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Preface 

 

The pyrochlore in the Bi2O3-ZnO-Nb2O5 systems offers two related composition 

those are important for microwave applications. The compositions Bi1.5Zn1.0Nb1.5O7 (c-

BZN) is suitable for tunable microwave devices and  Bi2Zn2/3Nb4/3O7 (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 

Bi2O3-ZnO-Nb2O5 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 I  

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 Bi2O3-ZnO-Nb2O5 based pyrochlore ceramics is 

described. A detailed review of the work being carried out on these material systems is 
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discussed. Based on these understanding, the major objectives of the present study is 

identified and presented. 

Chapter II  

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 MOS capacitor 

techniques used for the electrical and low frequency dielectric characterization of the 

BZN thin films grown on various substrates. 

Chapter III.  

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. 
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 Chapter  IV 

 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 x10-3, respectively whereas the m-BZN ceramics is 

having a dielectric constant and loss tangent of 75 and 0.4x10-3 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 

Ti4+ 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 
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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-1 

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-1 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 Zn2+ and Nb5+ on the B site of the 

pyrochlore structure.  

The c-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 μA/cm2 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 



 v

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 (Al2O3) 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 (tanδ) 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 (tanδ) 
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on the deposition pressure. The dielectric constant varied from 56-71 where as the 

dielectric loss tangent is varied from 1.4 x10-3 to 2.5 x 10-3 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 19th 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 to 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 εr and the volume fraction 

occupied by the conducting particles in the dielectric.  

In the begning of 20th 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 
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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 SiO2 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 
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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 C0 under 

vacuum is filled with a dielectric material, its charge storage capacity (capacitance) 

increases to a value of C. The ratio χ’ of the increase of capacitance ΔC =C-C0 to its 

initial capacitance- C0, 

                                           
0

0'

C
C

C
CC Δ

=
−

=χ                                                          (1.1) 

χ’ is 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 C0 of the same capacitor under vaccum. 

                                               
0C

C
r =ε                                    (1.2) 

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

dielectric permittivity is given as: 

                                                    1' −= rεχ      (1.3) 
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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 
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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 Pav will be the sum of all the contributions 

in terms of  the local field (effective field) acting on each individual molecule. 

                                 locdlociloceav EEEP ααα ++=                                   (1.4) 

Here, αe, αi ,  αd are the electronic, ionic and dipolar polarizabilities. Eloc 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 αijEloc 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 Eloc=E the applied field and therefore the polarization 

is, 

                                  EEP ree 0)1( εεεχ −==                                           (1.5) 

P= N.Pav where N is the number of atoms or molecule per unit volume [20]. 

                                01 εαε Nr +=                                                               (1.6) 

α is the polarizability of the molecule. 
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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 Eloc will have three main components- E1, 

E2, and E3. Here E1 is the applied electric field E, E2 is the field from the free ends of the 

dipole chain and E3 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 

                                   PEloc
03

1
ε

=                                                                    (1.7) 

By assuming the near field E3 is zero, Clausius and Mossotti derived a relation for the 

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

                             ( )eeii
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                                           (1.8) 

 Here, εr is the relative permittivity at low frequencies, αi is the effective ionic 

polarizability per ion pair, Ni is the number of ions pair per unit volume, αe is the 

electronic polarizability and Ne is the number of ions (or atoms) per unit volume 

exhibiting electronic polarization. The atomic/ionic polarizability αi and the electronic 

polarizability αe cannot be separated at low frequencies and hence they are together 

represented as the induced polarizability αind 

Hence equation 1.8 can be written as: 

                   ( )indm
r

r N α
εε

ε
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2
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−

                                                                 (1.9) 

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 εr∞ (relative permittivity at 

optical frequencies).  
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=

+
−

∞

∞
                                                        (1.10) 

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

                                                 ∞= rn ε2
                                                                 ( 1.11) 
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where n is the index of refraction of the material, equation (1.10) can be rewritten as: 

                               
0

2

2

32
1

ε
α eeN

n
n

=
+
−

                                                             (1.12) 

In this form, it is known as Lorentz-Lorenz equation. It can be used to approximate the 

static dielectric constant εr 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 αo 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 αo 

contributes to the total molecular polarizabilty α at much lower frequencies than αind 

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  ε∞ in the case of dipolar dielectrics. So the 

equation (1.9) can be written as: 

                    ind
mN

α
εε

ε

032
1

=
+
−

∞

∞
                                                                                (1.13) 

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

classical Boltzman statistics and the Langevin function  
y

yyL 1coth)( −=  from the 

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. 

                                                
KTo 3

2μα =                                                                      (1.14) 
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Using Clausius-Mosotti’s internal field argument discussed above, this additional 

polarization contributes to the static dielectric constant according to the following 

formulae: 

                                 o
d
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Here Nd is the number of dipolar molecules per unit volume which is same as Nm. 

This equation can be rewritten in the following form using equation (1.13). 
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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: 
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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 ε׀׀.  This imaginary part of permittivity describes the energy loss from an AC 

signal as it passes through the dielectric. The real part of permittivity, εr 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]. 

 
   Figure1.1 Frequency dependence of dielectric permittivity for an ideal dielectric material. 
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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 ε11 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: 

                                         EP eχε 0=                                                                (1.18) 

This leads to:  

                        ( ) EED roe εεχε =+= 10       (1.19) 

. 

 For real materials D can be described as[27]: 

                     EjD p )( εε −=                                            (1.20) 

Here, ε =ε0εr, the real part of permittivity, and εp=εoε” 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: 

                             E
t
DH σ+

∂
∂

=×∇                                                                  (1. 21) 

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

equation (1.21)becomes:  

    EiiH p ))/(( ωσεεω +−=×∇           (1.22) 

The complex dielectric constant is defined as below: 

 

                                   )/(* ωσεεε +−= pi                                                 (1.23) 

Here,  ε is the real part of the permittivity and is defined as: 

                                          orεεε =                                                            (1.24) 

Here εr is known as the relative permittivity or dielectric constant and ε0 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: 

                                        '
"tan

ε
εδ =                                                      (1.25) 

In this thesis εr is used throughout to represent relative permittivity of the materials and 

tanδ 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.  

                                      ie ααα +=     (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 

                           oie αααα ++=                                  (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 Tc. 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 Tc, 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 ε on the applied bias electric field E0. 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 ε(0) to its permittivity at some non-zero 

electric field ε(E) as given by equation (1.28). The relative tunability nr is defined by 

equation (1.29) [31]. 
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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/tanδ              
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 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 BaxSr1-xTiO3. 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 SrTiO3 

and its solid solutions with BaTiO3 and PbTiO3 [43]. The bulk form of SrTiO3 exhibits 

large tunabilities at cryogenic temperatures while at room temperature a large electric 

field is required for its tuning [44]. Voltage tunable (Ba,Sr)TiO3 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 

NaxK(1-x)NbO3 is another candidate material considered for the tunable applications[47]. 

It is a continuous solid solution of KNbO3 and NaNbO3, 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 BaTiO3 and SrTiO3. BaTiO3 is in the 

ferroelectric (polar) phase at room temperature, and has a ferroelectric to paraelectric 

transition temperature (Curie point) of 130±°C, while SrTiO3 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 BaxSr1-x TiO3. 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/SrTiO3 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 SrTiO3 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 SrTiO3 have been investigated for tunable 

microwave application. Most of the literature on RF applications of tunable dielectrics 

has focused on the BaxSr1-xTiO3 (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 Bi2O3-ZnO-Nb2O5 (BZN) system 

which exhibit a high dielectric permittivity (εr), relatively low dielectric loss (tanδ), and a 

compositionally tunable temperature coefficient of capacitance (τc) [64]. These 

properties, combined with lower sintering temperatures (less than 950°C), make these 

materials attractive candidates for high frequency filter applications and in multilayered 

capacitors based on co-fired ceramic structures [65]. There are two main phases in the   

Bi2O3-ZnO-Nb2O5 system: Bi1.5Zn1.0Nb1.5O7 (c-BZN) with cubic pyrochlore structure, in 
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which at least some Zn atoms occupy A site positions with εr ~ 160 at room temperatures 

and Bi2Zn2/3Nb4/3O7 (m-BZN) which has εr ~ 80 with a monoclinic zirconolite like 

structure. Bi2O3- ZnO-Nb2O5 based pyrochlore ceramics are presently being considered 

as smart microwave material because of their unique dielectric properties in the 

microwave range. It is one of the few non ferroelectric material known today exhibiting 

voltage dependent dielectric permittivity. Because of being non ferroelectric, this material 

exhibits low loss and high figure of merit in the microwave frequency region.  

 

1.4.5 Crystal chemistry of BZN 

The bismuth zinc niobate has got the pyrochlore structure. The pyrochlore 

structure belongs to one of the oxygen octahedron based families. The general formulae 

for the oxide pyrochlores can be written as A2B2O7. The A cations are eight coordinated 

and the B cations are six coordinated [67]. In spite of the immense flexibility of chemical 

composition in the pyrochlore system, a cubic structure with eight molecules per unit cell 

(Z=8) and space group Fd3m is the predominant phase. 

 

 

 
Figure 1.2 The Pyrochlore structure (1/8 unit cell). Large blue spheres are ′A3+ ions, small yellow 
spheres are B4+ ions, and large red spheres are O2- ions. 
 



 20

 
Figure 1.3 Ideal pyrochlore A2B2O6O′ crystal structure in the Fd 3m space group[77] showing 
black A atoms, orange O′ and the network of corner-connected BO6 octahedra (blue). 
 

 
                                                      

                        Figure1.4 A view of the tetrahedral A2O′ sub lattice [77] 
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                                Figure 1.5. A view of the B2O6 sub lattice [77]. 

 

The A2B2O7 pyrochlore structure is often described by the formula B2O6.A2O′ 

(where O′ is the oxygen atom attached only to the A cations) which emphasises that the 

structure is built of two interpenetrating networks: BO6 octahedra sharing the vertices 

from a three dimensional network resulting in large cavities which contain the O′ and A 

atoms in an A2O′ tetrahedral net, as shown in figures1.2-1.5. The A cations are randomly 

displaced by ~0.39Å from the ideal eightfold coordinated positions. The displacement 

occurs along the six <122> directions perpendicular to the O’-A-O’ links. In addition, the 

O′ ions are randomly displaced by ~0.46Å along all twelve 110 directions. In the 

compound with the pyrochlore structure, noncubic symmetry occurs frequently in the 

case when A cations are with inert lone pairs of electron such as Bi3+, Pb2+ and so on [66]. 

The BZN family is one of the large and rapidly growing group of inherently disorderd 

cubic A2B2O7 cubic pyrochlore. Apart from the cubic structure, the BZN pyrochlore can 

also exit in a monoclinic zirconolite-like structure with four molecules per unit cell (z=4) 

with C2/c space group. The cubic pyrochlore phase that has the chemical composition 

Bi1.5ZnNb1.5O7 is termed as c-BZN and a monoclinic zirconolite-like pyrochlore that has 

the chemical composition Bi2Zn2/3Nb4/3O7 is termed as m-BZN. Many research groups 

have actively studied the structure and dielectric properties of the BZN ceramics. A brief 

overview of some of the important studies on the BZN ceramics reported by various 

research groups is given below. 
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 X.Wang et al [67] have investigated the structure, phase transformation and 

dielectric properties of Bi2O3-ZnO-Nb2O5 systems. They have identified two-distinct 

phases in this system having the composition Bi1.5Zn1.0Nb1.5O7 (c-BZN) and 

Bi2Zn2/3Nb4/3O7 (m-BZN) respectively. The c-BZN has got a cubic pyrochlore structure 

with a unit cell volume of 1117Å3 and a theoretical density of 7.11g/cm3. The m-BZN 

ceramic has got a monoclinic structure with a cell volume of 583 Å3 and a theoretical 

density of 7.94g/cm3. The c-BZN ceramics had a dielectric constant about 170, 

tanδ<0.0004 and a temperature coefficient of capacitance Tc –400ppm/°C. The m-BZN 

ceramics had a dielectric constant of 80, tanδ<0.0004 and a temperature coefficient of 

capacitance about +150ppm/°C. The local symmetry of the c-BZN ceramics as well as the 

Sn4+,Ti4+ substituted BZN ceramics was studied by Liue et al [68]. The structural 

properties of the B site substituted c-BZN ceramics are found to be remarkably similar to 

that of c-BZN ceramics it self. The underlying crystal chemistry of BZN and BZN related 

pyrochlore is shown to result from strong local Bi/Zn ordering rules and associated large 

amplitude structural relaxation. Frequency dispersion associated with the dielectric 

relaxation phenomena in polycrystalline c-BZN ceramics was analyzed by Nino et al 

[69]. Measurements at cryogenic temperatures and at high frequencies reveal a broad 

distribution of relaxation times in these ceramics. The dielectric loss data could be 

modeled using a function convoluting the Vogel-Fulcher law and Gaussian distribution.   

