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Preface

The pyrochlore in the Bi,O3-Zn0O-Nb,Os systems offers two related composition
those are important for microwave applications. The compositions BiysZn;oNb; 507 (c-
BZN) is suitable for tunable microwave devices and Bi,Zn,;3Nb,307 (M-BZN) is suitable
for LTCC and DR applications. c-BZN in thin film form is one of the few compositions
known to exhibit voltage tunable dielectric properties out side the family of ferroelectrics.
Being a non-ferroelectric, it is inherently capable of giving lower dielectric losses. More
over the films of these materials are reported to have low crystallization temperature
along with very low leakage characteristics which make them suitable as a high K
dielectric layer in polymer electronics. Hence the c-BZN and m-BZN compositions in the
Bi,03-Zn0O-Nb,0s systems are chosen for a systematic study in this work. Understanding
the behaviour of these dielectric materials with respect to variations in electric field field,
temperature and frequency are of particular importance for the present day electronics.
Most of the previous works are on the growth of poly crystalline BZN films on single
crystal substrates such as sapphire and lanthanum aluminate. The growth of these films
on a low cost, low loss and low dielectric permittivity substrate such as fused silica is
important for the microwave application of these thin films. Its low dielectric constant
permits the design of transmission lines of a wide range of impedances. Moreover, its low
losses make it possible to obtain overall low losses for the device at a given impedance.
However, growing crystalline thin films on amorphous substrates is challenging and
requires serious process optimization which is an important objective in this study.

This thesis consists of seven chapters and a brief overview of each chapter of the
thesis is as follows.
Chapter |

The first chapter gives a brief introduction to the development of the physics of
dielectrics as an important area in solid state physics and material science. It discusses
various theories about dielectric materials and classification of dielectric materials. This
chapter also presents the details about the application of dielectric materials to microwave
electronics and a brief review of tunable dielectrics and tunable microwave devices. It
also discusses the importance of the development of non ferroelectric tunable dielectric
materials. The importance of the Bi,O3-ZnO-Nb,Os based pyrochlore ceramics is

described. A detailed review of the work being carried out on these material systems is



discussed. Based on these understanding, the major objectives of the present study is
identified and presented.
Chapter 11

The second chapter describes the preparation and characterization techniques used
for the BZN pyrochlore ceramics and thin films. The parallel capacitance (C) and the
dissipation factor D for all the bulk samples were measured using an Agilent 4294A
impedance analyzer in the frequency range of 100Hz-1MHz in a temperature range of
300 to 600K with a Lab —Equip temperature control unit. Dielectric Post (DP) resonator
techniques have been employed for the microwave characterisation of the ceramic
samples. An introduction to the pulsed laser deposition technique employed for the
preparation of BZN thin films is also presented in this chapter. Characterization
techniques such as EDAX, XPS and XRD used for the structure and composition
analysis, AFM for microstructural analysis, envelope technique for optical properties and
Raman studies for local structural analysis are discussed in detail. The details about the
photolithography and lift off techniques developed for the fabrication of test devices and
structures are given in this chapter. This chapter also contains the details of the parallel
plate capacitor technique, Inter Digitated Capacitor (IDC) technique and MQOS capacitor
techniques used for the electrical and low frequency dielectric characterization of the
BZN thin films grown on various substrates.

Chapter I11.

The third chapter deals with the details about the microwave characterization
techniques that are used for thin films. It gives a detailed description of the resonance,
transmission and reflection techniques. The dielectric properties and loss tangent of the
thin films grown on low dielectric constant substrates such as fused silica were
characterized using the modified cavity perturbation technique and split post dielectric
resonator (SPDR) technique. This chapter gives the details about the microwave netwok
analysis, on-wafer measurements and calibration procedure. Details about the calibration
comparison technique which makes use of two identical coplanar wave guide
transmission lines patterned on the film and bare substrates for the broad band
measurement of dielectric properties of thin films grown on various substrates are
provided. The chapter also discusse about the circular patch capacitor technique used for
the microwave characterization of permittivity, loss tangent and tunability of thin films
grown on a conducting substrates. All the above mentioned techniques have been set-up

and implemented as part of the current thesis.



Chapter 1V
The fourth chapter gives the results of the structural, microstructural, dielectric

and Raman analysis of the BZN ceramics prepared. ¢c-BZN, m-BZN and titanium doped
m-BZN ceramic systems were prepared using the solid state reaction method. All the
reflections in the X-ray diffractogram show the formation of the cubic pyrochlore
structure with all the major peaks corresponding to the Fd3m space group for c-BZN
ceramics. For m-BZN ceramics with the monoclinic zirconolite like structure, all the
major peaks could be indexed to the C2/c space group. As the Ti content increases the
crystallite size start decreasing. As the Ti doping increases the grain morphology changes.
The samples with higher percentage of Ti doping have shown needle type grain
morphology. The measured dielectric constant and loss tangent for the c-BZN ceramics
at 1MHz is found to be 134 and 1.2 x10, respectively whereas the m-BZN ceramics is
having a dielectric constant and loss tangent of 75 and 0.4x10° respectively. The
dielectric constant is found to be increasing from 75 to 120 while the dielectric loss
tangent is increased from 0.0002 to 0.061 with an increase in x value from 0 to 0.4. The
Ti substituted ceramics shows dispersion in dielectric constant and corresponding
increase in dielectric loss tangent, which shows a peak at about 200K when measured at a
frequency of 3GHz. The peak in the dielectric loss tangent becomes more prominent with
increase of Ti content. The temperature where the dielectric loss tangent peak appears is
found to be decreasing slightly with the increase of titanium doping. The observed
dielectric characteristics of the titanium doped m- BZN ceramics are attributed to the
presence of a relaxation in these materials originating from the disorder caused by the
Ti** substitution.
Chapter V

