed
to liquid phases.
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Figure 3-16: Scanning electron micrographs of polished and thermally etched surfaces
of (a) BaTe2O6 samples containing BaTe2O5 secondary phase, sintered at 650oC for 2h in
air and (b) BaTe2O6 sample sintered at 750oC for 2h in O2.

3.3.3 BaO-TeO2 System

The two compounds, BaTeO3 and BaTeO4, have different oxygen coordination
and Te valence states. BaTeO3 was achieved at 750oC in air via multiple reaction steps as
shown in Figure 3-17 and Eq. 3.3. First, BaCO3-TeO2 mixed powders formed BaTe4O9
at ~ 510oC, followed by the synthesis of BaTe2O5 at ~ 565oC. The BaTe2O5, and part of
the remaining BaCO3, reacted to form the Ba2Te3O8 phase at ~ 650oC, and, finally, the
BaTeO3 phase was obtained by the reaction of Ba2Te3O8 and BaCO3. The multiple-step
reactions of BaTeO3 are consistent with other barium tellurates. The weight loss during
the phase formation was 12.45 %, which shows good agreement with the theoretical
weight loss value with the consideration of CO2 gas production.
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Figure 3-17:
DTA and TG analysis data of BaTeO3 phase formation using
stoichiometrically mixed BaCO3 and TeO2 raw materials.
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BaTeO3 has two polymorphs, monoclinic (P21/m, PDF# 71-1389) and meta-stable
orthorhombic BaTeO3 (Pnma, PDF# 71-1390). Monoclinic BaTeO3 was obtained as
shown in the Figure 3-18. A small amount of BaTeO4 phase was detected as a secondary
phase in the samples sintered in air and oxygen. Evidence of BaTeO4 phase formation
can be found in the DTA data in Figure 3-17. Since there was no reaction peak indicating
oxidation of BaTeO3 to BaTeO4 in the DTA results, it is believed that BaTeO3 is not
easily oxidized to BaTeO4 even in an oxygen atmosphere. However, a small endothermic
reaction peak was observed at 620oC, which corresponds to eutectic melting and
oxidation of BaTe2O5 to BaTe2O6 as shown in Figure 3-9. The small amount of BaTe2O6
phase containing Te6+ ions is a potential precursor for the BaTeO4 formation. The
BaTeO4 phase was completely eliminated by firing in N2 atmosphere while the Te
deficient phase Ba3TeO6 appeared. The formation of a Te deficient phase in a reducing
atmosphere is attributed to the enhanced volatility of Te. This will be discussed in the
next section.
The crystal structure of monoclinic BaTeO3 was first reported by Folger. [20]
BaTeO3 is isostructural with KClO3 with the cell parameters of a = 4.63 Å, b = 5.95 Å, c
= 7.31 Å, and β = 112.2o. In BaTeO3, the tellurium atoms form TeO3 trigonal pyramids
(tp), which is frequently observed in the tellurite glass with high modifier content [21],
while barium has the 7+2 coordination to oxygen with the formation of BaO9 polyhedra.
The TeO3 trigonal pyramids are not linked each other and the BaO9 polyhedra are linked
by common corner or edge sharing. The schematic ball and stick diagram of the BaTeO3
unit cell is shown in Figure 3-19.
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Figure 3-18: X-ray diffraction pattern of BaTeO3 sintered at (a) 800oC for 2h in O2, (b)
800oC for 2h in air, and (c) 900oC for 2h in N2. Unmarked peaks correspond to the
BaTeO3 phase.

Figure 3-19: Elements in the unit cell of BaTeO3, projected to the (100) plane. Large
gray balls: barium, medium dark balls: oxygen, and small white balls: tellurium. [20]
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The infrared transmission spectra of the BaTeO3/BaTeO4 mixture samples
sintered in air show the typical Te-O bonding characteristics of TeO3 trigonal pyramid
units. As shown in Figure 3-20 and Table 3-5, a huge absorption peak was observed in
the wavenumber range of 735 ~ 620 cm-1, which is the typical absorption band of TeO3
units. This band is made up of overlapping absorption bands, which are symmetric
stretching mode ν1(A1) ≡ νs(TeO3) = 730-680 cm-1 and bending mode ν3(E) ≡ νd(TeO3) =
680-640 cm-1. [8] Another peak at 590 cm-1 can be assigned as asymmetric stretching
vibration of TeO3 trigonal pyramids. Although the symmetric stretching mode of TeO6
octahedra in BaTeO4 secondary phase was not distinguished due to the overlapping with
the 735 ~ 620 cm-1 absorption band, the existence of BaTeO4 phase was confirmed by the
TeO6 asymmetric stretching mode observed at 553 cm-1.
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Figure 3-20: Infrared transmission spectra of BaTeO3 containing BaTeO4 secondary
phase.

Table 3-5: IR absorption frequencies of Te-O vibration in BaTeO3.
composition

BaTeO3
(with BaTeO4
secondary phase)

Te-O unit

TeO3 from
BaTeO3
&
TeO6 from
BaTeO4

mode

assignment

748

-

735 ~ 620

TeO3 symmetric stretching (730-680)
TeO3 bending (680-640)
TeO6 symmetric stretching (653)

590

TeO3 asymmetric stretching

553

TeO6 asymmetric stretching

525

-
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The sintering temperature of BaTeO3 ceramic was also low enough for the LTCC
applications. The sintering process of BaTeO3 ceramics was completed below 800oC in
air. It was observed that the shrinkage during the sintering process occurred in a
temperature range from 625oC to 760oC. (Figure 3-21) The BaTeO3 ceramic samples
sintered at 800oC for 2 hours in air showed dense surface microstructures with 3 ~ 5 µm
grain sizes and isotropic grain morphology. (Figure 3-22)
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Figure 3-21: Shrinkage profile in the sintering process of BaTeO3 green body.
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Figure 3-22: Scanning electron micrographs of polished and thermally etched surfaces
of BaTeO3 samples sintered at 800oC for 2 h in air.

3.3.4 2BaO-TeO2 System

A barium rich barium tellurite, Ba2TeO5 was prepared by the calcination of
2BaCO3-TeO2 mixed raw materials. The phase formation procedure of Ba2TeO5 is shown
in Figure 3-23. Ba2TeO5 was also synthesized through multiple reactions forming
intermediate phases, and each reaction was accompanying the weight loss owing to the
CO2 production. The subsequent reactions that occurred during the Ba2TeO5 phase
formation can be described as Eq. 3.4.
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Figure 3-23:
DTA and TG analysis data of Ba2TeO5 phase formation using
stoichiometrically mixed BaCO3 and TeO2 raw materials.
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The crystal structure of Ba2TeO5 was first reported by Natansohn. [22] Ba2TeO5
has a tetragonal structure (P41212) with cell parameters of a = 11.52 Å and b = c = 7.41
Å. In the Ba2TeO5 structure, tellurium ions are in +6 valence state with 6-coordination to

oxygen in TeO6 octahedral units. In the IR transmission spectra of Ba2TeO5 shown in
Figure 3-24, strong absorption peaks assigned as symmetric and asymmetric stretching
vibrations of TeO6 octahedra were observed at 660 cm-1 and 553 cm-1, respectively. The
TeO6 octahedral units are linked to each other by corner sharing propagating to adirection. The typical linkages of TeO6 octahedra in M2TeO5 compounds are visualized
in Figure 3-25.
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Figure 3-24: Infrared transmission spectra of Ba2TeO5.

(a)

(b)

Figure 3-25: Projection of M2TeO5 crystal structure in perspective viewing along (a)
[010] and (b) [100]. The TeO6 octahedra are plotted in polyhedral representation. [23]
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Figure 3-26 shows the X-ray diffraction patterns of Ba2TeO5 samples. Single
phase (PDF# 25-1470) Ba2TeO5 was obtained for the samples sintered at 950oC in air.
However, phase decomposition of Ba2TeO5 into BaTeO3 and Ba3TeO6 was observed after
firing in a reducing atmosphere. The decomposition of Ba2TeO5 in a reducing atmosphere
was also confirmed by SEM analysis. Figure 3-27 shows the surface microstructure of
sintered Ba2TeO5 samples. The single phase sample of Ba2TeO5 sintered at 950oC for 2
hours, in air, showed a dense surface with rod-shaped grains. However, the sample
sintered in a reducing atmosphere exhibited a microstructure consisting of large
precipitates in a porous matrix. From the energy dispersive spectroscopy results, the
chemical compositions of the precipitates and porous matrix were BaTeO3 and Ba3TeO6,
respectively.
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Figure 3-26: X-ray diffraction pattern of Ba2TeO6 sintered at (a) 950oC for 2h in air, (b)
950oC for 2h in N2. All unmarked peaks correspond to the Ba2TeO5 phase.
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(a)

(b)

(c)
Figure 3-27: Scanning electron micrographs of polished and thermally etched surfaces
of Ba2TeO5 samples sintered at (a) 950oC for 2h in air and (b) 950oC for 2h in N2. (c)
Energy dispersive spectroscopy data of indicated regions in (b)
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The decomposition of Ba2TeO5 can be explained by the enhanced volatility of
tellurium at high temperatures in a reducing atmosphere. It is well known that Te is a
volatile species like Zn, Bi, and Pb.[24] For the Te-rich barium tellurates, the volatility of
Te was not observed because the processing temperatures were low. However, Te
volatility increased for Ba-rich compounds that were sintered at a relatively high
temperature in a reducing atmosphere. The enhanced volatility of tellurium was
confirmed through DSC-TG analysis of calcined Ba2TeO5 powders in different ambient
conditions. (Figure 3-28) During the heating of BaTe2O5 powder in N2, 0.9 % of weight
loss accompanying three endothermic peaks were observed in the temperature range of
725 ~ 810oC, while no weight loss was observed in air. Part of the tellurium ejected from
Ba2TeO5 is believed to participate in BaTeO3 formation by combining with the Ba3TeO6
phase. The endothermic peaks in the temperature range of 750 ~ 800oC can be considered
as the decomposition of Ba2TeO5 into Ba3TeO6 and precipitation /crystallization of
BaTeO3. The procedure of Ba2TeO5 decomposition into Ba3TeO6 and BaTeO3 in a
reducing atmosphere can be described as Eq. 3.5

Ba 2TeO5
2
1
1
Ba3TeO6 + Te ↑ + O2 ↑
3
3
2
x
3+ x
1− x
1+ x
Ba3TeO6 +
BaTeO3 + Te ↑ +
O2 ↑
→
6
2
3
4
→

where, 0 < x < 1 .
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Figure 3-28: DTA and TG analysis data of calcined Ba2TeO5 powders in different
ambient conditions.
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3.4 CONCLUSION