The complex dielectric responses of the c-BZN [70] ceramics were investigated 

between 100Hz to 100 THz by Kamba et al. They have observed a dielectric relaxation 

over a wide frequency and temperature range. The dielectric permittivity and loss maxima 

shift to the higher temperature values as the frequency increases. The relaxation is 

assigned to the local hopping of atoms in the A and O1 positions of the pyrochlore 

structure among the several potential minima. Temperature dependence of the reflectance 

of the cubic bismuth pyrochlores Bi3/2ZnTa3/2O7, Bi3/2MgNb3/2O7, and Bi3/2ZnNb3/2O7 

were investigated by Chen et al [71]. The spectra were collected from 30 to 3300cm-1 

between 50 and 300K and the optical constants were estimated by Kramers-Kroning 

analysis and classical dispersion theory. In addition, BZN was studied from the tera hertz 

frequencies to lower frequencies. Infrared-active phonon modes have been assigned to 

specific bending and stretching vibrational modes. The splitting of the B-O stretching 

phonon modes and O-B-O bending modes are assigned to mixed cation occupancy.  
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c-BZN ceramics with 0-1.5 mole percentage titanium content in the B site were 

synthesized and investigated  by Wang et al [72]between 100Hz to 100 THz by means of 

broadband dielectric spectroscopy, infrared reflectivity spectroscopy and Raman 

spectroscopy.  c-BZN ceramics were found to be exhibiting a microwave relaxation 

which slows down and broadens remarkably on cooling. They also reported that the 

relaxation originates from the hopping of disordered Bi and a part of Zn atoms being in 

the A sites of the pyrochlore structure. Substitution of Ti atoms in the B site results in an 

increase of dielectric permittivity. Du et al [73] studied the relaxation behavior of c-BZN 

ceramics substituted with Ti at the B site. They have observed a relaxor type behavior at 

cryogenic temperatures in this system. 

Hong Wang et al [74] studied the impact of ion substitution at the A site of the 

monoclinic bismuth zinc niobate (m-BZN) ceramics. They have shown that the structure 

and permittivity of the m-BZN ceramics with various ion substitutions in the A site is 

almost equal to that of pure m-BZN ceramics. The barium substituted compound was 

having higher dielectric permittivity due to a multiphase structure. The higher microwave 

quality factor with lower sintering temperature makes these materials suitable for LTCC 

application. 

c-BZN –Ag composites were prepared by Sebastian et al using the conventional 

solid state reaction technique [75]. These composites were able to get sintered at a 

temperature of 850°C. The dielectric constant of these composites is found to be 

increased with the increase of silver content.  They have reported a dielectric constant of 

2350 for the composites with 0.14 volume fraction of silver and a large dielectric constant 

εr ≈ 105 for the composites with 15 volume percentage of silver.  

The displacive disorder in the bismuth oxide based pyrochlores was studied by 

Seshadri et al [76]. They have found that the A and O’ sites splits due to the displacement 

from their ideal positions. Each O’ site can be split in to the 12 different sites through the 

displacement from the ideal positions and each A site is split in to six different sites 

through displacements. The local displacements in the A and O’ sites are responsible for 

the higher dielectric constant in these materials. They have also found that the static 

displacement in the pyrochlore structure is as large as 20% or more of the typical bond 

length. In general, for the crystals with such a large extent of disorder to be stable they 

should be in the proximity of a phase transition. But the BZN pyrochlores are found to 

remain in their cubic phase till the lowest temperatures.  This behaviour is thought to be 
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due to the intrinsic difficulty of distorting the cubic ice like lattice of the pyrochlore in a 

coherent fashion [77]. 

1.4.6 Review of tunable dielectric properties of BZN thin films 

This section provides a review of existing research into the BZN thin films for 

various microwave and electronics applications. It also presents the advantages of 

amorphous fused silica as a substrate material for BZN deposition. Most of the BZN thin 

films prepared as part of this thesis work were deposited on amorphous fused silica 

substrates. Finally, based on the existing work, opportunities for further investigations are 

identified.  

c-BZN and m- BZN pyrochlore thin films were prepared on platinised Si 

substrates by the metal organic deposition technique by Ren et al [78]. They have studied 

the dielectric properties of these thin films in detail with respect to the processing 

conditions. The       c- BZN thin films were having a dielectric constant of 150 and the m- 

BZN thin films were having a dielectric constant of 80. The dielectric loss tangents of 

both these films were less than that of 0.008. The c-BZN thin films were highly tunable 

with a tunability of 16% where as the m- BZN thin films were having a nearly field 

independent dielectric constant.  Jiang et al [79] investigated the dielectric properties of 

pulsed laser deposited c-BZN thin films on Pt/SiO2/Si substrate. They have observed that 

the c-BZN thin films had pure cubic pyrochlore structure in the deposition temperature 

range of 500°C-650°C.  The thin films were having a low loss tangent and a maximum 

voltage tunability of 6%. 

A detailed investigation of composition, structure and crystallinity of c-BZN thin 

films deposited using RF magnetron sputtering was done by Lu et al [80]. They could 

obtain a crystalline phase for the films deposited at 400°C or above and the complete 

crystallinity was obtained for the films deposited at 750°C. The films were grown on 

platinised silicon substrate as well as on platinised sapphire substrates. The crystalline 

films deposited at 400°C were having a dielectric constant of 49 and the films deposited 

at 750°C were having a dielectric constant of 170. The increase in dielectric constant with 

temperature was attributed to the increase in crystallanity. The dielectric constant started 

degrading for higher annealing temperatures and it was attributed to the loss of volatile 

components. The films deposited on platinised silicon exhibited a tunability of 29.6% 

whereas the films deposited on platinised sapphire were having a dielectric tunability of 

23%. The dielectric loss tangent of these films is about 0.002. 
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Yan et al [81] investigated the microwave dielectric properties of c-BZN-BST 

composite thin films deposited on SrTiO3 and MgO substrates via pulsed laser deposition 

technique. The thin films on STO and MgO substrates showed a dielectric constant of 435 

and 401, a dielectric loss tangent of 0.0043 and 0.0037 and dielectric tunability of 6% and 

5.7% respectively. This study showed that the dielectric loss tangent of this composite 

thin film is considerably low compared to that of BST thin films. W.Fu et al [82] 

investigated the dielectric properties of BZN-Mn-doped Ba0.5Sr0.5TiO3 hectero layered 

films grown by the pulsed laser deposition technique on Nb doped SrTiO3 substrate. 

These hecterolayered films were found to possess a medium permittivity of around 200, 

low loss tangent of 0.0025 and a relatively high tunability up to 25%. They have proposed 

a maximum tunability of about 40% based on the layer structure model developed by 

them. H.Wang et al [83] investigated the dielectric and C-V chaecteristics of the BST-

BZN composite thin films deposited on platinised silicon substrates by pulsed laser 

deposition. The dielectric constant and loss tangent for these thin films were found to be 

200 and 0.001 respectively, at room temperature. The measured in plane tunability for 

these films were greater than 50-60%. 

Cheng et al [84] investigated the effect of laser annealing on the crystallization 

temperature of the c-BZN thin films. The c-BZN thin films got crystallized at a substrate 

temperature of 400°C when they are initially annealed at a laser fluence of energy density 

27mJ/cm2. The films were having a dielectric permittivity of 156 and a tunability of 33%. 

The low crystallization temperature obtained for c-BZN thin films by this process makes 

them suitable to integrate with polymeric substrates. 

Effects of substrate heating on the structure and dielectric properties of the c-BZN 

thin films were investigated by Ha et al [85]. The films were deposited on platinised 

silicon substrate by RF magnetron sputtering at various substrate temperatures. The films 

deposited at 550°C followed by a post deposition annealing of 800 °C show a tunability 

of 26.5% at 1 MHz. The dielectric constant of the films was about 160 and the loss 

tangent was about 0.002. 

Y.P Hong et al [86] investigated the voltage tunable dielectric properties of c-

BZN thin films deposited on platinised Si substrates by RF magnetron sputtering. The 

prepared dielectric thin films were found to exhibit a dielectric constant of 153, tanδ of 

0.003 and a maximum tunability of 14% when measured at a frequency of 1 MHz. Cao et 

al [87]  deposited c- BZN thin films with different thickness and preferred orientations on 
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Nb doped SrTiO3 substrates by pulsed laser deposition. They found that the dielectric 

constant increases and the loss tangent decreases with the increase in thickness. 

Tunability was found to be independent of the film thickness. They also observed that the 

(111) oriented films exhibited higher dielectric loss compared to (100) oriented films. c- 

axis oriented c-BZN thin films were grown on Nb doped SrTiO3 substrates by W.Y.Fu et 

al by pulsed laser deposition [88]. They obtained the dielectric permittivity of 187,   loss 

tangent of 0.002 with a tunability of 6% for the c axis oriented films. The effect of 

thermal strain on the dielectric properties of c-BZN thin films was studied by Funakubo et 

al [89]. They have found that the c-BZN thin films have high stability of dielectric 

constant and tunability against thermal strain when compared to BST thin films. They 

have attributed this high dielectric stability against thermal strain to the smaller 

electrostictive coefficient of c-BZN thin films. 

Recently Park et al [90] demonstrated the fabrication of metal insulator metal 

capacitors on a polymeric substrate using c-BZN thin films by pulsed laser deposition. 

The c-BZN thin films were deposited at ambient and annealed at 150°C. The films were 

having a dielectric constant of 70 even though it was in an amorphous state. This was one 

of the highest dielectric constant reported for thin films processed below 200°C. Choi et 

al [91] fabricated a low voltage organic thin film transistor (OTFT) using c-BZN thin film 

for gate dielectric. The c-BZN based OTFT was having an operating voltage less than 2V 

because of the high permitivity and the low leakage characteristics of c-BZN thin films 

processed at low temperatures. 

A monolithic Ku-band phase shifter employing a voltage tunable c-BZN thin film 

parallel plate capacitor is reported by Jaehoon Park et al [92]. They have designed a nine 

section distributed coplanar waveguide loaded line phase shifter as shown figure 1.6. 

 
         Figure1.6  Photograph of the BZN phase shifter fabricated by Jaehoon Park et al  

 

These phase shifters were reported to have a differential phase shift of 175° with a 

maximum insertion loss of 3.5 dB at 15 GHz. This reported insertion loss is significantly 

better than that of the BST 5 based phase shifters using a similar design. 
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Figure 1.7 Differential phase shifts with applied DC bias of c-BZN based phase shifter fabricated 
by    Jaehoon  Park et al [92]. 
 

The BST phase shifter was having an insertion loss of 3dB at 10 GHz [93] 

whereas the BZN phase shifter was having an insertion loss of only 1.8dB at 10 GHz. 

This shows that the BZN thin film devices maintain relatively low losses well into the 

microwave frequency region. 

1.4.7 Physics of tunability in c- BZN independent of ferroelectric origin. 

 Till date, large dielectric tunabilities have only been observed in ferroelectric 

materials. c-BZN is not a ferroelectric material. To have a better understanding about the 

nature of tunability in these materials certain models were reported. Dielectric tunability 

is believed to be related to the off-centering of ions in the cubic pyrochlore structure and 

the hopping of ions between the energetically equivalent positions. Under an applied 

field, off-centered ions can hop between energetically equivalent sites. A simple model 

based on the electric field E as a function of Temperature T which is needed to achieve a 

given tunability n can be expressed as [94] 
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Here, p0 is the dipole moment. 

This model could not explain the experimental data that have been obtained for c- 

BZN. A better model has been developed based on the idea of hopping dipoles under the 

influence of a random field in the structure which is given below. 
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A cubic pyrochlore structure with random off-centering of ions hopping between the off-

centered positions is the physical basis of the model used to describe the tunability n. The 

random fields in the crystal structure are thought to be originating from the random 

substitution of Zn on the Bi-sites. A schematic diagram of the cation hoping in c-BZN 

pyrochlores is shown in figure 1.8 

 

 
 

Figure 1.8 Schematic diagram of A site cation hoping in c-BZN pyrochlores 

Recently Seshadri et al [77] found that the A and O’ sites are split due to the 

displacement from their ideal positions. The O’ sites can split in to the 12 different sites 

through the displacement from the ideal positions and each A site is split in to six 

different sites through displacement. Hopping of the A and O’ ions in these equivalent 

states is considered to be responsible for the tunability in these materials. 

1.5 Research objectives  

 In summary, the ternary oxides in the Bi2O3-ZnO-Nb2O5 (BZN) system exhibit 

high values of dielectric constants (εr), relatively low dielectric losses, and a 

compositionally tunable temperature coefficient of capacitance (τc). Such properties, 

combined with sintering temperatures of less than 950°C, render these materials as 
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attractive candidates for multilayer capacitors and low temperature co-fired ceramics 

(LTCC) for many technological applications [95]. The two members of this family that 

have received  most of the  attention Bi1.5ZnNb1.5O7 (c-BZN) (εr≈145,τc ≈ -400ppm/°C) 

and Bi2Zn2/3Nb4/3O7  ( m-BZN)  (εr≈80,τc≈+200ppm/°C), were shown to adopt cubic and 

monoclinic zirconolite-like stoichiomectric pyrochlore structures. Thin films of these 

materials may have the advantage of lower crystallization temperatures and smaller 

device size than bulk ceramics and could get potentially integrated in to microelectronic 

devices .   