The fifth chapter deals with the results of the compositional, structural, microstrutural,
optical and Raman analysis of the thin films of the bismuth zinc niobate systems
deposited on various substrates. The composition and chemical state near the film surface
were obtained by X-ray photo electron spectroscopy (XPS). It has seen that Bi, Zn, Nb,
and O exist near the surface. No other impurity elements are detected in the spectrum up
to 1200eV except carbon probably due to contamination. The XPS spectra of Bi 4f, Zn 2p
and Nb 3d of the BZN thin films show that Bi, Zn and Nb ions are in the chemical state of
3%, 2" and 5" states respectively This indicates that only one chemical state exists in the

film for each Bi, Nb and Zn. From the XRD analysis it has seen that the as deposited



films were amorphous in all cases. After annealing above at 500°C or above, peaks of the
cubic and monoclinic BZN could be detected in the respective cases. The crystallite size
analysis reveals that there was a decrease in crystallite size with the increase in oxygen
pressure during deposition. The investigation of the influence of oxygen pressure on the
microstructure in the PLD grown BZN thin films revealed that the oxygen pressure can
significantly alter the surface morphology of the as grown BZN thin films. The surface
roughness of the BZN thin films increased with increase in annealing temperature.

Raman modes were observed at 139, 195, 251, 271, 337, 369, 537, 624, and 764 cm™
in c-BZN thin films, which are comparable to the values in literature. The Raman modes
in thin film are relatively more intense and additional Raman modes appear in thin films
in the low frequency range. These results suggested that the local symmetry in thin films
is different from that of the bulk due to strain in thin films. Raman modes are observed at
778, 849, 1053 cm™ in m-BZN thin films, which are comparable to the earlier reported
Raman spectra of m-BZN bulk materials with the same monoclinic symmetry. The
Raman modes are broad due to the disorder of Zn** and Nb>* on the B site of the
pyrochlore structure.

The ¢-BZN film with a thickness of 420 nm deposited at 10 mTorr oxygen
pressure shows a transmittance T of 90% at a wavelength of 546nm. The refractive index
decreases with the increase in oxygen pressure. The as deposited films show a decrease in
refractive index with increase in oxygen pressure from 2.52 to 2.36. Post deposition
annealing, however, results in a relatively pressure independent refractive index of
2.55+0.2. All the films show optical band gap values of the orders of 3.30 to 3.60eV. The
un annealed m- BZN films deposited at different oxygen pressures shows a transmittance
T of 70-80% in the visible region. All the films show optical band gap values of the range
of 3.50 to 3.60eV.

Chapter VI

The sixth chapter describes the electrical and microwave dielectric properties of
BZN thin films grown on different substrates. The leakage characteristics of these
materials in thin film form is also reported in this chapter. The leakage current density of
these thin films is found to be in the range of 2-3 pA/cm? at 50KV/cm. From the analysis
of the leakage current characteristics it has concluded that the conduction process in these
thin films is predominantly electronic in nature. The leakage current in BZN thin films

increased with the increase in annealing temperature and is attributed to the presence of



free electrons in these films produced by the formation of oxygen vacancies due to high
temperature annealing. The leakage current is found to be higher for the films deposited
at lower oxygen pressure which is attributed to the presence of large number of oxygen
vacancies which will produce free conduction electrons in the films. The low frequency
dielectric properties of these films grown on substrates such as MgO, fused silica, LaAlO3
and sapphire (Al,O3) are measured using interdigitated capacitor geometry. The BZN thin
films exhibit different dielectric behaviour when grown on different substrates. The films
deposited on sapphire substrate exhibited larger dielectric constant as compared to films
deposited on fused silica substrate. The microstructural analysis of these films revealed
that films grown on fused silica substrates are having smaller grain size compared to that
of the films grown on single crystal substrates. From the Raman analysis it was evident
that the films grown on these substrates are under different stress state. There is a
reduction of dielectric constant of BZN thin films grown on MgO and fused silica
substrates which is attributed to the compressive stress in these films. The dielectric
properties of c-BZN and m-BZN thin films deposited on p-type silicon substrates were
studied using the MOS capacitor structures as a function of annealing temperatures.
These studies found to be directly relevant to determine suitability of c-BZN and m-BZN
thin films as gate dielectric in microelectronic devices and CMOS technology. The high
frequency C-V behavior of these films shows the typical n-type MOS responce showing
accumulation, depletion and inversion behaviours at the BZN- silicon interfaces. The
microwave dielectric constant and loss tangent of the as deposited and annealed c-BZN
thin films were measured at a spot frequency of 12.15GHz. It is observed that the as
deposited amorphous films show low values of dielectric permittivity and loss tangent
when compared to that of the annealed crystalline films. The low value of the dielectric
constant of amorphous films implies that the formation of the electrical polarization is
largely suppressed in the amorphous films. After annealing at 600°C these films exhibit
high dielectric constant. It is observed that there is a strong dependence of the microwave
dielectric constant and loss tangent (tand) on the oxygen pressure during deposition. The
dielectric constant of c-BZN films varied from 95-126 where as the dielectric loss tangent
varied from 0.005 to 0.0075 with a variation of deposition pressure from 1-10 mTorr. The
microwave dielectric constant and loss tangent of the annealed m-BZN thin films
measured at a spot frequency of 10GHz using the SPDR techniques. It is observed that

there is a strong dependence of the microwave dielectric constant and loss tangent (tand)



on the deposition pressure. The dielectric constant varied from 56-71 where as the
dielectric loss tangent is varied from 1.4 x10 to 2.5 x 107 as the pressure varied from 2
to 10 m Torr. Broadband microwave dielectric properties of c-BZN and m-BZN thin
films deposited on various substrates were determined using the calibration comparison

technique.