Phase formation, structural characterization, and processing of polycrystalline
barium tellurates have been presented in Chapter 3. In the BaO-TeO2 system, BaTe4O9,
BaTe2O6, BaTeO3, and Ba2TeO5 phases were synthesized using conventional solid state
reaction at 500, 600, 800, and 900oC, respectively. Each phase was formed through a
multi-step phase progression from Te-rich to Ba-rich phases. The calcination process in
air allowed the single phase formation of BaTe4O9 and Ba2TeO5, while residual BaTe2O5
and BaTeO4 phases were observed in BaTe2O6 and BaTeO3 samples, respectively.
BaTe2O6 single phase was achieved through firing in oxygen.
The crystal structure of BaO-TeO2 compounds were explored by X-ray diffraction
and infrared spectroscopy. The Te coordination changes with increasing Ba content,
which is analogous to Te coordination reported in tellurite glasses. The coordination
change from TeO3 trigonal pyramids to TeO6 octahedra was correlated with the valence
transition of Te ions from Te4+ to Te6+ in Ba-rich compounds.
In the ceramic processing of barium tellurates, although the sintering temperature
increased with increasing Ba content, low sintering temperatures below 950oC allowed
full densification of all the compounds. Dense BaTe4O9 ceramics with > 98% theoretical
density and < 3µm of grain size was obtained by sintering at 550oC in air. These low
temperatures of phase formation and densification of barium tellurate ceramics make
them potential candidates for LTCC application. At higher temperatures, the phase
decompositions of BaTeO3 and Ba2TeO5 compounds were observed in a reducing
atmosphere, which is attributed to enhanced volatility of Te. Phase instability at high
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temperature and low oxygen activity may limit the application of base-metal electrodes
such as Cu and Ni.
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Chapter 4
MICROWAVE DIELECTRIC PROPERTIES OF THE BaO-TeO2 SYSTEM

This chapter presents the dielectric properties of barium tellurate ceramic
compounds obtained in Chapter 3. Based on the structural information taken from
Chapter 3, dielectric permittivities of barium tellurates are predicted and compared with
measured values. Dielectric properties of barium tellurate compounds at microwave
frequencies and their phase relations are also discussed.

4.1 INTRODUCTION

High frequency dielectric properties of ceramics are important for the
miniaturization of microwave devices such as capacitors, duplexers, filters, antennas, and
resonators. For these applications, mid-range dielectric constants (20 ~ 100) are desirable
to shrink the component size. Low dielectric loss is also important to increase efficiency.
A temperature-stable dielectric constant is important for frequency and phase control.
In the past, temperature-compensating ceramic capacitors were used at low
frequencies (100 Hz ~ 1 MHz) for electronic circuits such as LC resonant circuits and RC
timing circuits. The dielectric loss was well below the threshold required for capacitors in
these applications. New low-loss materials with improved temperature stability have been
required since microwave (1 ~ 30 GHz) applications became popular.[1] Therefore, the
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requirements of dielectric materials for currently developing small and high-performance,
high frequency devices have become stricter. Desirable dielectric properties depend on
the application, but, in general, include temperature stability and very low loss at high
frequencies.
In addition to the strict electrical requirements for microwave ceramics, low
processing temperatures are important for integrated conductors. This chapter describes
the dielectric properties of the BaO-TeO2 ceramic system, which allows densification in
the temperature range of 550 ~ 950oC.
Microwave dielectric properties of certain low-temperature firing tellurate
ceramics in Bi2O3-TeO2, TiO2-TeO2, and CaO-TeO2 systems have been reported by
Udovic et al. and Valant et al., as shown in Table 4-1. Most of the tellurates listed in the
table show excellent dielectric properties, especially very low loss (that is high Q×f
values) at high frequencies, which make them potential candidates for microwave
dielectrics and Low-Temperature Co-fired Ceramics (LTCC) processing. The dielectric
properties of polycrystalline barium tellurates have not been reported, even though the
BaO-TeO2 system has been studied extensively as a glass composition. The objective of
this chapter is to present dielectric properties of polycrystalline barium tellurate ceramics
at a wide frequency range from 1 kHz to microwave (GHz). The dielectric properties are
discussed with the relations to the structure, phase, and processing.
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Table 4-1: Microwave dielectric properties of tellurates.
Compound

Sintering
temp. (oC)

εr

Q×f
(GHz)

TCε
(ppm/oC)

TCf
(ppm/oC)

Ref

Bi2Te2O8

650

39

23,000

80

-43

[2]

Bi2TeO6

720

56

10,400

90

-49

[2]

Bi6Te2O15

800

33

41,000

170

-85

[2]

7Bi2O3⋅2TeO2

750

46

1,090

300

-144

[2]

TiTe3O8

720

50

30,600

-260

133

[3]

0.2TiTe3O8-0.8TeO2

670

34

22,000

-50

24

[3]

TeO2

640

19.3

30,000

240

-119

[3]

CaTeO3

840

17.4

49,300

150

-75

[4]

CaTe2O5

780

19.3

13,400

130

-68

[4]

4.2 EXPERIMENTAL PROCEDURES

4.2.1 Sample Preparation

The base compositions BaTe4O9, BaTe2O6, BaTeO3, and Ba2TeO5 were prepared
by conventional powder processing techniques. A detailed description of compound
synthesis was presented in Chapter 3. For low frequency dielectric measurements,
samples were dry-pressed into disks with 10 mm diameter and 1.5 mm thickness.
Sintered disks were polished to provide parallel surfaces and gold electrodes were applied
by sputtering. For microwave dielectric characterization, post-shaped samples with a
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diameter to thickness ratio of 8:3 were prepared. The relative densities of the obtained
ceramic samples were higher than 97%.

4.2.2 Dielectric Characterization at Low Frequencies (1 kHz to 1 MHz)

Complex dielectric permittivity and dielectric loss of ceramic samples were
determined in the frequency range of 1 kHz to 1 MHz using an HP 4284 LCR meter
(Hewlett-Packard, Palo Alto, CA) with an ac field of 1V/mm on 10 mm diameter sintered
disks. Temperature dependence of dielectric properties was obtained using a
programmable 9023 Delta Design oven (Delta Design, San Diego, CA) over the
temperature range of 0 ~ 150oC.

4.2.3 Microwave Dielectric Characterization

The relative dielectric permittivity in the microwave frequencies of sintered
barium tellurate samples were determined by the post resonator method, which was
suggested by Hakki and Coleman [5], using HP 8510 Network Analyzer (HewlettPackard, Palo Alto, CA) and a post resonator setup with parallel silver plates. Since the
conductor loss from the top and bottom metal plates contacting the sample in the HakkiColeman measurement apparatus may cause errors in Q measurement of high-Q materials,
the Q values were determined using the transmission resonant cavity method with a silver
cavity and quartz support. [6] In this method, the dielectric resonator is suspended by an
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extremely low-loss material such as quartz in the center of a metal cavity. When the
metal walls are removed from the sample using the resonant cavity method, the magnetic
field intensity on the surface of the conductor decreases, resulting in drastically reduced
conduction losses. [7] The cavity diameter was three times larger than the sample
diameter with the same aspect ratio in order to minimize the conducting loss generated by
the metal shield of the cavity. (Figure 4-1) When the ceramic resonator was introduced
into the cavity, a resonance occurred at a specific frequency corresponding to an S21
transmission resonance peak. The loaded Q (QL) was then calculated by the following
relation (Eq. 4.1 and Figure 4-2)

QL =

f0
∆f

4.1

where, f0 corresponds to the resonance frequency and ∆f to the peak width 3 dB below
S21 maxima. The peak height of the resonance peak is an indication of the coupling, and
the unloaded Q (Q0) can be calculated as given in Eq. 4.2

Q0 =

QL
1 − 10 −( S 21 max − S 21 min ) / 20

4.2

The temperature coefficient of resonant frequency (TCf) was determined using a
zero thermal expansion cavity. The cavity was put into the programmable 9023 Delta
Design oven, and the temperature dependence of resonance frequency was measured in
the temperature range of 20 to 80˚C by Eq. 4.3.

TCf ( ppm / oC ) =

∆f
f 25o C ⋅ ∆T

4.3
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Figure 4-1: Schematics of (a) post resonator method and (b) transmission cavity method
setup.

Figure 4-2: Frequency response of a microwave resonator.
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4.3 RESULTS AND DISCUSSION

The relative dielectric permittivity of the barium tellurate compounds were
estimated from the Clausius-Mossotti equation. (Eq. 4.4) [8]

3Vm + 8πα DT
εr =
3Vm − 4πα DT
where,

4.4

ε r = relative dielectric permittivity, Vm = molar volume, and α DT = total dielectric

polarizability.
Using the ionic polarizabilities given by Shannon [7], dielectric permittivities of
BaTe4O9, BaTe2O6, BaTeO3, and Ba2TeO5 were estimated as listed in Table 4-2. Since
the ionic polarizability of Te6+ is unknown, the ionic polarizability of Te4+ was applied
for all compositions in the calculation. From this calculation, it was found that BaTe4O9,
BaTe2O5 and BaTeO3 expected low dielectric constants ranging from 8 to 15, regardless
of the presence of highly polarizable Te4+ ions. The low dielectric constant of these
compounds is attributed to the large molar volume (Vm), which sensitively affects the
dielectric constant calculation in Eq. 4.4. As presented in Chapter 3, barium tellurates
have open crystal structures with the tube-type arrangement of polyhedral units, resulting
in large molar volume. Of course, the actual dielectric constant values may show
deviations from the calculated values because of the existence of Te6+ ions in the
BaTe2O6 and Ba2TeO5 phases, the BaTeO4 secondary phase in BaTeO3 samples, and
other structural factors, such as the presence of compressed cations in distorted
polyhedral units. However, it is anticipated from the calculations that the highest
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dielectric constant would be obtained from the BaTe2O6 composition among the barium
tellurates.

Table 4-2: Relative dielectric permittivity estimation of barium tellurates.
α

α

α

εr

Compound

Structure

Vm

(Ba2+)

(Te4+)

(O2-)

total P

BaTe4O9

monoclinic

232.08

6.4

5.23

2.01

45.41

15

BaTe2O5

monoclinic

159.84

6.4

5.23

2.01

26.91

8

BaTe2O6

orthorhombic

130.41

6.4

5.23

2.01

28.92

40

BaTeO3

monoclinic

98.84

6.4

5.23

2.01

17.66

10

Ba2TeO5

tetragonal

132.13

6.4

5.23

2.01

28.08

25

(calc.)

4.3.1 Dielectric Properties of BaTe4O9

Figure 4-3 shows dielectric constant and loss as a function of temperature for the
frequency range of 1 kHz to 1 MHz. The dielectric constant at room temperature was
18.3, which was higher than the calculated value of 15, for all measurement frequencies.
The temperature dependence of the dielectric permittivity showed a linear increase with
increasing temperature with the TCε (temperature coefficient of dielectric permittivity)
value of 169 ppm/oC. The dielectric loss (tan δ) at 1 kHz was 2.5×10-3 and decreased to
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nearly zero with increasing frequency. Based on this behavior, it is anticipated that the
BaTe4O9 would show a very high Q value at microwave frequency.
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Figure 4-3: Dielectric constant and loss of BaTe4O9 ceramic samples, displayed as a
function of temperature. The measurement frequencies were from 1 kHz to 1 MHz.