 The cubic pyrochlore Bi1.5ZnNb1.5O7 (c- BZN) ceramics are presently being 

considered as a smart microwave material because of the unique dielectric properties in 

the microwave frequency range [89]. It is one of the few non-ferroelectric materials 

known today exhibiting a voltage dependent dielectric permittivity. Recently numerous 

investigations have focused on integration of c-BZN thin films for use in microwave 

devices for communication purposes, taking advantage of its voltage dependent dielectric 

constant. More over the c-BZN thin films based microwave devices are having low 

dielectric loss and high figure of merit than the ferroelectric based tunable devices. 

Although the bulk dielectric properties of the c- BZN and m-BZN are reasonably studied, 

thin films of these materials are not well understood in the microwave range. 

For the effective microwave application of these thin films, the choice of the 

substrate is an important factor. Most of the previous works are on the growth of poly 

crystalline BZN films on single crystal substrates such as sapphire and lanthanum 

aluminate [78].  The growth of these films on a low cost, low loss and low dielectric 

permittivity substrate is important for the microwave application of these thin films. 

Fused silica is one of the ideal substrates for the growth of thin films meant for 

microwave applications, because it satisfies these requirements. Its dielectric 

characteristics permit the design of transmission lines of high impedance and matched 

impedance as per the requirements. Its low losses make it possible to obtain overall low 

losses for the device at a given impedance. The integration of these thin films 

appropriately to the existing silicon technology is a very attractive area of research. The 

tunable thin films have been earlier deposited directly on to silicon wafers for this 

purpose. However the low resistivity of the silicon limits the realization of low loss 

microwave transmission lines and other passive components on these thin films. The 

other possible alternative explored was high resistive silicon which also found to loose its 



 30

high resistivity due to the high temperature processing required for these thin films. An 

alternate  technology coming up for integration of these thin films is silicon on sapphire 

(SoS) technology where  thick layer of silicon will be deposited on sapphire substrates 

and appropriate active and passive circuits were incorporated in the same wafer. This 

technology could provide high isolation and higher operating speed but the high cost of 

the sapphire substrate has become a limiting factor for the wide spread use of this 

technology. 

However if these films could grow on fused silica (amorphous SiO2) substrates, it 

opens an easy and cost-effective way for the integration of these materials with the 

existing silicon technology. Already, industrially compatible fabrication processes are 

available for Si and SiO2. The SiO2 can be directly deposited on Si substrates or it can be 

produced by the surface oxidization of the Si substrates. The tunable dielectric films can 

be grown directly on the SiO2 layer and the required passive circuits can be fabricated. 

The active circuits can also be incorporated in the same wafer by exposing Si substrates 

through the selective etching of the SiO2 layer. Thus the tunable thin films on SiO2/Si 

substrates will lead to a cost effective way of integration of microwave tunable circuits in 

to the existing silicon technology. Hence a study on the growth of BZN thin films on 

amorphous SiO2 (fused silica) substrates and the impact of thermal treatments on them 

will be an important milestone to develop the process technologies for the BZN thin films 

compatible with Si technology. However, growing crystalline thin films of these materials 

on amorphous fused silica substrates is challenging and requires serious process 

optimization. 

 

An important focus of this thesis is on understanding the relationship between the 

material and microwave properties of c-BZN and m-BZN thin films on amorphous fused 

silica substrate. The influences of the deposition condition on the structure, 

microstructure and microwave dielectric properties were also investigated. From these 

studies a set of deposition conditions which provide a high dielectric constant, low 

dielectric loss and high tunability (for c-BZN thin films) can be determined. Establishing 

these conditions is important since the relationship between the deposition conditions and 

microwave properties of BZN thin films grown directly on these substrates especially on 

amorphous fused silica has not been systematically studied. For achieving this major 

objective a series of intermediate objectives have to be set and achieved. The first 
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objective was the identification of a suitable deposition method for fabrication of thin 

films. 

Out of many techniques available for the deposition of thin fims, the Pulsed Laser 

Deposition (PLD) technique has been selected to deposit c -BZN and m- BZN thin films 

in the current study. It provides excellent control of the stoichiomectric composition of 

oxide films with many components, which is especially necessary for BZN thin films due 

to the high volatility of Zn and Bi. As composition is the key factor that determines the 

crystal structure and dielectric properties of BZN thin films, PLD is expected to provide 

the attractive advantage of control to realize the cubic and monoclinic pyrochlore 

structure of the BZN thin films.  

Preparation of the high-density ceramic targets of c-BZN and m-BZN for pulsed 

laser deposition has become an intermediate objective in this study. It is desirable to have 

a fair knowledge about the structural and electrical properties of these bulk ceramics 

before making them in the thin film form. So the preparation and characterization of the 

bulk m-BZN and c-BZN ceramics become an essential objective in the present work. 

The second major objective of this study was the development of suitable 

techniques for the characterization of these thin films at the microwave frequency range. 

Currently most of these materials are characterized at much lower frequencies compared 

to the frequency of operation of the devices in which they are a part. Unambiguous 

measurement of dielectric constant and loss of dielectric thin films on insulating 

substrates in the microwave region has long been an important objective in micro/nano-

electronics. The difficulty lies in the predominant response of the dielectric substrate 

submerging the response of the film or the requirement of a metallised circuit layer over 

the film thereby losing information about the as-deposited state of the film. So the 

development of various characterization techniques to measure the dielectric constant, 

loss tangent and tunability at microwave frequency regions becomes the most challenging 

objective of the present investigation.  

For the microwave characterization of these thin films, various test structures have 

to be fabricated. Hence demonstrating a suitable micro fabrication process flow suitable 

for BZN thin films has become an important objective of this study. A lift of based 

photolithographic process, which allowed the fabrication of CPW lines circular patch 

capacitors and IDC structures, has to be established. Using this process flow one could be 

able to pattern small feature sizes in the order of 8-10 μm. 
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It is also interesting to know the low frequency dielectric properties and electrical 

properties of c-BZN and m-BZN thin films grown on different substrates. So the 

characterization of the leakage conduction mechanisms and dielectric properties at low 

frequencies are also an objective of the present study. 

  The present investigation also aims to understand the voltage dependent dielectric 

properties of c-BZN thin films deposited on platinised silicon substrates as well as 

amorphous fused silica substrates. The dielectric properties of both c-BZN and m-BZN 

thin films on fused silica substrates are  studied in comparison to that of the films grown 

on single crystal substrates such as LAO, ALO and MgO. 

As stated earlier, BZN films are mainly being considered for microwave dielectric 

applications. However, the optical properties of these thin films are also interesting for a 

number of reasons, including identifying the electronic component of polarisability and 

monitoring the film growth and degradation processes. Optical properties such as 

refractive index and band gap are good indicators of the growth patterns of the dielectric 

films and can be effectively used to monitor their growth. 

A major issue in thin film dielectrics is the difference between the thin film 

properties and those of the corresponding bulk materials. Since the dielectric properties 

and lattice dynamics are closely related, Raman spectroscopy provides a potentially 

valuable technique for the study of dielectric materials. It is highly sensitive to local 

structure and local symmetry. Moreover, it is a nondestructive technique, which does not 

require any special treatment of samples. Owing to the technological importance of BZN 

thin films, we present the  Raman spectral analysis of these films to have a better 

understanding of their dielectric behavior. 

Lastly the basic element of a tunable device in the microwave frequencies is a 

varactor. Hence fabrication and testing of the planar and parallel plate varactors using 

BZN thin films becomes the final objective of this work. 
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Chapter 2 

                        Material processing and characterization techniques 

 

2.1 Preparation and characterization techniques for bulk Bi2O3-ZnO-Nb2O5 
ceramics 

Though one of the major objectives of the present work is the preparation and 

characterization of Bismuth Zinc Niobate thin films, it is desirable to have a fair 

knowledge about the structural and electrical properties of these materials in their bulk 

form before making them into thin films. This section deals with the preparation and 

characterization techniques used for bulk BZN composition. Since this material has to be 

characterized for its dielectric properties in the microwave range, it has to be prepared in 

a regular geometry with the highest possible densification. This being a ceramic oxide 

material, the available methods for its preparation are (a) Solid-state reaction method (or 

ceramic method) (b) Chemical methods and (c) Mechanical methods [1-3]. Of these, the 

method used for bulk BZN preparation in this study is the solid-state reaction method. 

2.1.1 Solid-state reaction method 

Ceramics are polycrystalline materials having fine crystalline grains and 

imperfections like grain boundaries, impurities segregated in the grains and grain 

boundaries, pores etc. Since they are, in general, brittle refractories, shaping them and 

densifying them without cracks and deformation is a challenge. The solid-state reaction 

method is used for forming c-BZN, m-BZN and Ti substituted m-BZN compositions from 

the reagents. The shaping and densification are separate processes, which are described in 

subsequent sections. 

The conventional solid state reaction method involves the following steps: (a) 

Uniform mixing of the initial reagents (b) Phase formation of the required compound at a 

high temperature, which is called the calcination stage. The main disadvantages of this 

method are that it needs high processing temperatures in order to achieve the best 

properties and this process increases the particle size. But cost effectiveness and 

simplicity are the major advantages of this process.  
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2.1.2 Stoichiometric weighing of reagents 

Raw materials Bi2O3, ZnO and TiO2 of purity >99.9% from Aldrich Chemicals 

and Nb2O5 of purity >99.9% from NFC, Hyderabad were weighed according to the 

respective compositions of Bi1.5Zn1.0Nb1.5O7, Bi2Zn2/3Nb4/3O7, and Bi2Zn2/3Nb4/3-xTixO7. 

The purity of the initial reagents is important to achieve control over impurities in the 

product and to maintain reproducible microwave dielectric properties. An electronic 

balance (A&D technologies, Model GR-120) is used to weigh the reagents, which has an 

accuracy of up to 0.001mg. 

2.1.3 Uniform mixing of reagents 

The individual reagents are to be mixed uniformly in order to increase the points 

of contact between the reagents, which will act as product layer formation centers. 

Therefore, the initial stoichiometric reagents mixture must be mixed uniformly with a 

suitable mixing medium. The weighed batches were mixed in an agate mortar by hand 

grinding.   Acetone was used as a mixing medium.  

2.1.4 Calcination stage 

The solid-state, diffusion controlled chemical reaction between the initial reactants 

resulting in the desired phase formation is called calcination. It is the intermediate heat 

treatment at lower temperatures prior to sintering. Calcination could involve chemical 

decomposition reactions in which solid reactants are heated to produce a new solid phase 

and remove the gases which are commonly associated with the initial metal oxide 

compounds such as carbonates, hydroxides, nitrides, sulphates, acetates and other metal 

salts. The parameters of the calcination stage such as temperature, duration of heating and 

atmosphere are important factors influencing shrinkage during sintering. In the present 

case, the reagents being oxides, they do not undergo any decomposition. All the reagents 

used in the present study were calcined at 800°C to form the required composition and the 

phase formation is confirmed by XRD.  
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2.1.5 Uniaxial pressing  

After reducing the particle size of the calcined powder, the fine powder is 

compacted into cylindrical specimens (green pellets) by uniaxial pressing. The 

compaction of the powder should be done slowly to facilitate the escape of the entrapped 

air. To make the green pellets of the ceramic powder, a rigid die, which is rust free, is 

needed. To make the inner walls of the die smooth, stearic acid is used as an internal 

lubricant. The pressure gradient on the die as a function of the distance from the upper 

punch is given by the equation  

        (2.1) 

where, μ is the coefficient of friction, Pa is the applied pressure, L is the length and D is 

the diameter of the die and K is a constant [4].  

2.1.6 Solid-state sintering 

In ceramics, porosity is an important parameter which governs many of its 

properties. For maximizing properties such as the dielectric constant, quality factor, 

mechanical strength, translucency and thermal conductivity, it is desirable to eliminate as 

much of porosity as possible. The purpose of sintering is the reduction of porosity in the 

compact. The development of microstructure and densification during sintering is a direct 

consequence of mass transport through several possible paths and one of these paths is 

usually predominant at any given stage of sintering [5]. In the present study all the 

samples were sintered at a temperature range of 950°C-1100°C for 2 hrs. 

2.2 Characterization techniques used for the bulk compositions 

a. Powder X-Ray Diffraction 

b. Scanning Electron Microscopy 

c. Low frequency impedance and dielectric characterization 

d. Microwave characterization 

2.2.1 X-ray diffraction 

Powder X-Ray Diffraction is a powerful non-destructive method for determining a 

range of physical and chemical characteristics of materials. The applications include the 

type and quantities of phases present in the sample (phase analysis), the crystallographic 

unit cell and crystal structure, crystallographic texture, crystallite size, macro-stress and 

micro-strain and also electron radial distribution functions [6]. 
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In the present work, two types of X-ray diffractometeres were used to characterize 

the samples. One is with Co Kα (λ=1.7889Å) radiation in a wide angled powder X-ray 

diffractometer (INEL Model CPS120) equipped with a position sensitive detector and the 

other one is with Cu Kα (λ=1.54056 Å) radiation, using a Philips PW 1830 

diffractometer. Calibration using a Si standard was done to account for the instrumental 

line broadening and the value was approximately 0.15o. 