The tunability studies on c-BZN thin films revealed that the films grown at 10 m
Torr of oxygen pressure is having relatively high tunability with higher quality factor a
combination suitable for tunable microwave devices. The quality factors for the thin films
deposited above 10 m Torr of oxygen pressure decreases and this may be due to the
leakage conduction produced due to the interstitial oxygen atoms. The tunability of c-
BZN thin films on sapphire substrates was approximately around 4.8% at 10KV/cm. The
loss tangent of this film on sapphire substrates at 10GHz was estimated to be
approximately 0.0049 at 100V. Similarly the calculated dielectric permittivity for the c-
BZN thin films grown on fused silica is 125.73 (at zero bias) and 122.07 (at 10KV/cm).
The estimated tunability for c-BZN films on fused silica substrate was 2.91% at the
measurement frequency of 10 GHz. Interdigitated and parallel plate varactors were
fabricated and characterized on fused silica substrates and platinised silicon substrates
respectively. The IDC varactors realized on fused silica substrates showed a tunability of
9% with a Q factor of 38. The observed Q factor on fused silica substrates is found to be
comparable to the reported Q factor of BST thin films based varactors on single crystal
substrates. The c-BZN thin films on fused silica substrates seem to be a very promising
technology for the realization of low cost tunable varactors.
Chapter VIII
The seventh chapter will present the major conclusions drawn from the present study and

it also gives some scope for future works on these systems.
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Chapter 1

INTRODUCTION

1.1 Dielectric materials and their technological importance in modern industry

Electrical insulator materials which will prevent the flow of current in an electrical
circuit are being used since from the beginning of the science and technology of electrical
phenomena. Dielectrics are insulating materials that exhibit the property of electrical
polarization, thereby they modify the dielectric function of the vacuum.

The first capacitor was constructed by Cunaeus and Mussachenbroek in 1745 which
was known as Leyden jar [1]. But there were no studies about the properties of insulating
materials until 1837. Faraday published the first numerical measurements on these
materials, which he called dielectrics [2]. He has found that the capacity of a condenser
was dependent on the nature of the material separating the conducting surface. This
discovery encouraged further empirical studies of insulating materials aiming at
maximizing the amount of charge that can be stored by a capacitor. Throughout most of
the 19™ century, scientists searching for insulating materials for specific applications have
become increasingly concerned with the detailed physical mechanism governing the
behavior of these materials. In contrast fo the insulation aspect, the dielectric phenomena
have become more general and fundamental, as it has the origin with the dielectric
polarization.

Mossotti [3, 4] and Clausius [5] have done a systematic investigation about the
dielectric properties of materials. They attempted to correlate the specific inductive
capacity, a macroscopic characteristic of the insulator introduced by Faraday [2] which is
now popularly termed as dielectric constant with the microscopic structure of the
material. Following Faraday in considering the dielectrics to be composed of conducting
spheres in a non-conducting medium, Clausius and Mossotti succeeded in deriving a
relation between the real part of the dielectric constant & and the volume fraction
occupied by the conducting particles in the dielectric.

In the begning of 20" century, Debye [6] realized that some molecules had
permanent electric dipole moments associated with them, and this molecular dipole
moment is responsible for the macroscopic dielectric properties of such materials. Debye

succeeded in extending the Clausius -Mossotti theory to take into account the permanent



moments of the molecules, which allowed him and others to calculate the molecular
dipole moment from the measurement of dielectric constant. His theory was later
extended by Onsager [7] and Kirkwood [8, 9] and is in excellent agreement with
experimental results for most of the polar liquids. Debye’s other major contribution to the
theory of dielectrics is his application of the concept of molecular permanent dipole
moment to explain the anomalous dispersion of the dielectric constant observed by Drude
[10]. For an alternating field, Debye deduced that the time lag between the average
orientation of moments and the field becomes noticeable when the frequency of the field
is within the same order of magnitude as the reciprocal relaxation time. This way the
molecular relaxation process leads to the macroscopic phenomena of dielectric relaxation,
i.e., the anomalous dispersion of the dielectric constant and the accompanying absorption
of electromagnetic energy over certain range of frequencies.

Debye’s theory shows excellent agreement with the experiments for the polar liquids
while the dielectric behaviour for solids was found to be deviating considerably. Several
modifications and extensions of Debye’s theory have been proposed to correct this. There
are two major approaches in the extension of Debye’s theory. The first approach,
pioneered by Cole [11], Davidson [12] and William [13], interprets the non —Debye
relaxation behavior of the material in terms of the superposition of an exponentially
relaxing process, which then leads to a distribution of relaxation times. The second
approach by Joncher [14] proposes that the relaxation behaviour at the molecular level is
intrinsically non-Debye-like due to the cooperative molecular motions.

After more than eighty years of development, the theory of dielectrics is still a active
area for research. Understanding the behaviour of dielectric materials with the variations
of field, temperature and frequency is of particular importance for present day electronics.
Modern day electronics demand dielectric materials with narrowly defined properties
tailored for particular applications. The scaling of metal-oxide-semiconductor (MOS)
devices for ultra large-scale integration (ULSI) applications has been placing an ever-
increasing burden upon the performance of gate dielectrics [15]. Durability has become
an issue as the dielectric thickness is decreased leading to a search for dielectrics with
better properties than the conventional SiO, dielectric. The gallium arsenaide (GaAs)
based metal - insulator- semiconductor field effect transistor (MISFET) is still largely
unavailable due to the lack of a suitable dielectric material for the insulation layer [16].
Recent advances in wireless communication technologies have elevated the interest in

materials with the unusual combination of properties like high dielectric constant, low



dielectric loss and low values of temperature dependence of dielectric constant [17]. The
constant need for miniaturization provides a continuing driving force for the discovery
and the development of increasingly sophisticated materials to perform the same or
improved function with decreased size and weight. The dielectric materials mentioned
above are used as the basis for resonators and filterers for the microwaves carrying the
desired information [18]. These materials are presently employed as bulk ceramics in
microwave communication devices. They are not integrated into the microelectronics but
are being used as discrete components. The need for better dielectrics with improved
properties suitable for modern integrated manufacturing needs is the motivation behind
the present study.
1.2 Theory of dielectrics