Microwave dielectric properties of dense BaTe4O9 samples were determined as a
dielectric constant of 17.5, Q×f of 54,700 GHz, and TCf of -90 ppm/oC. From the
obtained temperature coefficients (TCε and TCf), the linear thermal expansion coefficient
(α) was calculated by the relation described in Eq. 2.14. The thermal expansion
coefficient (αL) of BaTe4O9 was 5.5 ppm/oC, which is a typical value for ceramic oxides.
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As shown in Figure 4-4, an increase of the dielectric permittivity and Q×f values
and a negative shift in TCf with an elevating sintering temperature were observed as the
sintering temperature increased from 530 to 550oC. This behavior is consistent with the
normally observed phenomena in dielectric properties with the changes in bulk density of
sintered dielectric ceramics, as reported in pertinent literatures.[9],[10] However, for
samples sintered in excess of 550oC, the Q×f value decreased as partial melting occurred.
The existence of partially melted grains inside of the over-fired samples generated
extrinsic dielectric losses.

Figure 4-4: Microwave dielectric properties of BaTe4O9 as a function of sintering
temperature. Lines connecting data points are drawn for visual aid.
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4.3.2 Dielectric Properties of BaTe2O6

The dielectric constant and loss change as a function of temperature measured in
the frequency range of 1 kHz ~ 1 MHz are shown in Figure 4-5 (a). The dielectric
constants at room temperature were determined as 20.7 to 20.9, depending on the
frequency. The measured value was lower than the calculated value of 40. The deviation
from the calculated value resulted from incorrect ionic polarizability used in the
calculation. Since the BaTe2O6 phase contains one Te6+ ion in the molecule, ionic
polarizability of Te6+ ion should be considered in calculation. The ionic polarizability of
Te6+ ions have not been reported yet, but it is imaginable that the polarizability of
spherical Te6+ ions would be lower than that of polar Te4+ ions (α = 5.23 Å3). By fitting
the measured value with the Clausius-Mossotti calculation, the ionic polarizability of
Te6+ ion was estimated as 3.7 Å3. The drop in the ionic polarizability of the higher
valence number of tellurium is consistent with other aliovalent elements. (Table 4-3)
The dielectric permittivity of BaTe2O6 increased with increasing temperature with
the positive TCε value of 89 ppm/oC at 1 MHz. The BaTe2O6 samples also showed low
dielectric loss, which was 7.9×10-3 at 1 kHz and decreased to nearly zero with increasing
measurement frequency.
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Figure 4-5: Dielectric constant and loss of ceramic samples with the compositions (a)
BaTe2O6 single phase sintered in O2 and (b) BaTe2O6-BaTe2O5 composite sintered in air.
The data were displayed as a function of temperature. The measurement frequencies
were from 1 kHz to 1 MHz.

104
Table 4-3: Ionic polarizability of aliovalent cations.
2+

3+

4+

6+

Ref

Ce

-

6.15

3.94

-

Shannon [8]

Eu

4.83

4.53

-

-

Shannon [8]

Te

-

-

5.23

3.7

This study

Samples sintered in air, which contained the BaTe2O5 secondary phase, showed
different dielectric properties as exhibited in Figure 4-5 (b). The dielectric permittivities
at room temperature of the BaTe2O6-BaTe2O5 mixture samples were determined as 17.8
~ 18.4, depending on the frequency. The lower dielectric permittivity of the BaTe2O6BaTe2O5 mixture samples compared to the BaTe2O6 single phase can be attributed to the
presence of the BaTe2O5 secondary phase. It is well known that, in a two phase mixture
composite, dielectric properties such as dielectric constant and temperature coefficient of
the composite can be determined by the properties of each end member with the mixing
rule described in Eq. 4.5.

ε r = V1ε r1 + V2 ε r 2

(Parallel model)

V1

(Series model)

1

εr

=

ε r1

+

V2

ε r2

log ε r = V1 log ε r1 + V2 log ε r 2

4.5

(Logarithmic model)

where, V1, V2 are volume fractions, and εr1, εr2 are dielectric constants of each phase.
Among the three models, the logarithmic mixing rule is generally applied for 0-3
composites, which stands for a homogeneously dispersed low-εr spheres in high-εr matrix.
According to the dielectric permittivity estimation by the Clausius-Mossotti equation, the
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relative dielectric permittivity of the BaTe2O5 phase was calculated as only 8, which
results from a large molar volume of BaTe2O5. Therefore, a small amount of the BaTe2O5
secondary phase can effectively reduce dielectric permittivity of the composite. Figure 46 shows estimated relative dielectric permittivity of the BaTe2O6-BaTe2O5 two-phase

composite by the logarithmic mixing rule as a function of volume fraction of the BaTe2O5
phase. 15 volume % of BaTe2O5 phase reduces relative dielectric constant of composite

Relatice Dielectric Permittivity (εr)

to 18.

22
20

x = 0.15

18
16
14
12
10
8
6

0.0

0.2

0.4

0.6

0.8

1.0

Volume fraction of BaTe2O5 (x)

Estimation of relative dielectric permittivity of BaTe2O6-BaTe2O5
Figure 4-6:
composite by logarithmic mixing rule.

The dielectric permittivity of the BaTe2O6-BaTe2O5 composite increased with
increasing temperature with the positive TCε value of 122 ppm/oC at 1 MHz as shown in
Figure 4-5(b). However, the temperature coefficient of dielectric permittivity (TCε)
showed strong frequency dependency at low frequencies and high temperatures. The
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increase in TCε at low frequency and high temperature is attributed to the abrupt increase
of dielectric loss (tanδ) due to extrinsic conduction. Recalling the general equation of
temperature coefficient of capacitance (Eq. 2-16), the increase in TCε with high dielectric
loss can be explained. When the dielectric loss increased abruptly because the conduction
occurred at high temperature and low frequency, the TCε is dominated by the “D” term
(generally described as 0.05tanδ) and shows large positive value.
The dielectric loss of the BaTe2O6-BaTe2O5 composite samples at room
temperature was higher than the BaTe2O6 single phase samples. The tan δ at room
temperature was 2.0×10-2 at 1 kHz, and decreased to 2.1×10-3 with increasing frequency.
The higher the dielectric loss of composite samples can be explained by the increased
inhomogeneity due to presence of multiple phases. Polyphase assemblages generally
have higher loss than phase-pure ceramics at microwave frequency. [11]
The microwave dielectric properties of the BaTe2O6 and BaTe2O6-BaTe2O5
composite samples are listed in Table 4-4. For single phase BaTe2O6, excellent
microwave dielectric properties were obtained as a dielectric constant of 21, Q×f of
50,300 GHz at 11.5 GHz, and TCf of -51 ppm/oC. With formation of the BaTe2O5
secondary phase, lower dielectric constant and Q×f values were obtained at microwave
frequency.
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Table 4-4: Microwave dielectric properties of sintered BaO-2TeO2 compounds.
sample

εr

f0 (GHz)

Q×f (GHz)

TCf
(ppm/oC)

BaTe2O6

21

11.5

50,300

-51

BaTe2O6-BaTe2O5 composite

17.8

12

40,400

-66

4.3.3 Dielectric Properties of BaTeO3

Figure 4-7 shows the dielectric constant and loss of sintered BaTeO3 samples as a
function of temperature. The dielectric constants at room temperature were 9.4 ~ 9.6,
depending on the frequency, which showed good agreement with the calculated value in
Table 4-2. The sample contained small amounts of the BaTeO4 secondary phase. By
using the molar volume of the orthorhombic BaTeO4 structure and the ionic polarizability
of Te6+ ion (α =3.7 Å3), which was obtained in the previous section, the dielectric
constant of BaTeO4 was calculated as 10. Therefore, the existence of the BaTeO4
secondary phase in BaTeO3 ceramics does not affect the dielectric constant of the
composite sample, because the dielectric constants of BaTeO3 and BaTeO4 are similar.
However, the BaTeO4 secondary phase significantly increased dielectric loss at low
frequency owing to the extrinsic conduction as discussed in the case of BaTe2O5BaTe2O6 polyphase samples in BaO-2TeO2 system. But the extrinsic conduction effect on
dielectric loss became negligible at high frequencies.
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The low dielectric loss and temperature-independent dielectric constant at high
frequencies make BaTeO3 suitable for microwave applications. The TCε at 1 MHz was
92 ppm/oC and also exhibited strong frequency dependency at low frequency and high
temperature because of the extrinsic conduction. The microwave dielectric properties of
the sintered BaTeO3 samples, which contain a small amount of the BaTeO4 secondary
phase, were determined as εr of 10, Q×f of 34,000 GHz at 13 GHz, and TCf of -54
ppm/oC.
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Figure 4-7: Dielectric constant and loss of sintered BaTeO3 ceramic samples, which
contains small amount of BaTeO4 secondary phase. Data were displayed as a function of
temperature. The measurement frequencies were from 1 kHz to 1 MHz.
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4.3.4 Dielectric Properties of Ba2TeO5

Single phase Ba2TeO5 found to possess excellent dielectric properties with very
low dielectric loss as exhibited in Figure 4-8. The dielectric permittivity at room
temperature was 17.5 and increased with the high positive TCε of 234 ppm/oC. The
dielectric loss (tan δ) was 3.9×10-3 at 1 kHz and decreased to nearly zero with increasing
frequency.
The obtained dielectric permittivity was lower than the calculated value in Table
4-2. However, recalculation using the ionic polarizability of Te6+ ions (α = 3.7 Å3),

which was obtained in section 4.3.2, produced dielectric permittivity of 17, which
showed a good agreement with the experimental results.
The microwave dielectric properties of Ba2TeO5 were examined as a dielectric
constant of 17, Q×f of 49,600 GHz at 12 GHz, and TCf of -124 ppm/oC.
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Dielectric constant and loss of sintered Ba2TeO5 ceramic samples,
Figure 4-8:
displayed as a function of temperature. The measurement frequencies were from 1 kHz
to 1 MHz.

4.4 CONCLUSION

Dielectric properties of the main phases in the BaO-TeO2 system were presented
in the frequency range of 1 kHz to 13 GHz and in the temperature range of 0 to 150oC.
Comparisons between experimental results and dielectric permittivity estimation using
structural information of the barium tellurates and ionic polarizability concept suggested
the ionic polarizability of Te6+ cation as 3.7 Å3. The estimation of dielectric permittivity
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using the obtained value for bismuth tellurate systems consisting of Te6+ cation also
showed good agreement with experimental result reported by Udovic et al.[2] (Table 45)

Table 4-5: Comparison between estimated and measured relative dielectric permittivity
of tellurate ceramics with Te6+ cation.
Composition
BaTe2O6

Structure

Vm(Å3) αA(Å3)

orthorhombic 130.41

αB(Å3)

αO(Å3) αtot(Å3) εr(calc.) εr(exp.)