 

2.2.2 Scanning Electron Microscopy 

In a Scanning Electron Microscope (SEM), electrons are thermionically emitted 

from a tungsten cathode and are accelerated towards an anode. Alternatively, electrons 

can be emitted via field emission (FE). The electron beam, which typically has an energy 

ranging from a few hundred eV to 50 keV, is focused by one or two condenser lenses into 

a beam with a very fine focal spot size of 1 nm to 5 nm. The beam passes through pairs of 

scanning coils in the objective lens, which deflect the beam in a raster fashion over a 

rectangular area of the sample surface. Through these scattering events, the primary 

electron beam effectively spreads and fills a teardrop-shaped volume, known as the 

interaction volume, extending from less than 100 nm to around 5 µm into the surface. 

Interactions in this region lead to the subsequent emission of electrons, which are then 

detected to produce an image. X-rays, which are also produced by the interaction of 

electrons with the sample, may also be detected in an SEM equipped for energy-

dispersive X-ray spectroscopy or wavelength dispersive X-ray spectroscopy. The most 

common imaging mode monitors low energy (<50 eV) secondary electrons. Due to their 

low energy, these electrons originate within a few nanometers from the surface. The 

electrons are detected by a scintillator-photomultiplier device and the resulting signal is 

rendered into a two-dimensional intensity distribution that can be viewed and saved as a 

digital image. This process relies on a raster-scanned primary beam. 

The brightness of the signal depends on the number of secondary electrons 

reaching the detector. If the beam enters the sample perpendicular to the surface, then the 

activated region is uniform about the axis of the beam and a certain number of electrons 

"escape" from within the sample. As the angle of incidence increases, the "escape" 

distance of one side of the beam will decrease, and more secondary electrons will be 

emitted. Thus, steep surfaces and edges tend to be brighter than flat surfaces, which result 

in images with a well-defined, three-dimensional appearance. Using this technique, 
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resolutions less than 1 nm is possible [7].In addition to the secondary electrons, 

backscattered electrons can also be detected. Backscattered electrons may be used to 

detect contrast between areas with different chemical compositions.  

 

2.2.3 Low frequency impedance and dielectric measurements 

The low frequency dielectric spectroscopy is emerging as an important material 

characterization tool [8]. The low frequency dielectric measurements are unequaled in 

their ability to dynamically monitor the many chemical and physical processes important 

in the investigation of new materials such as polymerization, phase transition and 

diffusion. The conventional way for making the low frequency measurement 

(below<10MHz) of the dielectric properties of solids is to place a sample between closely 

spaced parallel conducting plates and monitor the AC equivalent capacitance C(ω) and the 

dissipation factor (also known as the loss tangent) D(ω) of the resulting capacitor [9]. 

Normally one has to design the plate spacing to be much less than the plate size as this 

serves to minimize the effect of the fringing field. The material under test in the parallel 

plate configuration can be modeled as a frequency dependent capacitance C(ω) in parallel 

with a frequency independent resistor R0. The DC resistance R0 takes into account 

processes such as tunneling, thermally activated hopping and ionic conduction. The 

capacitance C(ω) is proportional to the complex dielectric function of the material under 

test which can be represented as follows, 

                    
"
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The capacitance C(ω) can  be measured by a typical capacitance bridge which can 

be used to calculate the real part of the complex dielectric function ε’
(ω). 
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Here, A is the cross section area of the capacitor, d is the separation between the 

plates and ε0 =8.85 x10-12F/m is the absolute permittivity of free space. The other 

measured quantity, the dissipation factor (the loss tangent) given by 
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and can be used to extract the imaginary part of the dielectric function ε’’
(ω). 

 

 

 

 

 

 

 

 

 

  

Figure 2.1 Photograph of the temperature dependent dielectric measurement set up. 

 

For the dielectric measurement silver paint was applied on both sides of the 

pressed pellets and the samples were fixed in the spring loaded sample holder attached to 

a heating and cooling chamber. The parallel capacitance (C) and the dissipation factor (D) 

for all the 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. The temperature and measurement process were 

controlled electronically by a homemade programme using lab view software. The 

temperature was maintained with an accuracy of ±1K. A photograph of this measurement 

set up is given in figure2.1 

 

2.2.4 Microwave measurements 

Dielectric Post (DP) resonator techniques have been employed for the microwave 

characterisation of the ceramic samples. The sample under test is placed over a low loss 

support material and is enclosed in a cylindrical copper cavity, which acts as a resonating 

structure. The TE011 mode is identified for each resonator. The measurement system 

consisted of a Network Analyser (HP 8722C), closed cycle refrigerator (APD DE-204), 

temperature controller (LTC-10), Vacuum Dewar, a PC and the Hakki-Coleman dielectric 

resonator in the transmission mode. These measurements were carried out at the James 

Cook University, Australia. The real part εr of relative permittivity was computed from 

the measured resonance frequency of the resonator containing the sample under test. The 
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S21, S11 and S22 parameters have been measured around the resonance and the loaded Q-

factor (QL) and coupling coefficients k1 and k2 calculated accurately using the 

transmission mode Q factor (TMQF) method.  A simplified TMQF [10] is used to remove 

effects of non-calibrated measurement cables, connectors, coupling structures, noise and 

cross talk between the coupling loops. Precise values of the loss tangent (tanδ)  of the 

material under test was then calculated from the unloaded Q-factor (Q0) computed using 

Eq.2.5 [11] 

)1( 210 kkQQ L ++=                              (2.5) 

 

2.3 Processing of BZN thin films 

 Deposition techniques for thin films may be divided into physical vapor 

deposition (PVD), chemical vapor deposition (CVD) and chemical solution deposition. 

The PVD technique includes RF magnetron sputtering, pulsed laser deposition (PLD) and 

molecular beam epitaxy (MBE), which are generally used for the deposition of oxide thin 

films [12,13]. The CVD route that can be employed includes metal organic chemical 

vapor deposition (MOCVD) and low pressure CVD. The chemical solution techniques 

that can be used are mainly metal organic deposition (MOD) and solgel techniques. The 

main criteria for choosing a suitable deposition technique are (a) low temperature growth 

(b) large uniform area of deposition (c) high purity and density (d) controlled composition 

stoichiometries (e) high degree of structural perfection (f) good electrical properties (g) 

excellent adhesion and (h) high growth rate. 

 Each technique has its own merits and drawbacks. Chemical deposition routes 

such as CVD and MOCVD offer a large area of uniform deposition, but require a higher 

processing temperature. Magnetron sputtering has its drawback in having stringent 

conditions for maintaining the stoichiomectry in deposited films, although it offers a large 

area and commercial scale production.  Pulsed laser deposition offers good quality 

stoichiomectric films at a lower processing temperature, but suffers from a drawback of 

small area deposition for non-rastering substrates. Among the various techniques 

available, the deposition methods such as rf sputtering, metal organic decomposition 

(MOD), metal organic chemical vapour deposition (MOCVD) and pulsed laser deposition 

(PLD) have been used to deposit BZN thin films by many research groups [14,15]. 

Compared with other deposition methods, PLD has the advantage of a high deposition 

rate and precision in stoichiometry control. It also gives the freedom of a vast range of 
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operating pressures. Large area uniform deposition is also possible by using movable 

target substrate geometry. There is no film damage due to the surface bombardment effect 

when compared to other PVD techniques. Therefore, PLD was used for the deposition of 

BZN thin films in this work. A complete study has been followed regarding the effect of 

process parameters on the film’s crystalline and electrical properties. 

2.3.1 Laser ablation setup 

A KrF excimer laser (248nm wavelength, Model Compex pro201F of 

Lamdaphysik, Germany) was used for the deposition process. A schematic diagram of the 

laser ablation system is shown in figure 2.2 and the picture of the laser ablation system 

used for the deposition of BZN thin films in this study is shown in figure 2.3. The set up 

can be used either for single or multi-target ablation.  The laser used was a 248nm UV 

with a maximum energy output of 600 mJ for a fresh fill of gases. The laser could be 

operated at frequencies in the range of 1-10 Hz. The beam density was calculated by 

dividing the beam energy by the beam area. The laser beam was collimated using a slit to 

use the uniform region and condensed using a quartz lens. The beam energy density at the 

target (fluence) was calculated using the following relation: 

                                                   2
arg mEE inputett ×=          (2.6) 

Here, m is the magnification of the lens and is given by 

                                                       
f

fbm −
=       (2.7) 

where, b is the lens to target distance and f is the focal length of the lens used. The laser 

was allowed inside the deposition chamber through the quartz vacuum port. The vacuum 

chamber was evacuated using a turbo molecular pump to a base pressure of 4 x10-6Torr. 

Films were grown in a pure oxygen atmosphere at a pressure ranging from 1 to 25 m 

Torr. 
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Figure 2.2 Schematic diagram of the laser ablation set up 

 

 

 

                    
 

Figure 2.3 Laser ablation set up employed for the thin film deposition and the plume 
generated when the laser strikes the target. 
 

2.3.2 Target preparation 

Highly dense pellets of c-BZN and m-BZN ceramics were prepared by the 

conventional solid state reactions. Starting powders of Bi2O3, Nb2O5 and ZnO (99.9% 

purity, Aldrich chemicals) were used for the solid state reactions. The details of the solid 

state reaction process are given in section 2.1.1. The calcined powders were then pressed 

into pellets in a hydraulic press using a 20mm die. The pressed pellets were placed on a 
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platinum foil in a furnace for the final sintering process. The targets were sintered at 

1050°C for two hours. Finally both the surface of the pellets were ground, cleaned and 

polished to ensure a proper surface finish. Polishing the surface was necessary to improve 

the ablation properties. The crystallographic structure of the targets was determined from 

the X-ray diffraction (XRD) pattern. The XRD patterns of the c-BZN and m-BZN 

ceramic targets aregiven in figure 2.4. 
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Figure 2.4 X-ray diffraction pattern for the sintered targets. 

 

The prepared pellets show a cubic pyrochlore structure for c-BZN and a monoclinic 

Zirconolite structure for m-BZN with perfect phase formation. The composition of the 

targets was obtained by using the energy dispersive spectroscopy method in a scanning 

electron microscope and the stoichiomectry was confirmed. 

2.3.3 Substrates 

The substrates used in the present study are mainly amorphous fused silica. Apart 

from this, the films were also deposited in various single crystal substrates such as 

lanthanum aluminate, sapphire and MgO. P type silicon and pt coated silicon were also 

used as the substrates for specific studies. All the substrates used were properly cleaned 

ultrasonically using acetone, isopropanol and finally in de-ionized water in a laminar flow 

table. The substrates were finally dried under dried nitrogen gas blown through a nozzle. 



 48

2.3.4 Deposition conditions 

The target was made to rotate using a stepper motor which was connected out side 

the deposition chamber. The substrates were loaded in a stainless steel substrate mount 

equipped with of a heater block. All the depositions were carried out at an ambient 

temperature followed by an exsitu annealing treatment at 550-600°C to obtain 

crystallization. The depositions were carried out in the presence of oxygen at various 

pressures. Pure oxygen (99.9%) was fed into the chamber using a mass flow controller. 

The deposition pressure was varied between 1 to 25 mTorr. All the films were deposited 

at ambient temperatures. The list of optimum deposition conditions is given in table 2.1. 

 

Deposition condition 

Base Pressure                            : 4.5 x10-6 Torr 

Deposition Pressure                  : 1-25mTorr 

Fluence                                     : 2-4J/cm2 

Laser Reprate                           : 1-5Hz 

Target substrate distance         : 35mm 

Deposition temperature            : Ambient 

    

Table 2.1 List of optimum deposition conditions. 

 

2.4 Physical characterization of thin films 

Several analytical techniques were used to determine the material properties of the 

pulsed laser deposited c-BZN and m-BZN thin films. The deposited films were 

characterized for its thickness, stoichiomectry, chemical bondings, structure and 

microstructure using the techniques such as surface profilomectry, Energy dispersive 

analysis of X-rays (EDAX), X-ray photo electron spectroscopy (XPS), X-ray diffraction 

(XRD) and atomic force microscopy (AFM). A brief introduction about each of these 

experimental techniques is given below. 

2.4.1 Thickness measurement 

 Profilomectry is a fast and simple method to measure film thickness. It works by 

gently dragging a mechanical stylus across the sample surface. The stylus is placed in 

contact with, and then gently dragged along the surface of the substrate. The vertical 

reflection measures the change in step height and the trace is recorded. To measure the 
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thickness of thin films used in this work, a part of the substrate was covered with a piece 

of scotch tape during film deposition. After the thin film deposition, the tape was 

removed and the film thickness was then measured over the step. For the experiment done 

in this work an Ambios XP-1 stylus profiler was used and the instrument was calibrated 

using standard substrates. 