This section presents a brief description of the atomic interpretation of the dielectric
and optical properties of insulator materials on the basis of classical theory. This section
is essentially concerned with the static dielectric constant, the frequency dependence of
dielectric constant and dielectric losses.
1.2.1 Electric susceptibility and permittivity

It was Michael Faraday who first noticed that when a capacitor of value Cy under

vacuum is filled with a dielectric material, its charge storage capacity (capacitance)
increases to a value of C. The ratio %’ of the increase of capacitance AC =C-Cj to its
initial capacitance- Co,
. C=Cy, AC
T _FO

X (1.1)

y’ 1s called the electrical susceptibility of the dielectric. The most often used terminology
is the dielectric permittivity or dielectric constant instead of susceptibility, which is
defined as the ratio of the capacitance C of the capacitor filled with a dielectric to the

value C of the same capacitor under vaccum.
&, == (1.2)

From the above equations the relationship between the electric susceptibility and the

dielectric permittivity is given as:

X =¢,-1 (1.3)



Thus, by definition, the electric susceptibility and permittivity are non-dimensional real
quantities. The dielectric constant or permittivity of a material is a measure of the extent
to which the electric charge distribution in the material can be distorted or polarized by
the application of an electric field.
1.2.2 Mechanism of electric polarization

At the atomic level, all matter consists ultimately of positively and negatively
charged particles whose charges balance each other macroscopically in the absence of an
electric field giving rise to overall charge neutrality. Once the electric field is applied, the
balances of charges are perturbed by the following four basic polarization mechanisms
[19].
Electronic polarization: It occurs in neutral atoms when an electric field displaces the
nucleus with respect to the negative charge. Thus electronic polarization is an induced
polarization effect.
Atomic/ionic polarization: It is observed when different atoms that comprise a molecule
share their electrons asymmetrically, and cause the electron cloud to be shifted towards
the stronger binding atom, the atoms acquire charges of opposite polarity and an external
field acting on these net charges will tend to change the equilibrium positions of the
atoms themselves, leading to the atomic polarization.
Dipolar/orientational polarization: When an ionic bond is formed between two
molecules by the transfer of some valence electrons, a permanent dipole moment will
originate in them. This permanent dipole moment is equal to the product of the charges of
the transferred valence electrons and the inter-atomic distance between them. In the
presence of an electric field E, the molecules carrying a permanent dipole moment will
orient to align along the direction of the electric field E. This process is called the dipolar
or orientational polarization. This occurs only in dipolar materials possessing permanent
dipole moments.
Space charge polarization: It is present in dielectric materials which contain charge
carriers that can migrate for some distance through the bulk of the material (via diffusion,
fast ionic conduction or hopping, etc.) thus creating a macroscopic field distortion. Such a
distortion appears to an outside observer as an increase in the capacitance of the sample
and may be indistinguishable from the real rise of the dielectric permittivity. Space charge
polarization is the only type of electrical polarization that is accompanied by macroscopic
charge transport (and in the case when the migrating charge carriers are ions a

macroscopic mass transport as well). In general, the space charge polarization can be



grouped into hopping polarization and interfacial polarization. In dielectric materials,
localized charges (ions and vacancies, or electrons and holes) can hop from one site to
another site, which creates the hopping polarization. Similarly the separation of the
mobile positive and negative charges under an electric field can produce an interfacial
polarization.
1.2.3 Polarization and dielectric constant

The ability of a dielectric material to store electric energy under the influence of
an electric field, results from the field-induced seperation and alignment of electric
charges. Polarization occurs when the electric field causes a separation of the positive
and negative charges in the material. The larger the dipole moment arms of this charge
separation in the direction of a field and the larger the number of these dipoles, the higher
the material’s dielectric permittivity.

In the presence of electronic, ionic and dipolar polarization mechanisms, the
average induced dipole moment per molecule P,, will be the sum of all the contributions

in terms of the local field (effective field) acting on each individual molecule.
})av :aeEloc + aiEloc a7 adEloc (1.4)

Here, ., o, 04 are the electronic, ionic and dipolar polarizabilities. Ej, is the local field
or the effective field at the site of an individual molecule that causes the individual
polarization. Each effect adds linearly to the net dipole moment of the molecule.
Interfacial polarization cannot be simply added to the total polarization as a;Ei.. because
it occurs at the interfaces and cannot be put into an average polarization per molecule in

bulk. Moreover, the fields are not well defined at the interfaces.

For simple dielectrics ( eg. gases) one can take the local field to be the same as the
macroscopic field. This means that E;,.=E the applied field and therefore the polarization
18,

P=y,cE=( -1gFE (1.5)
P=N.P,, where N is the number of atoms or molecule per unit volume [20].
g, =1+N0£/80 (1.6)

a is the polarizability of the molecule.



1.2.4 Clausius and Mossotti relation for dielectric permittivity

Consider a molecule of a dielectric medium situated in a uniform electric field E.
The total electric field acting on this molecule Ejo. will have three main components- E;
E,, and Es. Here E; is the applied electric field E, E is the field from the free ends of the
dipole chain and Ej is the near field arising from the individual molecular interactions. In
solids we have to consider the actual effective field acting on a molecule in order to
estimate the dielectric permittivity. For electronic and ionic polarization, the local field

for cubic crystals and isotropic liquids can be given by the Lorenz field, given by

1
Eioe = gp (17)

By assuming the near field E; is zero, Clausius and Mossotti derived a relation for the

dielectric constant of a material under electronic and ionic polarization [21].