6.4

5.23/3.7

2.01

27.39

21.6

21

Ba2TeO5

tetragonal

132.13

6.4

3.7

2.01

26.55

17

17

Bi2Te2O8 *

monoclinic

163.43

6.12

3.7

2.01

35.72

34.5

39

Bi2TeO6 *

orthorhombic 123.88

6.12

3.7

2.01

28

54.3

56

Bi6TeO15 *

orthorhombic 325.44

6.12

3.7

2.01

70.57

31

33

* Udovic et al. [2]

The barium tellurate ceramics, BaTe4O9, BaTe2O6, BaTeO3 and Ba2TeO5 showed
high Q values (that is low dielectric loss) at microwave frequencies, which are superior to
the other tellurate ceramics in Bi2O3-TeO2 and CaO-TeO2 systems. The excellent Q
values demonstrate that the barium tellurates are suitable for the microwave applications.
(Table 4-6) Among these, the low-εr dielectric compound BaTeO3 is anticipated to
replace the alumina-based glass ceramic LTCC dielectrics with its advantages of low
processing temperature and very low dielectric loss at high frequencies. Other mid-εr,
high-Q dielectrics, BaTe4O9, BaTe2O6, and Ba2TeO5 are also expected to be used in
various microwave devices with LTCC technology. Especially, the ultra-low processing
temperature of 550oC and the high Q value (Q×f = 54,700 GHz at 12 GHz) of BaTe4O9 is
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expected to lead the next generation of LTCC technology, which can be named as ultralow temperature co-fired ceramics (ULTCC).
Another interesting result in the dielectric properties of barium tellurates was the
positive sign of the temperature coefficient of dielectric constant (TCε). According to
Harrop, most dielectrics with a dielectric permittivity over 20 exhibit negative values of
TCε, proportional to -αε, where the α is linear thermal expansion coefficient. [12]
However, Figure 4-9 shows that the gray region, which was suggested by Harrop as the
distribution of TCε of ionic and paraelectric ceramics, can be extended to the positive
TCε region, marked as dashed line with consideration of tellurate dielectric ceramics. The
shift of TCε to positive values may be related to the nature of polar Te ions or uncovered
phase transition at high temperature region. Large ionic contribution of polar ions such as
Te and Bi can attribute to the positive TCε values of ceramic compounds. Phase
transition at high temperature region also can cause positive shift of TCε. The positive
TCε of tellurate makes it possible to develop low-firing, temperature-stable highdielectric permittivity dielectrics (NP0 dielectrics) by the formation of a composite with
high dielectric permittivity (~100), negative TCε dielectrics such as rutile TiO2.
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Table 4-6: Microwave dielectric properties of BaO-TeO2 compounds.
Composition

Firing temp.
(oC)

f0 (GHz)

εr

Q×f (GHz)

TCε
(ppm/oC)

TCf
(ppm/oC)

BaTe4O9

550

12

17.5

54700

169

-90

BaTe2O6

750

11.5

21

50300

89

-51

BaTeO3

800

13

10

34000

92

-54

Ba2TeO5

950

12

17

49600

234

-124

Figure 4-9: Modification of Harrop’s diagram [12] with the dielectric properties of
tellurate ceramics.
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Chapter 5
LOW-TEMPERATURE CO-FIRED CERAMICS (LTCC) APPLICATIONS AND
PROTOTYPE DEVICES

Based on the phase developments, low-temperature processing, and dielectric
properties discussed in previous chapters, barium tellurate ceramics are expected to be
potential candidates for low-temperature cofired ceramic (LTCC) applications. The
present chapter discusses practical applications of barium tellurate ceramics including cofiring with metal electrodes (Ag, Al) and device fabrications such as multilayer ceramic
capacitors (MLCCs) and microstrip ring resonators.

5.1 INTRODUCTION

LTCC technology provides an effective way to miniaturize electronic devices by
the integration of many passive components. In order to embed passive functions in a
substrate, green sheets of different materials are stacked and integrated with screen
printed metal conductors. For example, a passive function can be integrated in an LTCC
by combining a material with a low dielectric constant of around 5 ~ 10 for the signal
wiring to enable high speed transmission, a medium dielectric constant material of
around 15 ~ 20 for a filter, and a high dielectric constant material of 1000 or more for
eliminating signal noise. [1]
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The rapid progress of LTCC technology into commercial devices in wireless
communications places demands upon the development of new and better dielectric
materials. In addition to improved dielectric properties, chemical and physical
compatibility with metal electrodes must be maintained during the co-firing process. This
requirement imposes a limitation on the firing temperature of the dielectrics, which is
below the melting temperature of the metal electrode. High frequency devices require
highly conductive electrodes to minimize conduction loss; silver and copper are the best
candidate materials. Copper must be processed in a reducing atmosphere to prevent
oxidation at temperatures below the melting point of 1080oC. Silver electrodes may be
processed in air below the Ag/AgO eutectic point of 930oC. Therefore, the sintering
processes for LTCC with silver electrodes are targeted between 850oC and 875oC. In
consideration of these requirements for new LTCC dielectric materials, barium tellurates
are very attractive low- and mid-k dielectrics based on the low processing temperatures
and the extremely low dielectric losses. Chapter 5 will focus on the compatibility of
metal electrodes with BaO-TeO2 compounds.
The first part of this chapter will cover co-firing studies of barium tellurate
dielectric ceramics with silver electrodes. As mentioned in Chapter 3, the sintering
temperatures of BaTe4O9, BaTe2O6, and BaTeO3 compounds are low enough to allow cofiring with silver. However, the sintering temperature of the barium-rich compound
Ba2TeO5 needs to be reduced below 900oC. Sintering aids, CuO and B2O3 were
introduced as oxide flux dopants in the Ba2TeO5 system. The sintering behavior,
dielectric properties, and the co-firing process of CuO⋅B2O3 added Ba2TeO5 will be
discussed in the first part of Chapter 5.
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The remainder of the chapter will discuss the use of the aluminum electrodes,
which is also highly conductive metal like silver and copper, for ultra-low temperature
co-firing with BaTe4O9 dielectric ceramics. In multilayer ceramic capacitors (MLCCs)
industry, nickel (Ni) base metal electrodes (BME) have been actively investigated to
replace the high cost noble metal electrodes such as platinum (Pt), palladium (Pd), and
silver-palladium alloy (70% Ag – 30% Pd). [2][3] The base metal electrode, aluminum
(Al) has been widely used as interconnect metallization material in semiconductor
devices such as microprocessors and RAMs.[4] Since aluminum shows very high
electrical conductivity, it is advantageous to use aluminum electrode for high frequency
devices for low conduction loss. Aluminum electrodes have not been explored for MLCC
or LTCC regardless of its high conductivity and low cost. The melting point of 660oC
severely limits co-firing options with dielectric ceramics. However, the experimental
results in Chapter 2 and corresponding publications have demonstrated that
polycrystalline BaTe4O9 dielectric ceramics can be sintered at 550oC with excellent
dielectric properties of εr = 17.5 and Q×f = 54,700 GHz at 12 GHz.[5] The ultra-low
processing temperature of BaTe4O9 inspired the challenge in co-firing with aluminum
electrodes. For the multilayer co-firing study with aluminum, the class-1 BME-MLCCs,
which display stable characteristics of frequency, voltage, time and temperature
coefficient, were fabricated using screen printed aluminum electrode with the
incorporation of BaTe4O9 tape casting process. In terms of the processing issues, thermal
mismatch problems between the metal-ceramic multilayers and the diffusion
phenomenon on the interfaces are discussed. For electrical characterization, the dielectric
properties of the BaTe4O9-Aluminum BME-MLCCs are presented.
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As a prototype microwave devices, microstrip ring resonators were fabricated
using a screen printed aluminum ring resonator pattern on BaTe4O9 ceramic substrates.
Microstrip ring resonators are frequently employed in microwave integrated circuit
design. A microstrip ring structure resonates when its electrical length is a multiple
integer of the guide wavelength with the relation of Eq. 5.1. [6]

πD = nλ g =

cn

5.1

f 0 ε eff

where, D is the ring diameter, n is order of the resonance mode, λg is the guide
wavelength, f0 is the resonant frequency, c is light velocity, and εeff is the effective
dielectric permittivity of a microstrip. The effective dielectric permittivity, εeff , of a
microstrip is given approximately in Eq. 5.2

ε eff =

ε r +1 ε r −1
2

+

2

⋅

1
1 + 12d / w

5.2

where, w is width of strip line, εr and d are relative dielectric permittivity and thickness of
the substrate, respectively. Therefore, the dielectric permittivity of the substrate is
determined by the resonant frequency of the microstrip ring resonator. The Q value of the
resonator is also determined by the sharpness of the resonance peak, as introduced in
Chapter 4.
The electrical properties at microwave frequencies of screen printed and
subsequently fired aluminum electrodes on the BaTe4O9 substrates were evaluated using
the ring resonator structure. Resonance characteristics at microwave frequencies of the
microstrip ring resonator are analyzed and compared with sliver electrode ring resonator
on alumina substrate.
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5.2 EXPERIMENTAL PROCEDURE

Detailed procedure of several experiments, including co-firing of barium
tellurates with silver electrodes, reducing sintering temperature of Ba2TeO5 by addition of
fluxing materials, cofiring with aluminum electrodes, fabrications and characterizations
of prototypes such as multilayer ceramic capacitors (MLCCs) and microstrip ring
resonators using BaTe4O9 dielectrics and aluminum electrodes, are described.

5.2.1 Sample Preparation for Low-Temperature Processing of Ba2TeO5

Regular solid state oxide processing routes, as described in Chapter 3, were
employed to prepare the barium tellurate ceramic samples. For the low temperature
sintering of Ba2TeO5, 1 wt% of CuO and 0.5 wt% of B2O3 was added to calcined
Ba2TeO5 powders and mixed in ethanol. After ball milling the mixed slurry with
stabilized zirconia media for 24 h, the slurry was dried at 80oC and subsequently mixed
with 4 wt% Acryloid binder to assist in forming. Pellets were uniaxially pressed, at
approximately 120 MPa, into discs with appropriate sizes for the various analysis
techniques.

5.2.2 Densification Study of fluxed Ba2TeO5

Samples were preheated at 500oC for 1 h with a heating rate of 2oC/min to burn
off the organic binders. To compare the densification profiles of pure and CuO⋅B2O3-
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added Ba2TeO5 samples, thermal mechanical analysis (TMA-2940, TA Instruments) was
employed with the heating rate of 5oC/min, in air condition.

5.2.3 Dielectric Characterizations

The dielectric properties of the Ba2TeO5 ceramics with CuO⋅B2O3 were
determined in the frequency range from 100 Hz to 12 GHz. A detailed description of
dielectric characterization procedure is found in Chapter 4.