2.4.2 Composition analysis 

Semi-quantitative composition analysis of the films was carried out using the 

energy dispersive analysis of X-rays (EDAX) method in a scanning electron microscope. 

EDAX uses the technique in which emitted X-rays from the target sample are resolved in 

energy electronically by pulse height analysis instead of resolving them in wavelength by 

a diffraction crystal. In an SEM, the incident electron beam on the sample generates X-

rays due to the interaction between the high-energy electron beam and the sample [16]. 

The generated X-rays consist of the characteristic wavelengths of the elements 

constituting the sample. Each emitted x-ray photon adds a count to the appropriate 

channel of a multi-channel analyzer (MCA), which reproduces the x-ray spectrum. 

Intensity of each peak is related to the concentration of that element in the sample. The 

intensity of the x-ray signal depends on the beam current, accelerating voltage, geometry 

of the system and concentration of the constituent elements. Analysis of an acquired 

spectrum comprises accounting for spurious peaks and identifying the elements present in 

the sample. The energy of the characteristic X-ray is given by Mosley's law 

                                            )( 21 CZCE −≅        (2.8) 

where, Z is the atomic number, C1 and C2 are constants. Thus, from the energy location of 

the peaks in the spectrum, software routines sort out the elements present by comparison 

with the tabulated characteristic energy values. For EDAX measurements the sample was 

prepared by coating a thin conducting layer of gold by sputtering to avoid charge buildup. 

The (Bi+Zn)/Nb and Bi/Nb ratios were used as standards and the film composition was 

normalized with respect to these ratios. 
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2.4.3 X-ray Photoelectron Spectroscopy (XPS) 

 In an XPS analysis, a sample is irradiated by an X-ray beam, which contains 

photons whose energy is hυ  (h = 6.63·10-34 J·s). As a consequence, a photoelectric effect 

is produced and, thus, the sample emits electrons with a kinetic energy: 

                                  BEhE −= ν         (2.9) 

Here, EB is the binding energy of the electron bond, which is a characteristic of each 

chemical element. Free electrons pass through an electrostatic energy analyser, and a 

spectrum with the yield as a function of E or EB is obtained, which informs us about the 

surface chemical composition of the sample. The incident radiation energy is higher than 

1 keV, so the ionisation in the deep energy levels and the valence band is produced. Mg 

or Al anticathode work as X-ray sources when they are bombarded by accelerated 

electrons coming from a filament. The interaction of the incident electrons with the 

anticathode produces a group of X-ray lines, from which only the one corresponding to 

Kα is filtered for the measurements. 

An XPS spectrum consists of a line distribution superposed to a background 

radiation. The different proportions of the areas defined by every line indicate the 

stoichiomectry. In general the spectral lines will be broadened and there are three factors 

contribute to line broadening: the broadening of the radiation line, the uncertainty of the 

bond energy and the detection band of the instrument. The chemical shift affecting the 

lines is originated by the influence of the atomic environment of the probed elements. 

Thus, an XPS spectrum also provides information about the nature of the chemical bond. 

In-depth chemical profiles are measurable by varying the detection angle, and in the cases 

of thickness greater than nanometers this is possible by combining XPS analysis 

combined with sputter stages using Ar+ ions. The XPS measurements have been 

performed at a base pressure of 1x10-10 m bar using a commercial electron energy 

analyzer with five chanel electrons from GmbH, Germany, and an Al Kα X-ray source 

which provides 1486.6eV photons. These measurements were performed at the 

consortium for scientific research (CSR) Indore center. 

2.4.4 Structural analysis 

The crystallographic structures of the films were determined from the obtained X-

Ray Diffraction (XRD) patterns. In the present work, two types of X-ray diffractometer 

were used to characterize the samples. One was with Co Kα (λ=1.7889Å) radiation in a 

wide angled powder X-ray diffractometer (INEL Model CPS120) equipped with a 
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position sensitive detector and the other one was with Cu Kα (λ=1.54056 Å) radiation, 

using a Philips PW 1830 diffractometer. Calibration using a Si standard was done to 

account for the instrumental line broadening and the value was approximately 0.15o. The 

patterns were compared with standard patterns (JCPDS) and the phases and degree of 

crystallinity were determined. A slow scanning rate of 1°/min was used to extract data for 

the measurement of grain size from peak full width at half maxima (FWHM). These 

results gave important information regarding the film microstructure and changes in the 

grain size with thermal treatment. The grain size was determined from the Scherrer 

equation [17] given by 

                                 )cos()( θβλ ××= kCsize       (2.10) 

where, k is a constant (normally 0.94 for Scherrer), λ is the wavelength, β is the FWHM 

of the peak and θ is the angular position of the peak. The determined grain sizes were 

compared for films grown under various processing conditions. 

2.4.5 Atomic force microscope 

The microstructures of the deposited films were obtained using an AFM. The 

AFM consists of a microscale cantilever with a sharp tip (probe) at its end that is used to 

scan the specimen surface. The cantilever is typically silicon or silicon nitride with a tip 

of radius of curvature of the order of nanometers. When the tip is brought into the 

proximity of a sample surface, forces between the tip and the sample lead to a deflection 

of the cantilever according to Hooke's law. Depending on the situation, forces that are 

measured in the AFM include mechanical contact force, Van der Waals forces, capillary 

forces, chemical bonding, electrostatic forces, magnetic forces, solvation forces, etc. 

Typically, the deflection is measured using a laser spot reflected from the top of the 

cantilever into an array of photodiodes. The AFM can be operated in a number of modes, 

depending on the application. The primary modes of operation are static (contact) mode 

and dynamic mode [18]. 
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Figure 2.5 Schematic diagram of an atomic force microscope. 

In the static mode operation, the static tip deflection is used as the feedback signal. 

Since the measurement of a static signal is prone to noise and drift, low stiffness 

cantilevers are used to boost the deflection signal. However, close to the surface of the 

sample, attractive forces can be quite strong, causing the tip to 'snap-in' to the surface. 

Thus static mode AFM is almost always done in contact where the overall force is 

repulsive. Consequently, this technique is typically called 'contact mode'. In the contact 

mode, the force between the tip and the surface is kept constant during scanning by 

maintaining a constant deflection through feedback circuitry. In the dynamic mode, the 

cantilever is externally oscillated at or close to its resonance frequency. The oscillation 

amplitude, phase and resonance frequency are modified by tip-sample interaction forces. 

These changes in oscillation with respect to the external reference oscillation provide 

information about the sample's characteristics. Schemes for dynamic mode operation 

include frequency modulation and the more common amplitude modulation. In frequency 

modulation, changes in the oscillation frequency provide information about tip-sample 

interactions. Frequency can be measured with very high sensitivity and thus the frequency 

modulation mode allows for the use of very stiff cantilevers. In this work, the 

microstructure of the oxide films was imaged in an atomic force microscope in the 

dynamic force mode [Model SPA400 of SII Inc, Japan). 
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2.5 Optical properties 

 The spectral transmission and Raman scattering studies of these thin films were 

carried out to have an understanding about the optical and local structural characteristics. 

The optical characteristics such as transmission, refractive index, and the lattice dynamics 

for the thin films were estimated. The details of these measurement techniques are given 

below. 

2.5.1 Spectral transmittance studies 

The optical constants of the thin films were calculated using the envelope 

technique [19]. The spectral transmission characteristics in the wavelength range 190-

1500 nm were measured using a JASCO V570 UV-VIS-NIR spectrophotometer.  

If light is incident on a film of refractive index n, coated onto a substrate of 

refractive index s, then at the air-film, film-substrate and substrate-air interfaces, part of 

the incident light is reflected and part of it is transmitted. Since the reflected and 

transmitted beams originate from a single source, the beams exhibit interference effects. 

The condition for constructive interference in such a case is given as 

                             2nd=mλ                                                                                (2.11) 

 

 

 

 

 

 

 

 

Figure 2.6 Typical transmittance spectrum of the film. 

where, n is the refractive index of the film at a wavelength λ and m is the order of 

interference, d is the thickness of the film that can be calculated from the derived values 

of refractive indices. 
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In general, the transmission T, is given by the expression 

2cos DxCxB
AxT

+−
=

φ
       (2.12) 

where, A=16n2s, B=(n+1)3 (n+s)2, C=2(n2-1) (n2-s2), D= (n-1)3 (n-s2) 

φ =4πnd/ λ   

For such a system, at the points of constructive and destructive interference, the 

transmittance TM and Tm, respectively are given as 

2DxCxB
AxTM +−

=         (2.13) 

and   2DxCxB
AxTm ++

=
                                  

      (2.14) 

For simplicity, it can be assumed that the transmission is a continuously varying 

function of the wavelength which can be approximated by drawing the envelope across 

the spectrum, connecting all the maximas and minimas as shown in figure 2.6. 

( )[ ] 2/12/122
snNNn −+=     (2.15) 

Here, N is a constant, S is the refractive index of the substrate used and ns is the refractive 

index of the film at that particular wavelength.  
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Adding the reciprocals of equations 2.13 and 2.14 yields 
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and, solving x we get 
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and                      Ti=
mM

mM

TT
TT
+

2
        (2.20) 

where, TM is the maximum of the transmission on the envelope at a wavelength λ and Tm 

is the minimum of the transmission on the envelope at the same wavelength. The TM and 

Tm at each wavelength can therefore be read off from the envelope and the refractive 

index can be derived at each wavelength. 

From the equation of constructive interference, it can be seen that for two 

successive maxima occurring at λ1 and λ2, the equation becomes 

    2n1d=m1 λ1      (2.21) 

and     2n2d=m2 λ2      (2.22) 

Also |m1-m2|=1. 

Therefore,      ( )1221

21

2 λλ
λλ

nn
d

−
=       (2.23) 

In the strong absorption region, from Beer-Lambert’s law given by  

I=Io                (2.24) 

where, Io is the incident intensity =1, I is the intensity at a given wavelength λ,  d is the 

thickness of the film and  α is the absorption coefficient in cm-1. 

 Since d is known from previous calculations and I is a measured quantity (i.e. 

transmission at a wavelength λ), the absorption coefficient α can be calculated. Knowing 

α from the expression for the so-called “Tauc gap”, the fundamental absorption edge of 

the material can be determined. The expression for the Tauc gap is given as 

αhν= constant x (hν-Eg)2        (2.25) 

The X- Intercept of the extrapolation of the linear region in a plot of (αhν)1/2 vs. hν will 

give the value of  bandgap Eg. The error associated with the measurement of k, n and d is 

±0.005, ±0.02 and ±10nm respectively. 
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2.5.2 Raman spectroscopy 

This is a versatile non-destructive technique to monitor short-range structural 

properties of materials. In this characterization method, a monochromatic light beam is 

directed at the sample, and the reflected light is measured. To this end, lasers of different 

wavelengths may be employed. This technique is based on the physical principle of 

molecular vibrations. Two kinds of light scattering are possible when a photon with 0νh  

energy collides with a molecule. Rayleigh scattering occurs when the photon frequency 

remains constant after the collision. It corresponds to an elastic collision. On the other 

hand, Raman scattering is a process generated by inelastic collisions. The molecule is 

initially in the fundamental state of vibration and is then promoted to an excited state due 

to the absorption of the photon energy. The emitted radiation has an energy of )( 0 ννν −h  

which defines the radiation detected in a Raman spectrum.  

 Raman-scattering data were obtained using a T64000 spectrometer (Horiba Inc.) 

equipped with a triple-grating monochromator and a Coherent Innova 90C Ar+-laser with 

the excitation wavelength at 514.5 nm. The measurements were performed using Raman 

microscopy with an LN2–cooled charge coupled device (CCD). The spectral resolution 

was typically less than 1 cm-1. This measurement was carried out at the speclab, 

university of Puerto Rico, USA. 

 

2.6 Electrical characterization 

       For dc as well as the low and high frequency electrical characterization of the thin 

films, suitable test structures have to be fabricated onto the films. For the realization of 

these test structures a suitable micro fabrication process has to be optimized. In this work 

a single mask photolithographic process was used to pattern the metallization required for 

the test structures. The single step lift off process was chosen because it uses gentle 

organic chemicals, which do not react with the BZN thin films. The details of the 

photolithographic process, the electrode layer deposition and the electrical 

characterization techniques used are given in the subsequent sections. 

 

2.6.1 Photolithography and lift off techniques 

 Photolithography is a reproducible process used in semiconductor device 

fabrication to transfer a pattern from a photo-mask to the surface of a substrate using 

light.  A layer of photoresist is applied on top of the metal layer. The photo resist is 
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selectively hardened by illuminating it in specific places. For this purpose a transparent 

plate with patterns printed on it, called a mask, is used together with an illumination 

source to shine light on specific areas of the photoresist. Then, the photoresist that was 

not exposed to light is etched away with a chemical treatment. On top of this patterned 

surface, the required metal layer (pt, Au or Ag) is deposited. Finally, the hardened 

photoresist is etched using a different chemical treatment along with the metal layer on 

top of it, and all that remains is a layer of metal in the same shape as that of the mask.  A 

brief description of clean room processing for image reversal lithography is described 

below. 