&b T 1 (Niai+Neae)
e +2 3¢,

(1.8)

Here, ¢ is the relative permittivity at low frequencies, o; is the effective ionic
polarizability per ion pair, N; is the number of ions pair per unit volume, o is the
electronic polarizability and N. is the number of ions (or atoms) per unit volume
exhibiting electronic polarization. The atomic/ionic polarizability a; and the electronic
polarizability o. cannot be separated at low frequencies and hence they are together
represented as the induced polarizability diing
Hence equation 1.8 can be written as:
&, — gy ™
g +2 v, 3g,

This is known as the clausius —Mossotti equation for non polar dielectrics.
Above the frequencies of ionic polarization relaxation, only electronic polarization will
contribute to the relative permittivity, which will be lowered to €. (relative permittivity at
optical frequencies).
£ —1 _ N,
E.,t+2 3&,

(1.10)

By using the Maxwell relation for a lossless (non-absorbing), non magnetic medium,

n :gm (111)



where n is the index of refraction of the material, equation (1.10) can be rewritten as:

n-1 N,

n+2  3g,

(1.12)

In this form, it is known as Lorentz-Lorenz equation. It can be used to approximate the
static dielectric constant g of non polar and non magnetic materials from their optical
properties. In the case of dipolar materials we cannot use the simple Lorentz field
approximation and hence the Clausius—Mossotti equation cannot be used in the case of
dipolar materials.
1.2.5 Debye theory for polar dielectrics
In addition to the induced polarization present in all dielectrics, the polar

dielectrics possess an orientational polarization that exists even in the absence of an
applied electric field. It should be noted that the polarizability o, corresponding to the
orientational polarization is related to the orientation of the molecules which are heavier
than that of atoms or electrons that are involved in induced polarization. Hence the o,
contributes to the total molecular polarizabilty o at much lower frequencies than ding
does. So the dielectric constant that remains after the relaxation of orientational
polarization (the dielectric constant due to the induced polarization) can be designated
separately and it is usually represented by ¢ in the case of dipolar dielectrics. So the
equation (1.9) can be written as:

g, —1 ] N

or L2 3¢

m

g (1.13)

To account for the orientational contribution to the dielectric constant, Debye [22] used

. N E . 1
classical Boltzman statistics and the Langevin function L(y)=cothy—— from the
y

theory of paramagnetism, to estimate the temperature dependence of permanent dipole
orientation. Assuming that these dipoles do not interact with each other, Debye derived

the following equation for the orientational polarizability.

2

Y7
a,= 1.14
°T3KT (1.14)




Using Clausius-Mosotti’s internal field argument discussed above, this additional
polarization contributes to the static dielectric constant according to the following
formulae:

g'-1 N,
&' +2 :E

N
a,, +3—da0 (1.15)
&

Here Ny is the number of dipolar molecules per unit volume which is same as Ny,
This equation can be rewritten in the following form using equation (1.13).

&' — Lt — 1 N, T
g'+2 &£,+2 9¢,KT

(1.16)

This result, from Debye [23], has been used successfully to predict the static
dielectric constant of many polar gases and polar liquids. However, when applied to the
condensed state of matter, Debye’s theory breaks down while predicting the infinite
dielectric susceptibility (Mosotti catastrophe). The reason for this breakdown lies in the
assumption that is made in the expression for the Clausius-Mosotti local field. The near
field in this case is assumed to be zero. In the condensed phase, permanent dipoles tend to
loose their individual freedom of orientation through association and steric hindrance.
Their interaction with their surroundings has to be taken into account and the near field
cannot be neglected.

1.2.6 Onsager theory

To avoid the Mossotti catastrophe, Onsager modified the Debye theory by
introducing a cavity. In his new approach to the problem, the electric field was
represented by the sum of a ‘cavity field” and a ‘reaction field’. If the surroundings of
each molecule are considered to be a homogeneous continuum having the macroscopic
properties of the substance, then the ‘cavity field’ is the field inside a cavity of molecular
dimensions due to a uniform external field. This cavity field is the field in the cavity
resulting from the polarization induced in the surrounding medium by the molecule in the
cavity. This part of the field exerts no torque on the molecule. Onsager’s molecular model
consisted of a sphere with a permanent dipole moment and an isotropic polarizability.
Based on this model he arrives at the following expression, linking the molecular dipole
moment with the static dielectric constant:

-1 &g,-1  3g(s,+2) Ny’
e'+2 e, +2 (&' +e,)(e' +2)9¢,KT

(1.17)



Onsager’s relation is quite well satisfied for non associated polar liquids [24, 25] and can
also be applied to weakly bound Van der Waals solids. In general, most of the solid
dielectrics do not obey any of the local field expressions at sufficiently low frequencies
due to the charge carriers present in these materials, mostly ions, but possibly also
electrons. This renders any meaningful measurement of the low frequency dielectric

permittivity very difficult, making the comparison with local field theory rather doubtful.

1.2.7 Dielectric loss

The permittivity of a dielectric material has both real and imaginary mathematical
representations. The imaginary part of permittivity is represented in mathematical
equations as &". This imaginary part of permittivity describes the energy loss from an AC
signal as it passes through the dielectric. The real part of permittivity, &, is also called the
dielectric constant and relative permittivity. The permittivity of a material describes the
relationship between an AC signal’s transmission speed and the dielectric material’s
capacitance. When the word “relative” is used in front of permittivity, the implication is
that the number is reported relative to the dielectric properties of a vacuum. The
imaginary part of the dielectric permittivity which is a measure of how much field is lost
as heat during the polarization of a material by an applied alternating electric field is also
termed as dielectric loss. The characteristic orientation of the dipoles in an electric field
results in a frequency variation of dielectric constant and loss over a broad band of
frequencies. The typical behavior of real and imaginary part of the permittivity as a

function of frequency is show in Figure 1.1 [26].
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The relative permittivity of material is related to a variety of physical phenomena
that contribute to the polarization of the dielectric material. In the low frequency range
the ¢'' is dominated by the influence of ion conductivity. The variation of permittivity in
the microwave range is mainly caused by dipolar relaxation, and the absorption peaks in
the infrared region and above, are mainly due to atomic and electronic polarizations.