5.2.4 Co-firing Studies with Silver Electrodes

In order to test the compatibility of silver electrodes with barium tellurate
dielectrics, a commercial silver paste (Dupont #6145 conductor paste) was screen printed
on the surface of the green pellets and then co-fired. The microstructures on the ceramicmetal interface of the co-fired samples were analyzed using scanning electron
microscopy (SEM, Hitachi S-3000H), and the chemical composition in localized areas of
the samples was characterized by energy dispersive spectroscopy (EDS).
To study the dielectric/conductor interactions, powders of CuO⋅B2O3 added
Ba2TeO5 were mixed with high purity silver powder in a 50:50 wt % ratio. The mixed
powders were fired at 850oC for 2h in air to explore possible reactions. The fired samples
were crushed and analyzed by X-ray powder diffraction using Cu Kα radiation (Scintag
PAD V, Scintag Inc., Cupertino, Ca.) with the generator setting of 35kV and 30mA. The
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sintered pellets were crushed to avoid preferential crystallographic orientation and the
resulting powder was placed in a zero background silica holder.
Phase determination and computations of Miller indices of each XRD reflection
and the cell parameters were determined using JADE 7.0 (Materials Data, Inc.) data
collection and analysis software.

5.2.5 Casting of BaTe4O9 Dielectric Tape

For the multilayer ceramic capacitors (MLCC) fabrication, tape casting of
BaTe4O9 dielectrics was performed with a doctor blade. Typical formulation of the tape
utilized is as follows: 100 g of BaTe4O9 ceramic powders, 30 g of MSI 73210 binder
system (Ferro Electronic Materials, OH), 3 ml of acetone and 2 ml of alcohol. The
mixture was then ball milled for 16 h in yttria stabilized zirconia (YSZ) media, followed
by the 1 h slow roll prior to casting. During the milling process, extra alcohol and toluene
were added to adjust the viscosity of the slurry. The ball milled slurry was cast with the
casting speed of 1 cm/s to form 50 µm thick ceramic tape. A detailed description of the
process can be found elsewhere. [7]

5.2.6 Co-firing Studies with Aluminum Electrode Pastes

In order to test the compatibility of aluminum electrodes with BaTe4O9 dielectric
ceramics in the co-firing process, commercial aluminum paste (#2591-E, ESL Inc., PA)
was screen printed on the surface of the green pellets and then co-fired. The metal-
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ceramic interfacial analyses of the co-fired samples were performed with the same
procedures as described in section 5.2.3.

5.2.7 Fabrication and Characterization of Aluminum BME-MLCCs

The MLCCs fabrication process is shown in Figure 5-1. Three layers of BaTe4O9
green tapes were stacked and laminated using uniaxial hot press at 130oC to achieve 120

µm thick dielectric layer. A commercial aluminum ink (#2591-E, ESL Inc., PA), which
has been designed for the back surface of silicon solar cells, was screen printed on the
top of the dielectric layer with 40 µm of thickness. The screen printed layers were
stacked and laminated to form MLCCs. The multilayer capacitors were sintered at a very
low temperature range of 530oC ~ 550oC and terminated using air-dry silver ink.
The temperature dependence of the dielectric permittivity and loss of MLCC
samples were determined at the frequency of 1 MHz using an HP 4284 LCR meter
(Hewlett-Packard, Palo Alto, CA) with a programmable 9023 Delta Design oven (Delta
Design, San Diego, CA) in the temperature range of 0 ~ 120oC.
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Lamination of green tapes

Electrode screen printing
on 120 µm dielectric layer

Stacking & Lamination

Figure 5-1: Schematic of multilayer ceramic capacitors (MLCCs) fabrication process.

5.2.8 Fabrication and Characterization of Microstrip Ring Resonator

The microstrip ring resonators edge coupled to the feedline were prepared by
screen printing conducting inks (aluminum and silver) on top of alumina and BaTe4O9
substrates, as schematically shown in Figure 5-2. Thicknesses of the dielectric substrates
were 0.63 mm for alumina and 0.9 mm for BaTe4O9. The printed electrode patterns were
subsequently heat treated at 540oC. The line width and ring diameter were 0.25 and 10
mm, respectively. The coupling gap between the microstrip line and ring pattern was
designed as 0.2 mm for the optimized coupling. [8]
The reflection scattering parameter S11 was measured as a function of frequency
from 45 MHz to 26 GHz using an HP 8510 Network Analyzer. (Hewlett-Packard, Palo
Alto, CA) Details of the ring resonator measurement technique are given elsewhere.[9]
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(a) Top View

(b) Cross Section
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0.25 mm
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Figure 5-2: Schematic of microstrip ring resonator.

5.3 RESULTS AND DISCUSSION

Chemical compatibility in co-firing process of barium tellurate ceramics with
silver electrodes were investigated based on the thermodynamic equilibrium concept in
BaO-TeO2-Ag/Ag2O ternary system. Ba2TeO5 was selected as chemically compatible
composition with silver, and co-fired using CuO and B2O3 fluxing materials as sintering
aids.
With BaTe4O9 compound, aluminum electrode was explored as a new electrode
material for ultra-low temperature co-fired ceramic (ULTCC), which allowed to be
processed below 600oC. Prototypes of ULTCC BaTe4O9 with aluminum electrodes are
presented to show the electrical performance of both dielectric and conductor materials
over wide frequency range.

125
5.3.1 Chemical Compatibility of Barium Tellurates with Silver

Figure 5-3 shows cross section scanning electron micrographs of co-fired
BaTe4O9 samples with silver electrodes. The silver paste was screen-printed on the top
surface of a 5 mm thick BaTe4O9 green body, and subsequently co-fired at 550oC for 2h.
After co-firing, the printed silver electrode on the top surface completely disappeared by
chemical reaction and subsequent penetration into the ceramic body. As shown in the
image taken from position 1, substantial grain growth was observed. The grain size
decreased with increasing distance from the top surface, where the silver electrode had
been printed.
To identify the reaction products in the Ag/Ag2O-BaTe4O9 system, pure silver
powders were mixed with the BaTe4O9 in a 50:50 wt % ratio, and then fired at 550oC for
2h. However, sample melting occurred. It is believed that the BaTe4O9 ceramics
chemically reacted with the silver to form a eutectic liquid phase. This liquid phase
penetrated into the ceramic body accelerating grain growth in the reaction layer.
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Figure 5-3: Cross-sectional SEM images of co-fired BaTe4O9/Ag specimens. Numbers
indicate the region of the image taken in the cross-section of the specimen.
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A reaction between the ceramic phase and silver will generally not occur when
they are in thermodynamic equilibrium at a co-firing temperature. In terms of the phase
diagram, thermodynamic equilibrium is demonstrated by the existence of tie lines
between the silver and ceramic phases. A conceptual study on the chemical compatibility
between silver and binary-oxide compounds (AO and BO, where A and B are cations)
was conducted by Valant and Suvorov. [10] According to their results, the existence of
binary compounds on the AO-Ag/Ag2O and BO-Ag/Ag2O tie lines considerably
decreases the chemical compatibility of AO-BO compounds with silver. If the AO has
binary compounds with Ag/Ag2O while BO does not form any compound, AO-BO oxide
compounds that are rich in B will show chemical compatibility with silver.
Using the concept proposed by Valant and Suvorov, silver reactions with barium
tellurate oxide ceramics are illustrated as Figure 5-4. In the TeO2-Ag/Ag2O system, there
exist three compounds of Ag6TeO6, Ag2TeO3, and Ag3Te2O7. [11] However, BaO does
not form a binary oxide with Ag/Ag2O in air. Therefore, it is expected that the chemical
compatibility with silver can be obtained in the Ba-rich tellurates. Throughout the
experiments with each barium tellurate compound, a tie line between the Ag/Ag2O and
Ba2TeO5 was found, while other compounds with higher Te content reacted with silver.
However, the sintering temperatures of Ba-rich compounds are too high to be co-fired
with silver. The densification of Ba2TeO5 was achieved at 950oC in air, and a much
higher temperature was required for sintering Ba3TeO6. Therefore, it was necessary to
reduce the sintering temperature of compounds with sintering aids for LTCC processing.
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Figure 5-4: Ternary phase diagram of 2Ag/Ag2O-TeO2-BaO system.

5.3.2 Low-Temperature Sintering of Ba2TeO5

To reduce the sintering temperature of Ba2TeO5, the fluxing aids CuO and B2O3
were added to Ba2TeO5. The reduction in sintering temperature by additives such as
oxide flux is commonly explained by the liquid phase sintering with eutectic liquids. [12]
Figure 5-5 shows the shrinkage profiles during the sintering process of pure Ba2TeO5
and 1 wt% CuO-0.5 wt% B2O3 doped Ba2TeO5 samples. It was observed that the
sintering temperature of Ba2TeO5 was effectively reduced to < 900oC by this method. The
shrinkage started around 775oC, and the maximum shrinkage rate was achieved at 815oC.
Dense ceramic samples were obtained after sintering at 850oC for 2 h. The eutectic liquid
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phases are usually formed between the flux material and main ceramic composition.
However, the eutectic liquid in this system is considered to be formed in the CuO-B2O3
system, since the addition of only one flux, either CuO or B2O3, did not affect the
sintering temperature. The CuO-B2O3 phase diagram in Figure 5-6 exhibits a eutectic
point below 900oC at the composition of 0.59CuO-0.41B2O3, which corresponds to 2:1 in
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Figure 5-5: Comparison of the shrinkage and shrinkage rate profiles in firing processes
of pure Ba2TeO5 and 1 wt% CuO-0.5 wt% B2O3 added Ba2TeO5 samples.
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Figure 5-6: Phase diagram of CuO-B2O3 system [13]

The X-ray diffraction profile of low-temperature sintered Ba2TeO5 samples is
shown in Figure 5-7. In the XRD pattern of 1 wt% CuO-0.5 wt% B2O3 added Ba2TeO5
samples, three small diffraction peaks indicating the presence of secondary phases were
observed. According to the CuO-B2O3 phase diagram, the eutectic liquid decomposed
into Cu3B2O6 and CuB2O4 during the cooling. Therefore, it was expected to observe these
secondary phases in the 1 wt% CuO-0.5 wt% B2O3 added Ba2TeO5 samples. The
Cu3B2O6 phase was detected in the XRD pattern by small peaks located at 30.5o and
30.9o of 2θ. [14] However, the other secondary phase was identified as BaCu(B2O5),
instead of the CuB2O4 phase. [15]
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Figure 5-7: X-ray diffraction patterns of sintered 1 wt% CuO-0.5 wt% B2O3 added
Ba2TeO5 and pure Ba2TeO5 ceramic samples.

Figure 5-8 shows the microstructure of 1 wt% CuO - 0.5 wt% B2O3 added
Ba2TeO5 samples, which were sintered at 850oC for 2 h in air. Dense surfaces with grain
sizes of 1~3 µm were obtained. It was also observed that the secondary phases containing
Cu were precipitated with grain sizes of ~ 200 nm in between the Ba2TeO5 grains.
(Marked with arrow in the image.) The exact chemical composition of the tiny grains
could not be determined by EDS analysis, because of the detection limit for the light
elements such as boron. However the Cu detection in the tiny grains enables the
secondary phases to be considered as precipitates decomposed from the eutectic liquid.
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Figure 5-8: Scanning electron micrograph of 1 wt% CuO-0.5 wt% B2O3 added Ba2TeO5
samples sintered at 850oC for 2 h in air. White arrow indicates precipitated secondary
phases.