Cleaning: To remove atmospheric dust and contamination, the film sample is cleaned for 

5 minutes in an ultrasonic bath of acetone and then rinsed in de-ionized (DI) water.  It is 

finally dried with dry nitrogen. 

Dehydration Bake: The cleaned sample should be pre-baked at 110◦C for 10 minutes for 

drying. Otherwise, the photoresist will be coated with water vapor. 

Spin coating: OIR620-10M from Fuji films was spin coated. The spin speed depends on 

the desired thickness. 2500 RPM for 30 seconds gives an approximately 1.2 µm thick 

uniform layer. 

Soft bake: Soft baking removes most of the remaining solvent from the photoresist film, 

thereby densifying it. Soft bake time and temperature also influence adhesion, speed, and 

dimensional control of the photoresist. Our samples were baked on a hot-plate at 100◦C 

for 15 minutes. 

Exposure: The exposure depends on resist thickness, lamp intensity and many other 

variables. The pattern was defined using a MJB4 mask aligner with a UV-light exposure 

of 10 seconds (35–45 mJ/cm2). 

Developing: The exposed resist was developed in a developer solution for 60 seconds.  

 After developing, the films were completely coated with the electrode metals 

followed by a lift off. The electrodes consist of a thick layer of silver of around 600nm 

thickness, covered by a thin layer of gold, of around 100nm thickness. Silver is chosen 

because of its high conductivity and the gold capping layer, for oxidation resistance. The 

deposition of the electrode metals is described in the following section. In the lift off 

process, the sample was put in an ultrasonic acetone bath for about 5 minutes, thereafter 

rinsed in DI water, and finally dried with nitrogen to remove the resist and unwanted 

metal. 
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Figure 2.7 Micro fabrication facility used for realization of test devices. 

 

2.6.2 Top electrode deposition 

From a device point of view, the optimization of the growth process for the BZN 

thin films, electrode material and a suitable process flow for fabrication, and integration 

of these films in the devices are three major steps. The fabrication technology for the 

metallization process is very important when preparing the microwave devices using 

these thin films. Material deposition techniques such as sputtering and thermal 

evaporation are compatible with the deposition of high quality metal films suitable for 

microwave devices. DC sputtering is a widely used deposition technique for a variety of 

metals. In the present work we have used RF magnetron sputtering for the metal 

deposition because it was found to be giving better adhesion and good film quality. 

 In its simple representation, the phenomenon of sputtering consists of material 

erosion from a target on an atomic scale, and the formation of a thin layer of extracted 

material on a suitable substrate. The process is initiated by a glow discharge produced in a 

vacuum chamber under pressure controlled flow. Target erosion occurs due to energetic 

particle bombardment by either reactive or non reactive ions produced in the discharge. 
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 The RF magnetron sputtering technique consists of a target, which is a plate of 

metal to be deposited, and a substrate placed on a grounded sample holder. The glow 

discharge is initiated by applying power to the target in a controlled gas atmosphere and 

is constituted of a partially ionized gas of ions, electrons and neutral species. The ejected 

material diffuses until it reaches and nucleates on the substrate. The duration of this 

process controls the thin film thickness. The use of a radiofrequency (RF) generator is 

essential to maintain the discharge and to avoid the charge build up when sputtering the 

insulating materials. The presence of a matching network between the rf generator and the 

target is necessary in order to optimize the power dissipation in the discharge. Magnets 

are used to enhance the sputtering rate by increasing the ionization effect of the electrons 

magnetically trapped in the vicinity of the target (magnetron sputtering). Their use 

provides the advantage of trapping not only the electrons, but also the charged species at 

the target so that they do not hit the substrate to ensure an improved film quality. The 

details of the sputtering process are described elsewhere [20]. 

2.6.3 Low frequency dielectric measurements 

The frequency and voltage dependent dielectric properties of these films grown on 

different substrates were characterized at low frequencies using a suitable capacitor 

structure. For these measurements different capacitors were designed and fabricated onto 

the films using the micro fabrication process described in section 2.9.1. The 

measurements were carried out using inerdigitated capacitors, parallel plate capacitors in 

the patch capacitor geomectry  and a MOS capacitor. The details of these techniques are 

given in the subsequent sections. 

2.6.3a Interdigitated capacitor 

The low frequency dielectric properties of the c-BZN and m-BZN thin films 

grown on fused silica, sapphire, lanthanum aluminate and MgO substrates were measured 

using an interdigitated capacitor (IDC) structure. The IDC capacitors having a finger 

length of 90μm, with a total of 8 fingers and an overlap length of 80 μm were designed 

for these measurements. The finger width and finger gap was made equal and it was 

10 μm. These capacitors were defined onto these films with gold as the electrode 

material, using the photolithographic technique described above. 
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Figure 2.8 Microphotograph of the fabricated IDC capacitor. 

 

To calculate the dielectric constant of thin film capacitors with the interdigitated 

electrode configuration shown in figure 2.8 an analytical model previously derived by 

Farnel et al [21] was employed. This method has been successfully used by many 

researchers to estimate the dielectric properties of thin films on the substrates precisely 

[22, 23]. Based on this model, the dielectric constant of a thin film can be calculated 

using the following expression.  
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Here, εf and εs are the film and substrate dielectric constants, respectively, h is the film 

thickness, K is a constant which has units of pF, and C is the measured capacitance per 

unit finger length per electrode section of width L and is given by  
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C
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×
=         (2.27) 

where, Cm is the experimentally measured capacitance in (pF), FL is the IDC finger 

length in meters and N is the number of sections of width L in an IDC pattern that can be 

calculated from the following formula 
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For an IDC pattern with equal finger width and spacing L equal to 2D, the value 

of K will be 4.53pF. The IDC patterns used in this work all had equal finger width and 

spacing. This means that the value of K used throughout these calculations was 4.53pF. 

The capacitance and loss factor measurements were done on these films using an Agilent 

4294A impedance analyzer. 

 

2.6.3b Parallel plate capacitor 

Parallel plate capacitors with the circular patch (CPC) electrodes were fabricated 

on platinised silicon substrates using Ag- Au as the top electrode. A lift off process was 

used to pattern the top electrode consisting of a central circular patch surrounded by a 

concentric ground plane. The schematic cross section and microphotograph of the CPC 

structure fabricated is shown in figure 2.9. The capacitance C of this capacitor is 

measured between the inner circular patch and the bottom platinum layer using a DC 

probe station connected to the Agilent 4294A impedance analyzer. 

 

                                                                                                     

                                          (a)                                                                    (b) 

Figure 2.9 Cross section and microphotograph of the tunable capacitor fabricated using BZN thin 
films. 
 
The dielectric properties were calculated using the following equations. 
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Here, A and d are the capacitor area and film thickness respectively, and Q is the 

measured quality factor of the capacitor under test. 
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2.6.3c MOS capacitor 

The MOS capacitor consists of a Metal-Oxide-Semiconductor structure as 

illustrated in the figure 2.10. It consists of the semiconductor substrate with a thin oxide 

layer and a top metal contact [26]. A second metal layer forms the contact to the back of 

the semiconductor and is called the bulk contact. The MOS capacitors having 300μm x 

300μm square top electrodes were fabricated on films of m-BZN or c-BZN deposited p 

type silicon substrates using Au as the top electrode by the photolithographic process. The 

schematic cross section and microphotograph of the MOS structure fabricated is shown in 

figure 2.10.  The MOS structure is treated as a series connection of two capacitors- the 

capacitance of the oxide and the capacitance of the depletion layer.  In accumulation 

region there is no depletion layer. The remaining capacitor is the oxide capacitance, so 

that the total capacitance equals [27]: 

 

                                                                                                           (2.33)             

Here VG is the gate voltage and VFB is the flat band voltage Cox is the oxide capacitance   

The CV characteristics of the MOS capacitors are measured using the Agilent 4294A 

impedance analyzer connected to a DC probe station. 

 

 

                        
Figure 2.10 Schematic diagram and microphotograph of the fabricated MOS capacitors. 

 

2.6.4 Leakage current characterization 

All the DC measurements were done using a Radiant precession LC material 

analyzer, which could simultaneously act as a constant voltage source and measure the 

current flowing through the circuit to an accuracy of 1x10-14A. Leakage current 

measurements were done as a function of time and voltage. During the I-Vmeasurements 

to record the realistic leakage behavior, a waiting time of 50 seconds was introduced to 

FBGoxHFLF VVCCC ≤== ;
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ensure the equilibrium leakage current at each voltage increment. For time dependent 

dielectric breakdown measurements, a high voltage was applied to the sample and the 

current was measured as a function of time. The breakdown was considered as complete 

when the sample current reached a value of 100mA. 
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Chapter 3 

 Microwave characterization techniques for high-k dielectric thin films 

 

3.1 Introduction to microwave characterization of thin films   
 

The characterization of the dielectric properties of bulk materials in the 

microwave frequency range is well developed while that of thin films is a challenge. New 

microwave characterization techniques are needed for thin films taking into account the 

fact that they are always deposited on a dielectric or conducting substrate and the 

thickness of the film is too less compared to the wavelength involved. This chapter 

describes various techniques that can be used for the microwave characterization of thin 

films and the techniques set up for this study. In recent years, the increasing requirements 

for the development of high speed and high frequency circuits and systems have made a 

good understanding of the properties of materials at microwave frequencies an essential 

requirement. High K thin films are being used in many microwave electronic circuits and 

devices [1, 2]. Often, the thin films for microwave applications are characterized at 

frequencies which are much lower than the frequency of operation of the devices in which 

they are going to get incorporated.  

At the low frequency regions (up to a few MHz) the thin film dielectrics are 

characterized by making a metal-insulator-metal (MIM) capacitor structure. The dielectric 

constant and loss factor are calculated by directly measuring the capacitance and 

dissipation factor using an impedance analyzer or LCR meter [3]. This method cannot be 

directly used in the microwave frequencies because of the following limitations. At 

microwave frequencies, the dimensions of the capacitor become comparable with the 

wavelength of the electromagnetic wave used for the measurement and hence the 

capacitors can no more be considered as lumped elements but they will have to be 

considered as distributed elements. Also, at these frequencies the impedance of the 

capacitor will be very small compared to the resolution of the impedance analyzers. 

Hence, special techniques are to be used for the measurement of the dielectric parameters 

of thin films at microwave frequencies.  

. 
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Many researchers are trying to study the microwave dielectric properties of thin films by 

employing various methods. Most of the measurement methods used for the 

determination of the complex permittivity and loss tangent of dielectric thin films involve 

two steps. Firstly, the electrical characteristics of the dielectric thin film containing device 

is monitored. Secondly, the dielectric permittivity and loss tangent of the material are 

derived from the obtained device data. The measurement techniques can be broadly 

classified into three different groups such as reflection measurements, transmission 

measurements and resonance measurements [4]. In reflection measurement, the reflection 

coefficient of the thin film capacitor is measured while in the transmission measurement 

techniques the transmission characteristics of the thin film based planar transmission lines 

are measured using a network analyzer. In the resonance method, the characteristics of a 

resonator containing the thin film material are investigated.   The subsequent sections of 

this chapter describe the various techniques that have been employed in this study for the 

microwave characterization of thin films. 

 
3.2 Resonance method 

Microwave methods for the electromagnetic property characterization of materials 

generally fall into two categories, viz. non resonant methods and resonant methods.  Non 

resonant methods generally include reflection methods or transmission / reflection 

method. Resonant methods include resonator methods and the resonant perturbation 

method. In resonator methods, the sample under measurement is excited as part of a 

resonator in the circuit and the materials electromagnetic properties are deduced from the 

resonator characteristics. In the resonant perturbation methods, the sample under 

measurement is introduced to a resonator (measurement fixture), thus altering the 

electromagnetic boundaries of the resonator, and the electromagnetic properties of the 

sample are deduced from the changes in the resonant properties of the resonator. In our 

experiments, we have employed two types of resonant perturbation techniques for 

characterizing the dielectric properties of thin films, at spot frequencies which are 

described below. 
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3.2.1 Modified cavity perturbation technique 
 

The cavity perturbation technique is widely used in the measurement of dielectric 

parameters of materials [5]. This technique has also been used effectively to determine 

the complex permittivity of liquids [6]. In the conventional cavity perturbation technique, 

the changes in the resonant frequency and quality factor Q, when a material is introduced 

into the cavity give a measure of the complex permittivity of the material [7]. For 

materials having a complex permittivity ε’- jε”, these changes may be expressed as:                                   

( )
∫
∫

−=
−

Vc

V

dVE

dVE

f
ff S

2
1

2
1

2

21 1'ε

                                     (3.1) 
     

        

dVE

dVE

QQ
Vc

Vs
2

1

2
1

12

"11

∫
∫=⎥

⎦

⎤
⎢
⎣

⎡
− ε

        (3.2)                            
                                                                                                   
where,          

( ) ( )L
zn

a
xEE ππ sinsin101 =

      (3.3) 
 
and, f1, f2 are the resonance frequencies without and with the specimen respectively. Q1 

and Q2 are the corresponding quality factors of the cavity. Vs and Vc are the sample and 

cavity volumes respectively. The conventional cavity perturbation technique can be 

extended to measure the complex permittivity of larger samples, provided the field 

perturbation by the sample lies within the prescribed limits [8].  In this case, the length of 

the sample is not small and the field E1 in equations 3.1 and 3.2 is no longer a constant 

but it varies sinusoidally along the sample length.  This method therefore involves solving 

the eigenvalue problem of a dielectric sample in a rectangular cavity. In our experiments 

we consider the substrate as a part of the cavity. The field inside the cavity with the 

substrate is taken as the initial field E1. This approach has been used for quite a long time 

for the determination of the dielectric properties of liquids/solids in the powder form.  A 

hole is drilled through the top surface of the cavity at the Emax position and a sample 

holder is inserted through that hole. The cavity with the sample holder is taken as the 

initial cavity, which has a resonance frequency f1 with the sample holder [9].   Now the 

samples whose dielectric properties have to be determined are introduced to this sample 

holder and the properties are extracted from the shift in the resonance frequency and the 

shift in the quality factor of the cavity. In our approach, the uncoated substrate can be 
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considered as a part of the cavity, provided the substrate is of a low dielectric constant 

material. The cavity with the film coated substrate inside is taken as the perturbed cavity 

with a resonance frequency f2. Q1 and Q2 are the corresponding quality factors of the 

cavity. 