The dielectric properties of solid dielectrics at microwave and radio frequencies
are highly influenced by the ionic positions and changes caused by the lattice vibrations.
Two types of dielectric losses are identified in crystalline solids at high frequencies,
namely intrinsic losses and extrinsic losses. The dielectric dispersion in solids depends on
the factors such as ionic masses, electric charge/valence state of the ions, spring constant
of the bond, lattice imperfections etc. The dielectric losses close to the lattice vibration
frequencies are generally estimated in terms of the anharmonicity of lattice vibrations.
The low frequency phonons are responsible for the intrinsic dielectric losses in solid
dielectrics. The intrinsic loss mechanism occurs due to the interaction between the
phonons and the microwave field or due to the relaxation of the phonon distribution
function. The lattice phonon modes will determine intrinsic limits of the high frequency
dielectric losses in crystalline solids. The extrinsic losses are occurred due to the

interaction between the charged defects and the microwave fields.

1.2.8 Complex dielectric permittivity and Maxwell equations

In case of dielectric polarization, the polarization of the material is related to the electric

field by:
P =¢,x.E (1.18)
This leads to:

D=¢,(1+y,)E =¢,¢,E (1.19)

For real materials D can be described as[27]:
D=(e-je,)E (1.20)

Here, € =¢o¢;, the real part of permittivity, and g,=¢,£” is a factor describing the dielectric

(polarization) losses.
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For a region filled with homogeneous isotropic material, the first Maxwell equation can

be written as:

Vtzéa—?+O'E (1.21)

Here, o is the conductivity of the material. Substituting for D from equation [1.20] the

equation (1.21)becomes:
VxH = l&)(é‘ —i(é'p sk O'/C()))E (1.22)

The complex dielectric constant is defined as below:

e*=e—-i(e,+0/w) (1.23)
Here, ¢ is the real part of the permittivity and is defined as:
E=E&.E6, (1.24)

Here & is known as the relative permittivity or dielectric constant and gy is the
permittivity of free space. Here the first and second term in the imaginary part of the
complex permittivity represent the dielectric and ohmic losses respectively [28].

The loss tangent is given as:

n

tan o :; (1.25)

In this thesis ¢, is used throughout to represent relative permittivity of the materials and
tand is used to represent a measure for the dielectric loss.
1.3 Classification of Dielectric materials

Dielectric materials can be classified into two major categories: Linear (normal
dielectric) materials and non linear dielectric materials. The linear dielectric materials can
be again subdivided into three classes based on the mechanism of electric polarization as
non polar and dipolar materials.
1.3.1 Linear dielectric materials

The dielectric materials which are exhibiting a linear relationship between the
polarization and applied electric field are known as linear dielectrics. This class of

materials gets polarized with the application of the field and gets depolarized on the
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removal of field. Based on the nature of the polarization mechanism, the linear dielectrics
can be grouped as follows [29]:

Non polar materials: In materials of this class, an electric field can cause only elastic
displacement of the electron cloud (mainly the valence electron cloud). So they have only
electronic polarization. Such materials are generally referred to as elemental materials.
Polar materials: In materials of this class an electric field can cause only elastic
displacement of electron clouds as well as elastic displacement of the relative positions of
ions. These materials have both electronic and ionic polarization. The material may be
composed of molecules and each of the molecules is made of more than one kind of atom
without any permanent dipole moment. Examples of such materials are ionic crystals; in

this case the total polarizability is the sum of the ionic and electronic polarizabilities.
a=a,t+a, (1.26)

Dipolar materials: The materials of this class have all three fundamental polarizations:

electronic, ionic and orientation. Thus the total polarizbility for them is
a=a,+a,+a, (1.27)

Materials, whose molecules posses a permanent dipole moment, belong to this class
examples are water, methyl alcohol.
1.3.2 Non linear dielectric materials

The materials which have got a spontaneous polarization even in the absence of an
external field are grouped into the class of non linear dielectrics. The spontaneous
polarization appears in these class of materials due to its crystal structure. A necessary
condition for a solid to fall in the class of non linear dielectrics is the absence of a center
of symmetry. Amoung the 32 crystal classes, 11 of them have a center of symmetry and
hence they won’t exhibit spontaneous polarization. Out of the remaining 21 classes of
crystals without a centre of symmetry, 20 of them are piezoelectric, ie these crystals can
be polarized under the influence of an external stress. Ten out of the 20 pieozoelectric
crystals exhibit the pyroelectric effect, ie the polarization of these classes of materials can
be changed with the change of temperature. The ferroelectric materials discussed below

are part of the spontaneously polarized pyroelectrics.
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1.3.3 Ferroelectric Materials:

A ferroelectric material is a non-linear dielectric that exhibits a remanent
polarization in the absence of an external electric field and its direction can be switched
by an applied electric field [30]. The name ferroelectricity comes from the similarities
between polarizations of ferroelectric materials with the magnetization of ferromagnetic
materials. Ferroelectric materials display a hysteresis effect of polarization with an
applied field. The hysteresis loop is caused by the existence of permanent electric dipoles
in the material. When the external electric field is initially increased from zero value, the
polarization increases as more of the dipoles are lined up along the direction of the field.
When the field is strong enough, all dipoles are lined up with the field, so the material is
in a saturation state. If the applied electric field decreases from the saturation point, the
polarization also decreases. However, when the external electric field reaches zero, the
polarization does not reach zero. The polarization at the zero fields is called the remanent
polarization. When the direction of the electric field is reversed, the polarization
decreases. When the reverse field reaches a certain value, called the coercive field, the
polarization becomes zero. By further increasing the field in this reverse direction, the
reverse saturation can be reached. When the field is decreased from this saturation point,
the sequence just reverses itself.