Cu was detected only from the precipitates while the matrix grains were
determined as Ba2TeO5.
The dielectric constant and temperature coefficient of resonance frequency (TCf)
at microwave frequencies of low temperature fired 1 wt% CuO-0.5 wt% B2O3 added
Ba2TeO5 samples were similar to those of pure Ba2TeO5 samples. However, the Q×f
value was reduced, owing to the effect of the secondary phases. The microwave dielectric
properties of low temperature fired Ba2TeO5 were determined as k = 17.3, Q×f = 27,200,
and TCf = -112 ppm/oC.
Meanwhile, the temperature dependence of dielectric constant and loss at low
frequencies showed different behavior from pure Ba2TeO5. As shown in Figure 5-9,
dielectric relaxation, which is characterized as frequency dispersion in the dielectric
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constant (that is real part of the dielectric permittivity) and a correlated peak of the
dielectric loss was observed.

Ba2TeO5 + 1wt% CuO, 0.5wt% B2O3
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Figure 5-9: Dielectric constant and loss of 1 wt% CuO-0.5 wt% B2O3 added Ba2TeO5
samples, displayed as a function of temperature. The measurement frequencies were
from 100 Hz to 1 MHz.
As for relaxation, the temperature showing the maximum loss of the dielectric relaxation
moves towards higher temperature with increasing measurement frequency and therefore
it cannot affect the dielectric performance in the real applications at microwave
frequencies. An estimation of the temperature exhibiting dielectric relaxation and the
shape of the dielectric loss curve at a certain frequency is possible by the calculation and
fitting using a distribution function (J-function). [16][17] A detailed description of the J-
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function fitting will be presented in the Appendix. To clarify the relaxation phenomena,
the real and imaginary part of complex dielectric permittivities were plotted as a function
of frequency for various temperatures as shown in Figure 5-10 (a). The relaxation
frequencies moved toward the higher frequency region with increasing measurement
temperature. The activation energy (Ea) for the relaxation and attempt jump frequency
(ν0) were determined using basic Arrhenius equation (Eq. 5.3) [18]
 − Ea
 k B Tm

ν = ν 0 exp





5.3

where, ν = measuring frequency, Ea = activation energy, ν0 = attempt jump frequency,
Tm = absolute temperature of the maximum dielectric loss, and kB = Boltzmann’s
constant. The obtained activation energy and attempted jump frequency were 0.64 eV and
4.573 ×1011 Hz, respectively. With the consideration of the sharp increase in the
imaginary dielectric permittivity (ε”) in low frequency, which is interpreted as ohmic
conduction in hetero dielectric layers, and the related two semicircles in the Cole-Cole
plots, shown in Figure 5-9 (a) and (c), the observed relaxation of CuO⋅B2O3 added
Ba2TeO5 can be explained by the Maxwell-Wagner relaxation, which is generated by the
different ε and σ of grain and grain boundary phases.
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Figure 5-10: (a) Real and imaginary part of complex dielectric permittivities of 1 wt%
CuO-0.5 wt% B2O3 added Ba2TeO5 samples as a function of frequency for various
temperatures, and the related (b) Arrhenius plots and (c) Cole-Cole plots.
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5.3.3 Co-firing of CuO⋅B2O3 Added Ba2TeO5 with Silver Electrodes

Figure 5-11 shows the cross sectional micrograph of 1 wt% CuO - 0.5 wt% B2O3
added Ba2TeO5 samples co-fired with a printed silver electrode at 850oC for 2 h in air.
The silver electrode layer on the top surface of the sample was maintained after the cofiring process. However, a thin reaction layer was observed at the ceramic-metal interface
with a thickness of ~ 5 µm. The compositional analysis on the reaction layer by EDS
revealed that the reaction layer consisted of both silver and tellurium.
To identify the phase of the reactive products, the thermochemical interactions
between silver and CuO⋅B2O3 added Ba2TeO5 ceramics were induced by co-firing of
silver and CuO⋅B2O3 added Ba2TeO5 mixed powders at 850oC for 2h, and then analyzed
by XRD. As shown in Figure 5-12, a metallic silver phase coexisted with Ba2TeO5 after
co-firing of the mixed powders, indicating the presence of a tie line between the
Ag/Ag2O-Ba2TeO5 binary system. A reaction phase was detected by the peak located at
2θ of 53o, which corresponded to the (222) reflection of the cubic silver telluride (AgTe)
phase. [19] Two other main reflections of AgTe located at a 2θ of 30o for (200) and 42.7o
(220) were undistinguishable because of overlapping with the Ba2TeO5 peaks.
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Figure 5-11: A cross sectional micrograph of 1 wt% CuO-0.5 wt% B2O3 added
Ba2TeO5 samples, co-fired at 850oC for 2 h in air with printed silver electrode paste.
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Figure 5-12: X-ray diffraction pattern of mixed and co-fired 1 wt% CuO-0.5 wt% B2O3
added Ba2TeO5 powders with pure silver powders.
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5.3.4 Co-firing of BaTe4O9 with an Aluminum Electrode

Aluminum is an excellent electric conductor (electrical resistivity = 2.7 µΩ⋅cm)
and its melting point (660oC) is above the sintering temperature of BaTe4O9 (550oC). To
explore the potential of aluminum as a new electrode material in LTCC processing with
BaTe4O9, the metal-ceramic compatibility was tested by co-firing of BaTe4O9 ceramics
with an Al paste printed on green pellets. Figure 5-13 (a) shows the cross sectional SEM
image of a BaTe4O9/Al sample co-fired at 550oC for 2h in air. As observed in the
micrograph, the aluminum electrode was successfully co-fired with the BaTe4O9
exhibiting a sharp interface. With energy dispersive X-ray analysis (EDS) of the
ceramic/metal interface, no reaction boundary layer was detected between the BaTe4O9
dielectrics and aluminum electrode. These experiments clearly show that BaTe4O9 is
chemically compatible with aluminum at its sintering temperature. However, when the
aluminum was applied as a thin inner electrode (~20 µm) sandwiched in between the
ceramic samples, the aluminum electrode layer was discrete by diffusion of ceramic
phase as shown in Figure 5-13 (b). The diffusion of ceramic phases into aluminum inner
electrode layers is discussed further in the next section.
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(a)

(b)
Figure 5-13: Cross-sectional scanning electron micrographs of (a) co-fired BaTe4O9
with Al top electrode and (b) integrated and co-fired BaTe4O9/Al inner
electrode/BaTe4O9 sample.
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5.3.5 Multilayer Ceramic Capacitors (MLCCs) with Al Inner Electrodes

During co-firing process of multilayer structures, warping and delamination due
to shrinkage mismatch between the BaTe4O9 ceramic layers and aluminum electrode
layers occurred. Since the aluminum ink used in this experiment was designed for the
post-firing process on silicon wafers, the shrinkage during the firing was much smaller
than that of the BaTe4O9 ceramic tape. Recently, there has been substantial research
regarding mechanical failures of metal-ceramic multilayered structures associated with
warpage, delamination, and cracking, attributed to the shrinkage mismatch in
densification.[20][21][22][23] Strategies to minimize those failure mechanisms could be
categorized into two methods. The first method involved adjusting the shrinkage profiles
of hetero-layers by modifying the composition. In this method, ceramic additives were
applied to the metal paste.[24][25] The second method was to balance the tensile and/or
compressive stresses residing in each layer by controlling the stacking sequence of hetero
layers.[26] In addition, an external force can be applied to release internal stresses.[27]
To minimize the warpage and delamination of the BaTe4O9-Aluminum MLCCs in this
study, the second strategy was applied by the addition of a top dielectric layer and
subsequently placing weight on the top surface of the samples during firing process.
Figure 5-14 (a) shows the schematic comparison of warped and stress compensated
samples. As shown in Figure 5-14 (b), warpage and delamination were successfully
limited using this method.
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Figure 5-14: (a) Schematics of multilayer ceramic capacitors comparing residual stress
generated from the different shrinkage of hetero-layers in the BaTe4O9-Aluminum MLCC
and stress compensation by symmetric stacking of BaTe4O9 dielectric layers with applied
external pressure. (b) MLCC samples co-fired at 540oC without (left) and with (right) top
dielectric layer and applied external pressure during the firing.
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Figure 5-15 exhibits the cross sectional microstructures of co-fired BaTe4O9Aluminum multilayers. The dark stripes and bright layers represent the aluminum
electrode layers and BaTe4O9 ceramic dielectrics, respectively. The BaTe4O9 was found
to be chemically compatible with aluminum electrodes when co-fired in the temperature
range of 530 ~ 540oC, exhibiting a sharp interface without any chemical reaction between
the hetero layers. However, it was obvious that the aluminum electrode layer was
affected by diffusion of BaTe4O9 at co-firing temperatures of 550oC. (Figure 5-15 (c))
The compositional analysis, using energy-dispersive spectroscopy (EDS) confirmed that
the inter-granular phase in the aluminum layer contained both Ba and Te. As mentioned
in Chapter 3, and a related publication, the full densification of BaTe4O9 was achieved at
550oC and partial melting occurred at higher temperatures. [5] Therefore, it was believed
that over-firing of the BaTe4O9 thick films at 550oC enhanced the diffusivity of BaTe4O9
and consequently caused diffusion into the aluminum layer. As a result of the diffusion, a
number of pores were formed in the BaTe4O9 layers near the interface, a similar
phenomenon to Kirkendall diffusion. [28]
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Figure 5-15: Cross sectional micrographs of BaTe4O9-Aluminum MLCC samples cofired at (a) 530oC, (b) 540oC, and (c) 550oC.
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The dielectric characteristics of co-fired BaTe4O9-Aluminum MLCCs, at 1 MHz
are shown in Figure 5-16. The relatively lower dielectric constant and higher loss of
samples fired at 530oC were attributed to insufficient densification of the BaTe4O9 layer.
The dielectric permittivity increased with increasing firing temperature, and approached
that of the bulk BaTe4O9 value. For the optimized sintering condition of 540oC, BaTe4O9Aluminum BME-MLCCs showed good dielectric performance, suitable for class-1
MLCCs with a medium dielectric permittivity of 17, low dielectric loss of 2.1×10-3 (Q ≈
500) at 1 MHz, and temperature coefficient of dielectric constant (TCε) of 100 ppm/oC
over the temperature range of 0 ~ 120oC. However, co-firing at 550oC resulted in a
reduction in dielectric constant and increase in dielectric loss. The lower dielectric
constant and higher loss of over fired samples can be attributed to the diffusion of the
ceramic phase into the aluminum inner electrode layers, and accompanied pore
formations in the dielectric layers.
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Figure 5-16: Temperature dependence of dielectric constants and losses of BaTe4O9
ceramics in BaTe4O9-Aluminum MLCC structure with different firing temperatures,
measured at 1 MHz in the temperature range of 0 ~ 120oC.
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5.3.6 Aluminum Microstrip Ring Resonator on BaTe4O9 Substrate

Figure 5-17 shows fabricated microstrip ring resonators on BaTe4O9 and alumina
substrates. Conducting aluminum striplines and rings were metallized on 0.9 mm thick
BaTe4O9 ceramic substrates through the heat treatment at 540oC for 1 h. For comparison
of the electrical properties of silver and aluminum microstrip ring resonators with the
same dimension were fabricated on the 0.63 mm thick commercial alumina substrate (~
96 % pure) as shown in Figure 5-17 (b).