    The main assumption of this method is that the dimension of the sample is small 

compared to the wavelength, which is always true in the case of thin films.  If the sample 

surface lies across the cavity and everywhere else tangential to the electric field, then the 

dielectric constant is given as [10]: 
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  where, L is the cavity length, τ is the film thickness, Δf is the frequency shift, f0s 

and f0 are the resonance frequencies of the cavity with the substrate and the film coated 

substrate respectively. The coefficient K is a measure of the area of the sample with 

respect to the cross sectional area of the cavity. It is equal to unity when the whole cross 

section is occupied by the film and is less than unity when the cross section is partially 

filled with a film.  Similarly, the dielectric loss is given as: 
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where, QLs and QL0 denote the unloaded Q factor of the cavity with and without the film 

coated substrate. This means that in this method the uncoated substrate is considered as a 

part of the cavity, giving a net resonant frequency f0, provided the substrate is a low 

dielectric constant material. The cavity with the film coated substrate inside is taken as 

the perturbed cavity with a resonance frequency f0s. QL0 and QLs are the corresponding 

quality factors of the cavity. It was assumed that the shift in the resonance frequency and 

the quality factor from (f0, QL0) to (fLs, QLs)  is only due to the properties of the film since 

the substrate is considered as a part of the cavity.  Hence equations 3.4 and 3.5 can be 

applied directly to find out the dielectric constant and loss of the thin films coated on low 

dielectric constant substrates. 
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3.2.2 Analysis of the accuracy of measurement. 
 
 The error in evaluating the dielectric permittivity can be calculated using the 

expression [10]: 
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In most practical cases the last factor is at least 10 times larger than the sum of the 

other three factors.  For very thin films the error related to the accuracy of measuring the 

thickness has a significant effect on the overall accuracy. In our case, this error is 

negligible because the thickness is measured by an optical method and cross checked with 

a surface profiler. In all the cases, the accuracy of measuring the cavity resonance 

frequency shift Δf is the main factor limiting the accuracy of determining ε’. We have 

taken extreme care to insert the sample at the Emax position of the cavity. Also, we 

ensured that the position remains the same in each measurement. The 8722ES Vector 

Network Analyzer (VNA) has a very good sensitivity and it got the resolution down to 1 

Hz in the resonance frequency. It is therefore expected that our measurement accuracy in 

determining the dielectric constant is fairly high. The error in evaluating the dielectric 

loss can be given as: 
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This indicates that the main source of error in this measurement is the accuracy in 

measuring the Q factor. Also, if the Q factor of the empty cavity is too low there will be 

considerable error in the determination of the dielectric loss. Here we are using high Q 

cavities (≈ 5000) and the Q factor can be accurately measured from the VNA directly.  

 

 

 

 

 

 

 

 

Figure 3.1 A picture of the WR-90 cavity connected to the VNA. 
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A TE10n mode WR90 rectangular waveguide cavity was connected to Port 1 of the 

Agilent 8722ES VNA through the coaxial to waveguide adapter after the one port 

calibration at the adapter surface (figure3.1). The cavity can resonate at five different 

modes in the X band. We have selected the TE107 and TE109 modes for the measurements. 

A thin fused silica substrate of 5mm width and 1.2cm length is thoroughly cleaned and 

inserted into the cavity such that the sample surface is tangential to the electric field. The 

resonance frequency f0 and the quality factor QL0 of the cavity with the bare substrate are 

measured. The substrate is then coated with a ferroelectric thin film on one side of the 

substrate. This test sample is again inserted into the cavity and the corresponding 

resonance frequency fs and the quality factor QLs are determined. The experimental results 

of ε’and ε” are obtained from equations 3.4 and 3.5. 

 

3.2.3 Split post dielectric resonator technique 

This is a non-destructive and accurate technique for measuring the complex 

permittivity of dielectric substrates and thin films at a spot frequency [11]. For thin films 

deposited on a substrate, the frequency shift due to the film has to be separated from the 

overall frequency shift of the film substrate. For this purpose one has to measure the 

resonance frequency and quality factor (f01,Q01) of the empty resonator and do the same 

(fs,Qs) with the substrate. After the film deposition, the resonance frequency and quality 

factor of the (fsf,Qsf) substrate coated with the film have to be measured again. 

 
 

                  
      

Figure 3.2 Picture of the SPDR measurement set up with the schematic diagram of an SPDR. 
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The SPDR typically operates in the TE01δ mode that has only an azimuthal electric 

field component, so that the electric field remains continuous on the dielectric interfaces 

[12]. This makes the system insensitive to the presence of air gaps perpendicular to the z-

axis of the fixture. The real part of permittivity εr of the sample is found on the basis of 

the measurements of the resonant frequencies and thickness of the sample as an iterative 

solution to equation 3.8. 
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Here, h is the sample thickness, f0 is the resonance frequency of the SPDR with the 

substrate, and fs is the resonance frequency of the SPDR with the film coated substrate. Ks 

is a function of the sample’s dielectric constant εr and thickness h. Since Ks is a slowly 

varying function of εr and h, the iterations using the formula (3.8) converge rapidly. 

The loss tangent is computed using the equation (3.9): 
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where, Q is the unloaded Q factor of the SPDR containing the dielectric sample and pes is 

the electrical energy-filling factor of the sample. Qc is the Q factor depending on the 

metal losses of the SPDR containing the dielectric sample and QDR is the Q-factor 

depending on the dielectric losses in the dielectric resonators. 

 

3.3 Transmission line method 

The waveguide method is one of the first methods developed for characterization 

of dielectric materials at microwave frequencies. The transmission line method is a 

special case of the waveguide method. It consists of the measurement of the scattering 

matrix of a planar transmission line which is patterned on to the dielectric thin film. 

Generally two types of planar transmission lines are used for the characterization of thin 

films named as the coplanar waveguide (CPW) transmission line and microstriplines. A 

schematic diagram of the CPW lines and microstriplines are shown in figure 3.3. The 

scattering parameters of these transmission lines are determined with the help of a 

network analyzer. From the scattering parameters the propagation constant of these 

transmission lines are derived.  From the derived propagation constant one can obtain the 

information about the dielectric constant and dielectric loss at the microwave frequencies. 

The most recent technique to determine the propagation constant is the calibration 
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comparison technique. For implementing these techniques, one should need to know 

some basics of microwave network analysis, planar transmission lines, on wafer 

measurements and calibration techniques. A brief description of these topics is given in 

the subsequent sections. 

 

 
               (a)                                                               (b) 

 

Figure 3.3 Schematic diagram of (a) CPW based and (b) micro strip based transmission lines. 
 

 
3.3.1 Microwave network analysis 
 
 

 
Figure 3.4 Schematic representation of a two port network with voltages, currents, input wave a 
and output wave b. 
 

The basic concept of the microwave network is developed from the transmission 

line theory, and it is a powerful tool in microwave engineering. The microwave network 

method studies the responses of a microwave structure to external signals, and it is a 

complement to the microwave field theory that analyzes the field distribution inside a 

microwave structure [13]. In the network approach, we do not care about the distributions 

of electromagnetic fields within a microwave structure, and we are only interested in how 

the microwave structure responds to external microwave signals. Two sets of physical 

parameters are often used in network analysis. As shown in figure 3.4, one set of 

parameters are voltage V (or normalized voltage v) and current I (or normalized current i) 
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and the other set of parameters are the input wave a (the wave going into the network) 

and the output wave b (the wave coming out of the network). Different network 

parameters are used for different sets of physical parameters. For example, impedance 

and admittance matrices are used to describe the relationship between the voltage and 

current, while scattering parameters are used to describe the relationship between the 

input waves and output waves. 

 

3.3.2 Impedance and admittance matrices 

For a two port network shown in the figure 3.4, we have 
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where, [V ] is the unnormalized voltage, [I] is the unnormalized current. 

The impedance and admittance matrix are: 
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Z11 is the input impedance at port 1 when the other port is open. Z12 is the transition 

impedance from port 2 to port 1 when port 1 is open. Y11 is the input admittance at port 1 

when the other port is shorted. Y12 is the transition admittance from port 2 to port 1 when 

port 1 is shorted [13]. 

From the above equations, we can get the following relationship between [Y ] and [Z] 
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3.3.3 Scattering parameters 

The responses of a network to external circuits can also be described by the input 

and output microwave waves. The input waves at port 1 and port 2 are denoted as a1 and 

a2 respectively, and the output waves from port 1 and port 2 are denoted as b1 and b2 

respectively. These parameters may be either voltage or current, and in most cases, we do 

not distinguish whether they are voltage or current. The relationships between the input 

wave [a] and the output wave [b] are often described by scattering parameters [S]  
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When port 1 is connected to a source and the other port is connected to a matching load, 

the reflection coefficient at port 1 is given as [14] 
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Similarly, the transmission coefficient is given as: 
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3.3.4 On-wafer test and analysis 

For the measurement of the scattering parameter of any test device, the device has 

to be connected to a vector network analyzer. Before the advent of coplanar probes, 

finding the RF behavior of a device was a complicated process. The wafer had to be diced 

and an individual die had to be mounted onto a test fixture [15]. Only then could the 

device performance be known. Fixturing involved attaching the die to a PCB, wire 

bonding to the bond pads, connecting RF cables to the fixture, and measuring. 

Discriminating between the device and the fixture response had become the central 

problem for high volume screening. One of the obvious advantages of the on-wafer 

prober at microwave frequencies is that one can get spot measurements on wafers. Thus 
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on-wafer characterization became inevitable in microwave measurements of un packaged 

devices. A typical on-wafer microwave measurement setup will consist of a Vector 

Network Analyzer (VNA), a probe station, on-wafer probes, RF cables and a calibration 

substrate. The quality of RF measurements depends on the VNA, the reliability of the RF 

cable and fixture, connectors and the calibration quality. A brief description of the 

measurement setup is given below. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5   Picture of the on-wafer measurement setup. 

 

Network Analyzer: Network analyzers are widely used to measure the four elements in a 

2 port scattering matrix (S11, S12, S21, and S22). Basically, a network analyzer can separate 

and measure the four waves independently; two forward waves, a1 and a2, and two reverse 

traveling waves, b1and b2. The scattering parameters can then be obtained by a 

combination of these four waves. In our experiment, Agilent Technologies 8722ES VNA 

was used for the S parameter measurements. It can operate within a 50MHz to a 40GHz 

frequency range. 

 

Probe station: In a probe station, the wafer is held on a vacuum chuck. The probes are 

fixed to micro positioners secured on the probe station. The micro positioners are the 

precision micrometers, enabling fine movement in the x, y and z dimensions. In this study 

the on-wafer measurements were performed on a J micro technology make LMS-2709 

RF/DC probe station, which has got a rugged ball bearing stage with 1 inch of x and y 

travel, vacuum clamping and 0.05 inch of z lift. The probe station is equipped with KRN-

09S probe positioners with 0.5 inch x, y and z movements with 40 tpi (turns per inch) 
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precession movement. The 250 μm pitch ground-signal-ground (GSG) probes from GGB 

industries were used for the measurement. 