In a ferroelectric material a transition occurs from a centro symmetric to a non-
centro symmetric unit cell at the Curie point T.. The shift in structural symmetry affects
both the structural and physical properties of the crystal. Ferroelectricity can be
maintained only below the Curie temperature. When the temperature is higher than T, a
ferroelectric material is in its paraelectric state. Ferroelectric materials have great
application potential in developing smart electromagnetic materials, structures, and
devices, including miniature capacitors, electrically tunable capacitors, filters and phase
shifters in recent years. Their application in the microwave frequencies are still under
intensive investigations.

1.4 Tunable dielectrics

The dielectric materials, which have a voltage-dependent dielectric constant, are
termed as tunable dielectric materials [31]. Generally this class of materials exhibits a
large change in dielectric constant with an applied DC electric field. The major classes of
materials being considered for tunable dielectric applications are ferroelectrics in their
paraelectric state. The ferroelectric materials (FE) have been investigated in the

microwave range since the 1950s. Only recently, monolithically compatible processing of
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certain ferroelectric thin-film compounds become possible, and has generated great
interest and promises for designing a new class of tunable microwave devices. For a
microwave engineer the main attraction of a tunable material is the strong dependence of
their dielectric permittivity € on the applied bias electric field Ey. This characteristic is
commonly described by a parameter named tunability n, defined as the ratio of the
permittivity of the material at zero electric field €(0) to its permittivity at some non-zero
electric field €(E) as given by equation (1.28). The relative tunability n, is defined by
equation (1.29) [31].

n= j((g)) (1.28)
n = % (1.29)

The dielectric loss of a tunable dielectric material is also dependent on the applied DC
electric field. Experiments show that a ferroelectric material with higher loss tangent
usually has larger tunability. Since the loss tangent of a material is an important factor
affecting the performances of the electric circuit, in the development of electrically
tunable ferroelectric microwave devices, a figure of merit K (K-factor), defined by

K=Tunability/tano

k2 c@-cEF) 1 (1.30)
£(0) tan o

is often used to indicate the quality of the tunable dielectric materials. Usually, in the
calculation of K, the loss tangent at the maximum external DC electric field is used [32].
1.4.1 Tunable materials for microwave devices

Microwave materials have been widely used in a variety of applications ranging
from communication devices to satellite services, and the study of their properties at
microwave frequencies and the development of functional microwave materials have
always been among the most active areas of solid-state physics, materials science, and
electrical and electronic engineering. In recent years, the increasing requirements for the

development of high speed and high frequency circuits and systems made a through

understanding of the properties of materials at microwave frequencies a necessity [33].
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The wireless systems operating in the microwave region is required to be
lightweight, compact and of low cost, which could be addressed by miniaturization and
integration. Meanwhile, the need of frequency agile applications demands the use of low
loss, and highly tunable devices to allow multi-bandwidth operation with little impact on
the component count. Microwave tunable passive devices mainly include filters, phase
shifters, delay lines and matching circuits in connection with applications such as
reconfigurable antennas, software defined radios, etc [34, 35]. Implementing several
separate transceiver circuits in a single hardware device increases the component count
and hence the overall cost. Therefore in terms of RF front end circuitry, significant cost
saving can be achieved by using electronically tunable components. In this scenario a
single tunable component is employed to replace several fixed components. For example,
a band pass filter (BPF) with a tunable pass band could replace several fixed filters or a
tunable delay line could replace a set of fixed delay lines in the beam-forming network of
a phased array antenna [36].

Electronically tunable capacitors known as varactors can be used to fabricate
reconfigurable components for RF and microwave applications [37]. The established
technology for microwave varactors is based on semiconductors typically employing
GaAs or silicon technology. The varactor diodes are now a proven technology for tunable
microwave devices [38]. Another advantage of varactor diodes fabricated on silicon
substrates is that they are easily incorporated in the standard complementary metal oxide
semiconductor (CMOS) integrated circuit processes. However the semiconductor varactor
diodes have smaller power handling capability and the silicon based varactors are more
lossy above 10GHz frequency [39].

Micro electro mechanical system (MEMS) technology can also be used to
fabricate varactors [40]. The advantage of MEMS varactors include high power handling
and low inter modulation distortion. However MEMS devices require a careful packaging
and reliability is an issue due to mechanical moving parts. Further, MEMS devices have a
lower tuning speed than semiconductor varactors.

The ferroelectric material Barium strontium titanate (BST) is of particular interest
for tunable microwave devices since it has a high dielectric constant that can be tuned by
applying an electric field, and it exhibits relatively low losses at microwave frequencies
[41]. The high dielectric constant is useful for minimizing the size of the component
fabricated from BST, leading to higher integration. Another useful property of BST is that

the microwave dielectric properties can be tailored for specific application by controlling
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the ratios of barium and strontium according to the formula Ba,Sr;«TiO;. BST is being
explored as a tunable dielectric material for varactor fabrications. BST varactors have
some important advantages over semiconductor varactors including higher power
handling and lower cost. It has been shown that BST varactors have lower device losses
than silicon based varactors at frequencies above 10GHz [42].

There are several ferroelectric materials that have been considered as possible
candidates for tunable microwave devices. The most attention has been paid to SrTiO;
and its solid solutions with BaTiO3 and PbTiO; [43]. The bulk form of SrTiO; exhibits
large tunabilities at cryogenic temperatures while at room temperature a large electric
field is required for its tuning [44]. Voltage tunable (Ba,Sr)TiO; thin films and ceramics
have been extensively investigated due to their high power handling capacity and large
tunability over a wide frequency range. Thin films of BST type materials are desirable,
because they can be easily integrated with standard IC processing procedures and can
therefore be scaled for mass production [45]. In addition to barium strontium titanate
(BST), lead strontium titanate (PST) has been proposed as a potential candidate material
for high frequency tunable devices [46]. Ferroelectric sodium potassium niobium oxide
NaK(1-.xNbOj3 is another candidate material considered for the tunable applications[47].
It is a continuous solid solution of KNbO3 and NaNbOj, having a pervoskite structure for
x<0.97. The dielectric properties of these ceramics were well studied by many
researchers. The NKN thin films deposited on various oxide substrates have shown high
dielectric permittivity and voltage tunability. Because of their excellent crystallinity and
electrical properties, NKN films were studied for memory and tunable microwave device
applications.