(a)

(b)

Figure 5-17: Microstrip ring resonators made of screen printed (a) aluminum electrodes
on the 0.9 mm thick BaTe4O9 substrate, and (b) silver and aluminum electrodes on the
0.63 mm thick alumina (Al2O3) substrate.

Figure 5-18 exhibits the fundamental S11 reflection peaks of the microstrip ring
resonators. The fundamental S11 resonant modes were observed at 2.97 GHz and 3.89
GHz for BaTe4O9 and alumina substrates, respectively.
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Figure 5-18: Fundamental resonance modes in S11 reflection signals of the microstrip
ring resonators measured by network analyzer at frequencies from 2 GHz to 5 GHz.

The resonant frequencies of the ring resonators were used to determine the
relative dielectric permittivities of substrate materials by recalling Eq. 5.1 and Eq.5.2 in
the introduction section of the present chapter. The effective dielectric permittivities (εeff)
of BaTe4O9 and alumina substrates were calculated as 10.34 and 6.03, and consequently
converted to relative dielectric permittivities (εr) of 17.24 and 9.53, respectively. The
obtained ring-resonator values were in good agreement with the relative dielectric
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permittivities at microwave frequency determined using the post resonator method with
bulk ceramic samples, which are 17.5 for BaTe4O9 and 9.5 for alumina.
The peak sharpness of the fundamental resonance mode indicates Q of the
resonator with the relations of Eq. 5.4

Q=

f
1
= 0
tan δ ∆f

5.4

where, ∆f and f0 represent 3dB bandwidth and resonance frequency, respectively.
The electrical performance of aluminum electrode itself at microwave frequency
was evaluated by comparing the Q values of silver and aluminum microstrip ring
resonators on the same alumina substrates. It was found that the screen printed and fired
aluminum electrodes showed good electrical performance at microwave frequencies as
shown in Figure 5-18. However, when compared to the silver electrodes, the fundamental
resonance mode at 3.89 GHz in S11 reflection of aluminum ring resonators showed
reduced sharpness than that of silver ring resonators. The calculated Q values were 179
for aluminum and 390 for silver electrodes, respectively. Since both ring resonators were
in the same dimensions and substrate material, the difference in Q is attributed only to the
conduction loss of the electrode materials, which originates from potential surface
oxidation of aluminum electrodes as well as relatively higher sheet resistance of
aluminum than silver.
The microstrip ring resonator made from the BaTe4O9 substrate and aluminum
electrodes showed Q values of 287, which is sufficient to fulfill LTCC material
requirements for microwave applications (Q > 100) and compatible to the ring resonators
fabricated on the alumina substrates.
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5.4 CONCLUSION

The co-firing studies and prototype fabrication of barium tellurate ceramics with
silver and aluminum electrodes were explored in this chapter. Based on the Ag/Ag2OBaO-TeO2 ternary phase diagram, it was found that the chemical compatibility with
silver could be achieved in Ba-rich compounds beginning with Ba2TeO5. To reduce the
sintering temperature of Ba2TeO5 to a co-firable condition with silver (<900oC), 1 wt %
CuO and 0.5 wt % B2O3 were added as flux materials and co-fired with silver electrodes
at 850oC. Although a tie line existed between Ag/Ag2O and Ba2TeO5 in the Ag/Ag2OBaO-TeO2 ternary phase diagram, a 5 µm thick silver telluride (AgTe) reaction layer was
observed on the metal-ceramic interface of the co-fired samples. The presence of the
reaction layer may limit application in LTCC tellurate dielectric ceramics with silver
electrodes.
Ultra-low firing BaTe4O9 composition can be densified below the melting point of
aluminum, which is a promising new LTCC system. Base metal electrode multilayer
ceramic capacitors (BME-MLCCs) were fabricated using ultra-low temperature co-firing
of BaTe4O9 dielectric ceramics with screen printed aluminum inner electrodes and
sintered at 540oC. Warpage and delamination were minimized by internal stress
compensation using symmetrical stacking of dielectric layers and applied external
pressure during the firing process. The aluminum inner electrodes were chemically
compatible with the BaTe4O9 ceramics during co-firing, but diffusion of the BaTe4O9
dielectrics into the aluminum layer was observed for sintering temperatures greater than
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550oC. Accompanying pore formation in the BaTe4O9 ceramics consequently affected the
dielectric characteristics.
The well-processed BaTe4O9-Aluminum BME-MLCCs showed good dielectric
performance suitable for class-1 MLCCs with medium dielectric constant, low dielectric
loss, and temperature stability.
The electrical performance of aluminum electrode on BaTe4O9 at microwave
frequency was confirmed using a microstrip ring resonator. The high Q value obtained
from the fundamental resonance mode of the ring resonator proposed a new set of
dielectric and electrode materials for the microwave applications exhibiting excellent
dielectric properties and ultra-low processing temperature.
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Chapter 6
SUMMARY AND FUTURE WORK

6.1 SUMMARY

A new BaO-TeO2 dielectric ceramic system was explored, as a potential candidate
material for microwave applications with ultra-low temperature cofired ceramics
(ULTCC) technology were performed. The phase formation, crystal structure, ceramic
processing, and electrical properties were investigated. The fabrication of prototypes
using barium tellurate ceramics and aluminum electrodes were performed.

6.1.1 Phase Formation, Structure, and Processing

The compositions of BaTe4O9, BaTe2O5, BaTe2O6, BaTeO3, BaTeO4, and
Ba2TeO5 were extensively investigated by thermal and structural analyses. Phase
formation reaction sequences were identified. Conventional solid state reaction between
BaCO3 and TeO2 raw materials yielded the barium tellurates in the temperature range of
500 ~ 900oC, through the multi-step phase formation from Te to Ba rich phases. Single
phase BaTe4O9, BaTe2O6, and Ba2TeO5 compounds were obtained, while BaTe2O5,
BaTeO3, and BaTeO4 were detected in polyphase samples. Thermal analysis and X-ray
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diffraction were employed to monitor phase progression of barium tellurate during heat
treatment. There was a general trend in which Te-rich compounds formed first and then
were converted to the stoichiometric barium tellurate compounds.
The crystal structures of barium tellurate ceramics were systematically classified
by the oxygen coordination of the tellurium atom and the linkage of the Te-O units.
Monoclinic BaTe4O9 has TeO4 trigonal bipyramids and TeO3+1 polyhedra, which are
arranged as open tube shape by corner sharing, propagating along b-direction. The
oxygen coordination number of the Te ion decreases with increasing Ba content.
BaTe2O5 contains only corner shared TeO3+1 polyhedra in its open tube structure, and
BaTeO3 has isolated TeO3 trigonal pyramids. The coordination change from TeO3
trigonal pyramids to TeO6 octahedra occurs simultaneously with the valence transition
from Te4+ to Te6+ in the Ba-rich compound of Ba2TeO5. The oxidized phases, BaTe2O6
and BaTeO4 also contain TeO6 octahedral units regardless of barium content. (Table 6-1)
The sintering temperatures of barium tellurate ceramics were low enough for
LTCC applications ranging from 550oC for BaTe4O9 to 950oC for Ba2TeO5, in air. Phase
decomposition of BaTeO3 and Ba2TeO5 were observed during firing in N2. The
decomposition was due to the enhanced Te volatility in the reducing atmosphere and
yielded a Te-rich phase of Ba3TeO6. Based on these results, it was concluded that
applications of BaTeO3 and Ba2TeO5 dielectric ceramics with base-metal electrode such
as Cu and Ni in LTCC technology would be limited.
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Table 6-1: Processing conditions and crystal structures of barium tellurate ceramics.
Composition

Sintering Temp.
Phase
(oC)
Formation (oC)

Structure

Te-O unit

Molar
volume (Å3)

BaTe4O9

500

550 (air)

Monoclinic

TeO4,
TeO3+1

232.08

BaTe2O5

565

650 (air)

Monoclinic

TeO3+1

159.84

BaTe2O6

645

750 (O2)

Orthorhombic

TeO5, TeO6

130.41

BaTeO3

750

800 (air)

Monoclinic

TeO3

98.84

Ba2TeO5

800

950 (air)

Tetragonal

TeO6

132.13

6.1.2 Dielectric Properties

The dielectric properties of barium tellurate ceramics were reported. Dielectric
constants of barium tellurate ceramics were estimated using ionic polarizability concepts,
and were compared with experimental results. The low dielectric permittivities of Te-rich
compounds, which have polar Te4+ ion, are attributed to the open crystallographic
structures and large molar volume. Through dielectric measurements and comparison
with estimated dielectric constant of barium tellurites, which possess Te6+ ions, the ionic
polarizability of Te6+ was estimated to be 3.7 Å3.
All barium tellurate/tellurite compounds showed very low dielectric loss of ~10-4
and positive temperature coefficient of dielectric permittivity (TCε) ranging from 89 to
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234 ppm/oC. However, polyphase samples such as BaTe2O5-BaTe2O6 and BaTeO3BaTeO4 exhibited slightly higher loss than single phases.
The frequency-independent dielectric properties at microwave frequencies
confirmed that barium tellurate/tellurite ceramics are very attractive candidates of new
microwave dielectrics with the merit of low processing temperatures, which is essential
for LTCC application. The dielectric properties at microwave frequencies were k = 17.5,
Q×f = 54700 GHz, TCf = -90 ppm/oC for BaTe4O9, k = 21, Q×f = 50300 GHz, TCf = -51
ppm/oC for BaTe2O6, k = 10, Q×f = 34000 GHz, TCf = -54 ppm/oC for BaTeO3, and k =
17, Q×f = 49600 GHz, TCf = -124 ppm/oC for Ba2TeO5.

6.1.3 Co-firing and Applications of Barium Tellurate Ultra-Low Temperature Cofired Ceramics (ULTCC) with Silver and Aluminum Electrodes

The chemical compatibility of barium tellurate ceramics with silver electrodes
was investigated. It was found that the compatibility with silver was achieved only for the
Ba-rich compound, Ba2TeO5, because of the high reactivity between the Ag/Ag2O and
TeO2. Since the sintering temperature of Ba2TeO5 was higher than the co-firing condition
with silver electrodes, a eutectic composition, 1 wt % CuO and 0.5 wt % B2O3, was
added as sintering aids and reduced the sintering temperature to 850oC. The grain
boundary phases of CuO⋅B2O3 added Ba2TeO5 caused Maxwell-Wagner type relaxation
at low frequencies. The low temperature fired Ba2TeO5 also exhibited excellent
microwave dielectric properties of k = 17.3, Q×f = 27200 GHz at 12 GHz, and TCf = -
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112 ppm/oC. Microstructure analysis of co-fired Ba2TeO5 with silver confirmed that a
thin reaction layer, silver telluride (AgTe), was formed on the metal-ceramic interface.
Ultra-low temperature co-fired ceramics (ULTCC) with aluminum base metal
electrodes were achieved at the processing temperature below 550oC using BaTe4O9
dielectric ceramics. Base metal electrode multilayer ceramic capacitors (BME-MLCCs)
were fabricated by optimized processing and co-firing of BaTe4O9 ceramic tape and
printed aluminum inner electrodes at 540oC for 2h in air, exhibiting sharp metal-ceramic
interface. The fabricated Al-BME BaTe4O9 MLCCs provided good dielectric properties
of k = 17.5, TCε = 100 ppm/oC, and tan δ = 2.1×10-3 (Q ≈ 500) at 1 MHz, which are
suitable for the class-1 MLCCs. It was observed that the over-firing of the MLCCs
caused diffusion of BaTe4O9 dielectrics into the aluminum inner electrodes, resulting in
pore formation in dielectric layers and consequent degradation in dielectric properties.
The aluminum microstrip ring resonators on the BaTe4O9 substrates exhibited good
resonance characteristics with high Q values at microwave frequency. Through these
studies, it was realized and confirmed that a set of dielectric and metal electrodes, barium
tellurate dielectric ceramics and aluminum metal electrode was a new materials
combination of ultra-low temperature co-fired ceramics (ULTCC) processing for high
frequency applications promising high performance and low manufacturing cost.
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6.2 FUTURE WORK

The first part of the future work section proposes the intensive far infrared (Far
IR) spectroscopy analysis for the fundamental understanding of intrinsic dielectric loss of
barium tellurate dielectric ceramics up to THz region. Extended compositional research
of tellurate ceramics is also proposed as interesting future work that includes A-site or Bsite substitution of BaTeO3 to induce the weak ferroelectricity, and polyphase composite
development to improve the temperature stability of dielectric properties of barium
tellurates.

6.2.1 Far Infrared Spectroscopy of Barium Tellurate Dielectric Ceramics

IR transmission spectra of barium tellurates were investigated in Chapter 3 to
identify the Te-O structural units of barium tellurate ceramics. However, the employed
normal IR spectroscopy was only available for the wavenumber range of 400 ~ 4000 cm-1.
To identify all phonon modes in the barium tellurates, the low wavenumber spectra below
400 cm-1 (far infrared region) are needed. The obtained far infrared spectra can be
analyzed by the Kramers-Krönig (K-K) relation or by classical dispersion theory for the
calculation of real and imaginary parts of dielectric permittivity. [1][2]
Wakino et al. estimated dielectric constants and losses at microwave frequencies
from the far IR reflectivity data and classical dispersion theory for series of barium
zirconate and tantalate perovskites. [3] From the dispersion theory, the complex dielectric
permittivity are defined as Eq. 6.1 and Eq. 6.2,
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ε ′(ω ) = n 2 − k 2 = ε ∞ + ∑
j

ε ′′(ω ) = 2nk = ∑
j

4πρ j ω 2j (ω 2j − ω 2 )
(ω 2j − ω 2 ) 2 + (γ j ω ) 2

4πρ j ω 2j (γ j ω )
(ω 2j − ω 2 ) 2 + (γ j ω ) 2

6.1

6.2

where, n is the refractive index and k the extinction coefficient. The summation is over
the lattice oscillator. The strength 4πρ j , width γ j , and resonator frequency ω j of each

resonator are called dispersion parameters. The normal incidence reflectivity is defined
by Fresnel’s equation. (Eq. 6.3)
(n − 1) 2 + k 2
R=
(n + 1) 2 + k 2

6.3

By connecting the IR reflectivity and dispersion theory, the dielectric constant and loss at
microwave frequency are calculated as Eq. 6.4 and Eq. 6.5.

ε ′(ω ) = ε ∞ + ∑ 4πρ j , ε ∞ = (1 + R) 2 /(1 − R ) 2
j

tan δ = ∑ tan δ j =

∑ 4πρ

j

j

j

6.4

(γ j ω j ) / ω 2j

ε ∞ + ∑ 4πρ j

6.5

j

With similar methodology, Nino calculated microwave dielectric properties of
Bi2O3-ZnO-Nb2O5 pyrochlores using far infrared reflaction spectra in the wavenumber
range of 20 ~ 3300 cm-1, and showed good agreement with the experimental data
obtained by the tera-hertz measurement. [4]
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Based on these references, the far infrared reflectivity analysis of barium tellurate
is expected to provide interesting information about origin of the microwave dielectric
properties, specifically intrinsic dielectric loss generated from the phonon vibration.

6.2.2 Extended Compositional Study of Tellurate Dielectric Ceramics

Numerous experiments regarding the modification of the dielectric properties can
be designed by the ionic substitutions on the A- and B-sites of barium tellurates. It was
reported that another alkaline earth tellurate, monoclinic SrTeO3 single crystal showed
ferroelectricity in the limited temperature range between 312 and 485oC. [5] The SrTeO3
exhibits a dielectric permittivity of 10 at room temperature, which is the same value as
that of BaTeO3 presented in Chapter 4. The ferroelectricity appeared at 312oC with firstorder transition and back to paraelectricity by the normal ferroelectric-paraelectric
transition at 485oC. Yamada and Iwasaki also reported that the A-site substitution by Ca2+
and Ba2+ affected transition temperature and type that both the lower and higher
transition temperatures decreased and the higher one changed its behavior to a relaxor
type diffuse transition.[6] A-site substitution with Pb2+ showed a similar effect to the
transition temperature change. [7] These results imply that the ferroelectricity of the
tellurate is closely related to the stability of C2/c monoclinic structure, which can be
controlled by the A-site ionic sizes. Despite the BaTeO3 having a slightly different cell
structure (monoclinic, P21/m), the A-site substitution by smaller ions may induce the
phase transition to ferroelectric phase.
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Other interesting tellurate compositions lie in the Pb(M2+, Te6+)O3 perovskites.
(M=Mg, Ni, Zn, Co, Mn) Isupov reported the antiferroelectricity of these complex
perovskites. [8]Since the antiferroelectric materials show high dielectric constant and
insignificant loss, the high frequency applications of the compositions are anticipated.

6.2.3 NP0 Ceramic Composites

Although the barium tellurates are advantageous in the low processing
temperatures, suitable dielectric constants, and high Q value, the positive temperature
coefficient of dielectric permittivity (TCε) need to be modified within ±30 ppm/oC for
the application of C0G (NP0) type capacitor. The simplest way to modify the TCε is the
fabrication of composite material consisting of negative and positive TCε end members.
The composite materials can be realized in either 0-3 type by microstructural two-phase
composite or 2-2 type by the stacking and lamination of dielectric tapes. Rutile TiO2 is
frequently used negative TCε material with high-k and Q values for NP0 composites. [9]
However, the composite formation with barium tellurate and rutile was unavailable
because the barium tellurates are reactive with TiO2 to form BaTiTe3O9 phase, which
exhibited large positive TCε. [10]
Titanium tellurate (TiTe3O8) is an available candidate for the negative TCε end
member with high dielectric permittivity and Q values (εr = 50, Q×f = 30300 GHz, TCε =
-300 ppm/oC). [11] If the BaTe2O6, which has the same sintering temperature as the
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TiTe3O8 phase, is selected, the dielectric permittivity and TCε change of BaTe2O6TiTe3O8 composites can be estimated by the mixing rules (logarithmic rule for 0-3 type
and series rule for 2-2 type) as shown in Figure 6-1.
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Figure 6-1: Dielectric permittivity (εr) and temperature coefficient of dielectric
permittivity (TCε) estimation of BaTe2O6-TiTe3O8 composite as a function of TiTe3O8
content.
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Appendix A
J-FUNCTION FITTING OF DIELECTRIC LOSS CURVE

The J-function was introduced in Chapter 5 (5.3.2) as a way of modeling the
dielectric relaxation of CuO⋅B2O3 added Ba2TeO5 by the fitting of dielectric loss curve.
The fitting routines start with dielectric loss (tan δ) data as a function of temperature as
the main input ( Figure A-1 ) The resulting curve is fitted to a Gaussian distribution
(Eq. A.1) using a mathematical software (Origin6.1) as shown in Figure A-2

0.16
0.14

tan δ

0.12

100 Hz
1 kHz
10 kHz
100 kHz
1 MHz

0.10
0.08
0.06
0.04
0.02
0.00
-100

0

100

200

300

400

500

o

Temperature ( C)
Figure A-1: Measured dielectric loss curves of CuO⋅B2O3 added Ba2TeO5
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Figure A-2: Gaussian fit of the experimental data for tan δ at 1kHz.
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 x − x0 
y=
exp −
+ y0
w 
π

w
2
A

A.1

The interpretations of the variables are; y stands for dielectric loss, x is the
temperature, w is the width of the Gaussian distribution, the pre-exponential term is the
amplitude, x0 is the temperature at which the maximum of the peak (Tm), and y0 is the
base loss and corresponds to the intrinsic loss (L0). The fitting parameters obtained from
the Gaussian fitting of the experimental data measured at various frequencies are listed in
Table A-1.

166
Table A-1: J-function fitting parameters for CuO⋅B2O3 added Ba2TeO5 at different
frequencies.
Frequency
(Hz)

Width
(K)

Amplitude

Chi^2/DoF

R^2

L0*

Tm (oC)

Tm (K)

1.00E+02

76.28

11.304

7.568E-05

0.9600

0.02267

62.71

335.86

1.00E+03

77.09

12.641

5.766E-06

0.9977

0.00272

98.65

371.80

1.00E+04

101.07

15.307

8.185E-05

0.9486

0.00863

156.93

430.08

1.00E+05

138.09

23.121

7.883E-05

0.9611

-0.00339

221.96

495.11

1.00E+06

187.90

33.319

9.678E-05

0.9604

-0.00697

311.23

584.38

* Negative values of L0 is physically not reasonable, therefore the L0 at 100 kHz and 1 MHz can
be regarded as very close value to zero.

The relationship between the distribution parameters and frequency is typically
performed by analyzing the behavior with respect to the natural logarithm of the
frequency. The least square fitting of the distribution parameters listed on Table A-1
produced the amplitude (A(ν)) and width (W(ν)) function as a function of frequency.
(Eq. A.2)
A(ν ) = 3.033 ln(ν ) − 10.335
W (ν ) = 16.045 ln(ν ) − 40.215

A.2

Using the frequency dependent distribution parameters, the J-function for the
dielectric loss curve of CuO⋅B2O3 added Ba2TeO5 is represented as Eq. A.3

2
 
T − Tm
 

+ L0
J (ν , T ) = (3.033 ln(ν ) − 10.335) exp − 2 
 16.045 ln(ν ) − 40.215  
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The Tm of the peak at each frequency is provided by the Arrhenius equation. (Eq.
5.1) According to Eq. A.3, the dielectric loss curve at 1 GHz is calculated as Figure A-3.
It is estimated that the dielectric relaxation at 1 GHz begins over 500oC and the Tm is
940oC.
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Figure A-3: Calculated dielectric loss (tan δ) curve at 1 GHz for CuO⋅B2O3 added
Ba2TeO5 using the J-function.
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