1.4.2 Tunable devices based on BST

BST is essentially a solid solution of BaTiOs; and SrTiOs;. BaTiO; is in the
ferroelectric (polar) phase at room temperature, and has a ferroelectric to paraelectric
transition temperature (Curie point) of 130+ <C, while SrTiOs is a paraelectric (non-polar)
down to zero Kelvin [48]. For microwave applications, it is generally suggested that BST
thin films should be in the paraelectric phase at room temperature. In the paraelectric
phase, BST has simultaneously high tunability and relatively low dielectric loss at
microwave frequencies [31]. At room temperature the paraelectric phase can be achieved
by adjusting the chemical composition so that x = 0.5 in BasSrix TiO;. In the

ferroelectric polar phase, BST is also piezoelectric, and dielectric losses in this phase are
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associated with mechanical damping caused by domain wall motion [48]. This results in
high dielectric loss at microwave frequencies. Many research groups implemented
tunable filters and phase shifters based on BST thin films over the past 10 years.

At NASA, Glenn centre, Subramanyam et al [49,50] have fabricated a
YBCO/SrTiOs thin film based K-band tunable band pass filter on lanthanum aluminates
substrate. The two-pole filter had a center frequency of 19 GHz and a bandwidth of 4%.
Tunability was achieved through the nonlinear temperature dependence as well as the
electric field dependence of dielectric constant of StrTiOs thin films. BST thin film based
low pass and band pass filters were reported by Tombak et al[51]. These circuits have
used lumped inductors and tunable BST capacitors. Jayesh Nath et al[52] reported a
tunable third order combline band pass filter using BST varactors fabricated on sapphire
substrates. The application of a 0-200V DC bias varied the center frequency of the filter
from 2.44 to 2.88 GHz (16% tuning) with 1 dB bandwidth of 400 MHz. The insertion loss
varied from 5.1 dB at zero bias to 3.3 dB at full bias. An electronically tunable impedance
transformer and matching network were fabricated using BST capacitors on sapphire
substrates by Chen et al [53]. The impedance transformer was able to vary electronically
from a 4:1 to 2:1 transformation in a 50 ohm environment. BST based microwave filters
have already been commercialized. Paratek Microwave Inc has commercialized two types
of BST based band pass filters [54]. Filters based on hybrid microstripline configuration
(f ~ 2GHz) and finline waveguide resonator configurations (f~22.5GHz) both employing
BST thin films have been reported. The first device is a 4 pole microstrip combline band
pass filter with tunable BST capacitors.

The first phase shifter using BST was reported by Flaviis in 1997[55]. Bulk BST
with thickness of 0.1 to 0.15 mm was used in the microstripline circuits. In 1999 Van
Keuls et al[56] reported a thirteen segment Ku band coupled microstrip phase shifters, in
which BST based interdigitated capacitors were used as the series coupling components.
S.Lee et al[57] demonstrated an X-band loaded transmission line type phase shifter by
using BST thin films. The phase shifter consisted of coplanar waveguide (CPW) lines that
are periodically loaded with voltage tunable BST varactors. The voltage tunable BST
varactors showed a large dielectric tunability of 69% and a quality factor of 29.5 at a
frequency of 10 GHz. The most comprehensive work on phase shifters based on
ferroelectric thin films has been carried out by York et al [58, 59] at the University of
California, Santa Barbara. They have reported several phase shifters using parallel plate

and interdigital BST capacitors. Moon et al [60] fabricated a phased array antenna using
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four element ferroelectric phase shifters with CPW transmission line structures based on
BST thin films. This X-band phased array antenna system with the ferroelectric BST
phase shifters was capable of having a beam steering of 15° in either direction.
1.4.3 Need for non ferroelectric tunable materials

Till date, almost exclusively, BST and SrTiOs; have been investigated for tunable
microwave application. Most of the literature on RF applications of tunable dielectrics
has focused on the Ba,Sr;,TiO; (BST) thin films, and numerous devices and circuit
demonstrations have been reported [61,62]. A promising RF performance has been
achieved but in general, the RF losses of BST-based devices are high. All these tunable
dielectric materials investigated till date fall under the group of ferroelectrics and they
exhibit temperature dependent structure and dielectric properties. They also exhibit the
phenomena of hysterisis in their ferroelectric state. The dielectric properties of
ferroelectric thin films are found to be highly thickness dependent. All these things put
together make such materials lossier at microwave frequencies. If one can employ a non
ferroelectric material for tunable microwave application, one can avoid the loss
originating from the coupling of the soft modes with electromagnetic fields which is a
characteristic feature of all ferroelectrics. Also, ferroelectric thin films are vulnerable to
the process related strain and impurities, which in effect would increase the dielectric
losses in these thin films [31]. These limitations of the ferroelectric thin films enhance the
search for non ferroelectric tunable materials having low loss at the microwave
frequencies, even if the tunability is relatively lower since the low losses could lead to
higher K factor.
1.4.4 Bismuth Zinc Niobate as a possible non ferroelectric tunable material

Bismuth based pyrochlore ceramics were discovered in the early 1970s and have
attracted additional study during the last 10 years due to their possible applications in
high frequency capacitors and microwave resonators [63]. Recently, researchers are
showing much interest in the ternary oxides of the Bi,03-ZnO-Nb,Os (BZN) system
which exhibit a high dielectric permittivity (g;), relatively low dielectric loss (tand), and a
com