 

Calibration substrate: An accurate and easily usable calibration substrate with a well 

defined calibration coefficient and a detailed instruction set to allow accurate calibration 

of the measurement system (VNA+cabling+probes) is essential for the on-wafer test 

analysis. Typical elements for calibrating a microwave measurement system consists of 

an open, short, matched loads and a thru. These four elements have electrical 

characteristics that are very different from one another so that each element contributes an 

important part to the overall calibration process. In the present study the model Cs-5 

calibration substrate (GGB industries) that contains high precision elements for 

calibrating out the unavoidable errors and losses in a microwave network analyzer, its 

associated cabling, and the probes for on-wafer testing was used. It covers SLOT (Shorts, 

Opens, Loads and Thrus), TRL (Through-Reflection-Load) and LRM (Load-Reflection-

Match calibration) types with a G-S-G footprint with a pitch range of 75-250 microns. 

 

3.3.5 Coplanar wave guide 

The coplanar waveguide (CPW) is a type of planar transmission line used in 

microwave integrated circuits (MIC) as well as in monolithic microwave integrated 

circuits (MMIC). The unique feature of this transmission line is that it is uniplanar in 

construction, which implies that all the conductors are on the same side of the substrates 

[16]. This attribute simplifies the manufacturing and allows a fast and inexpensive 

characterization using on-wafer techniques. The basic structure of the CPW is illustrated 

in figure3.6.  

 

 

 

 

 

 

Figure 3.6  A typical coplanar waveguide (a) cross-sectional view of the structural dimensions, 
(b) electromagnetic field distribution. The solid lines represent electric fields and the dashed lines 
represent the magnetic field lines. 
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This arrangement is assumed to be symmetrical with the strip width w and the 

longitudinal gap s. The side conductors are ultimately grounded theoretically at infinity. 

The CPW has some advantages compared to the other transmission lines such as 

microstriplines. They are simple to fabricate and have reduced dispersion (for small 

dimensions) as well as radiation losses. They have a reduced cross talk between the lines 

with higher directivity and a low dependence on substrate thickness. 

The current density on the CPW signal line is not uniform across its surface. The 

current crowds to the edges of the CPW signal line even more than that of a 

microstripline of the same dimensions. Hence this will lead to greater insertion losses. 

The CPW’s advantage over the microstripline is that the CPW line width is independent 

of the line impedance. Therefore one can use a wider line which in turn helps to reduce 

the conductor’s high frequency losses. Also it is possible to achive a wider range of 

impedance values in a CPW lines compared to that of other transmission lines like 

microstrip lines. 

 

3.3.6 On-wafer calibration 

A considerable challenge in the measurement of the S parameters using a vector 

network analyzer (VNA) is to define exactly where the measurement system ends and the 

device under test begins. This location is called the reference plane. This means that all 

error contributions inside the VNA and in the cables up to this reference plane will have 

to be calibrated out. The calibration of the VNA is performed by rather complex 

procedures such as Short-Open-Load-Through (SLOT) method, Through-Reflection-

Load (TRL) method or Load-Reflection-Match (LRM) method. In this study,the SLOT 

and LRM calibration procedures are used and a brief description of these procedures are 

given in the subsequent sections. In an S parameter measurement using a VNA, 6 errors 

are identified in the forward direction and the same six errors are there in the reverse 

direction also. So in a full two port measurement there are a total of 12 errors. These 

errors can be corrected using the calibrations. The pairs of six errors associated with the 

VNA analysis are directivity, cross talk, source mismatch, load mismatch, reflection 

tracking and transmission tracking. The details about these systematic errors are given 

elsewhere [17]. 
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3.3.6a SLOT calibration 

           

 
Figure 3.7 Circuit layout of SLOT standards for CPW structures in a Cs-5 calibration substrate.  

 
SLOT (Shorts, Opens, Loads and Thrus) calibration relies on well known 

standards, all defined along the same reference plane. This is a basic reflection calibration 

for a ground-signal-ground (GSG) probe head [18]. For the open circuit standard, the 

probe should be lifted in the air or it can use the standard open in the calibration substrate. 

For the short circuit standard, the three contacts are made on a small bar of a conductor, 

usually a gold metallization. The 50 ohm load for a GSG probe uses a pair of trimmed 

100 ohm resistors that are about 2 mils constituting a 50 Ohm load. The typical through 

calibration uses a very short 50 Ohm CPW through connection. Although popular, the 

SLOT method has disadvantages; the main concern is about the accuracy of the standards, 

since there is a direct connection between the knowledge of the standard’s precise RF 

characteristics and the accuracy of the calibration. Well-known standards bring forth a 

better SLOT calibration. All standards used in SLOT are direct standards. Even small 

deviations from the ideal can lead to considerable errors. Furthermore, accurately 

characterizing the SLOT standards becomes laborious at frequencies above 20GHz. 

 

3.3.6b LRM calibration  

LRM (Line-Reflect-Match)[19] is very similar to TRL (Thru-Reflect-Line)[20]. 

The line and reflect are analogous to the thru and reflect standards in TRL, the difference 

being that LRM uses a precision match (or load) to define the system characteristic 

impedance Z0. Again, either an open or short can serve as the reflect. As in SLOT, the 

load must be well defined, otherwise the calibration sensitivity is degraded. The line 

standard is kept as the electrical reference plane. The LRM technique takes advantage of 

the high quality coplanar transmission lines and loads that can be fabricated on many 
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microwave substrates. By using a pair of coplanar loads instead of offset transmission 

lines, the LRM method avoids the low frequency limitations of the TRL technique. 

Additionaly the LRM method can be used with fixed probes, and also accurate short and 

open references are not required. 

 

3.3.7 Calibration comparison techniques 

This is a broad band technique that can be used for the extraction of dielectric 

properties of thin films on a substrate. This technique can also be employed to extract the 

voltage dependent dielectric properties. The calibration comparison technique makes use 

of two identical coplanar waveguides (CPW) patterned on the surface of the film [21] and 

on the bare substrate.  Two CPW test structures of a 100-micron gap and a 200 micron 

width were patterned simultaneously, one on the test film and the other on the bare 

substrate by a lift–off process. The scattering parameters of these CPW transmission lines 

were measured using a VNA and a probe station (LMS-2709) mounted with the GSG 

probes of 250-micron pitch. 

 

 

 

 

 

 

 

 

 

 

                 (a)                                                                (b) 

Figure 3.8 (a) picture of the CPW transmission lines fabricated for on-wafer measurement, 
mounted on the probe station.(b) The fabricated CPW line. 

 

The test structure fabricated was designed and simulated using the full wave 

simulator momentum of the agilent ADS. The characteristic impedance of the CPW 

transmission lines were obtained from the electromagnetic simulation of the CPW line on 

the reference sample. A typical simulated result for the CPW line on a 0.5 mm thick 

LaAlO3 substrate using ADS momentum is shown in figure 3.9 
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Figure 3.9 Simulated results for the characteristic impedance of the reference CPW line. 

 

The method used in this study compares the propagation characteristics of the 

transmission lines fabricated on the bare substrate (reference sample) and the substrate 

with the thin film of BZN (test sample). This technique has been successfully used in the 

past for the characterization of low k as well as high k dielectric thin films [22]. The 

resistance and inductance of the reference and test CPW lines were assumed to be the 

same. Also the loss tangent of the low–loss microwave substrate is assumed to be 

negligible. The ratio of the propagation constants of the CPW lines in both the cases is 

given as: 
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This can also be written as:  
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where,  α  and β are the frequency dependent attenuation and the phase constant 

respectively. The R, L, C, and G are the resistance, inductance, capacitance and 

conductance per unit length of the CPW transmission line and they all are frequency 

dependent parameters. The conductance per unit length of the test sample can be 

expressed as:  

                             ( )efftesttest CG δω tan=                                                (3.21) 

where, tanδeff is the effective loss tangent of the CPW structure.  Substituting Gtest from 

equation 3.21, and Ctest = Cfilm+ Cref in equation 3.20, and comparing the real and 
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imaginary parts of the left and right hand sides and solving them, we get the capacitance 

of the film (Cfilm). The dielectric constant of the film εfilm is determined from Cfilm using 

the conformal mapping technique [23].  In the limit of the dielectric film thickness t<<s, 

where s is the spacing between the centre conductor and the ground line, 

                           
( )( ) substratefilmfilm tCs εεε −⋅= 02      (3.22) 

 
Figure 3.10 Measured S21 phase and magnitude for the test and reference line fabricated for the c-
BZN thin films deposited on a fused silica substrate. 
 

and the loss tangent of the film is given as 

              
( )filmrefefffilm CC+⋅≈ 1tantan δδ      (3.23)  

The frequency dependent attenuation and phase constants α and β for the test and 

reference lines are calculated from the measured magnitude and phase of the S21 for the 

reference and test sample. A typical measured S21 for the BZN thin films is given in 

figure 3.10. 

 

3.3.8 Tunability measurement 

The calibration comparison method can also be extended to measure the dielectric 

properties of the films under an applied electric field (tunability measurements) [24]. For 

the microwave tunability measurements, a DC bias voltage was applied to the CPW lines 

through the high voltage bias tees. DC blocking capacitors were used at both the ports of 

the VNA to give additional protection during these measurements. The magnitude and 

phase of the S21 of the CPW lines patterned on the c-BZN thin films are measured under a 

bias voltage of 100 V. This voltage was able to produce a field of around 10 KV/cm only 

9.00E+009 1.00E+010 1.10E+010 1.20E+010

-200

-150

-100

-50

0

50

100

150

200

BZN coated substrate

bare substrate

ph
as

e(
in

 d
eg

re
e)

Frequency(HZ)
9.00E+009 1.00E+010 1.10E+010 1.20E+010

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

BZN coated substrate

bare substrte

S2
1(

db
m

)

Frequency(HZ)



 82

in the test structures employed.  For higher field strength either the CPW of smaller gap 

or bias tees of higher voltage rating are to be employed.  

 
 

Figure 3.11 Block diagram of the tunability measurement set up. 

 

3.4 Reflection measurements 

This method is also known as a direct measurement method. In this technique the 

reflection measurement are carried out directly on a capacitor made out the films whose 

characteristics has to be evaluated. The capacitors can have either a planar, parallel plate 

or interdigitated configurations. The capacitances of these capacitors are calculated 

directly from the measured complex reflection coefficient (S11). Appropriate modeling 

has to be done to extract the dielectric permittivity and loss tangent of the films from the 

calculated capacitance. In the present study we have used parallel plate capacitors in the 

circular patch capacitor geometry for characterizing the BZN thin films grown on 

platinised silicon substrates. 
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3.4.1 Circular patch capacitor technique  

This is a reflection type measurement technique. The cross section of the electrode layout 

of the test structures used for the experiment is shown in Figure 3.12  
 

 

                                                                                                     

                                          (a)                                                                    (b) 

Figure 3.12 Cross section and microphotograph of the tunable capacitor fabricated using 
BZN thin films. 

 

In this structure the total capacitance measured between the center patch and the 

surrounding concentric electrode is: 

 

                              )()( outfoutf CCCCC +=                                           (3.24) 

where, Cf is the capacitance between the center patch and the bottom plate and Cout is the 

capacitance between the top outer electrode and the bottom plate. Typically Cout>> Cf  

and the top outer electrode provides an effective microwave connection to the bottom 

plate resulting in[25]  

                                               C≈Cf        (3.25) 

All microwave measurements are carried out at room temperature using the VNA 

and GSG probes. One port open short load calibration procedure is used to measure the 

S11 parameters of the test structures between the central patch and the circular electrode 

surrounding it. The measured reflection coefficient S11 is converted into impedance for 

the test structure ZT using [26]. 
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Here, Z0 =50 Ohm. The capacitance and loss tangent of the capacitor can be derived from 

the complex impedance using the following relations: 

 Si 

pt 
  BZN 

Au



 84

                                  
X

C
ω
1

−=                         
X
R

−=δtan                                      (3.27) 

The relative permittivity of the materials can be calculated using the simple 

parallel plate model. The real and imaginary part of the permittivity can also be computed 

using the ADS momentum electromagnetic simulation tool by fitting the simulated S 

parameters to the measured one. The dielectric permittivity of these films was also 

determined using the analytical procedure developed by Georgian et al [27].           

The main task in this measurement procedure is to extract the capacitance CF and 

the loss tangent tanδf of the dielectric films from the calculated capacitance C and the 

dissipation factor of the test device. These calculated parameters include the parasitic 

capacitance from the top and outer electrodes and the parasitic resistance between them. 

To avoid the parasitic effect, a number of CPC structures were designed on the same thin 

films of thickness t with the same outer electrode radius but with different inner electrode 

radii a1. The dielectric constant of the film can be calculated using:  
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Here, X1, X2, R1, and  R2 can be calculated from the measured S11 of the CPC structures 

having the inner radii a1 and a2, using the equation 8. Here, Rs is the surface resistance of 

the bottom electrode. 

Similarly, the loss tangent of the film is given by: 
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The measurement structure consists of a BZN thin film (in the thickness range of 

200-350nm) on top of a 200 nm thick Pt film. The top electrode consists of a 500 nm gold 

film. Circular patches with different inner diameters ranging from 80 μm to 120 μm and a 

concentric ground plane with a constant diameter of 300μm are photo lithographically 

defined without damaging the BZN thin films. The real and imaginary part of the 

complex reflection coefficient is measured using VNA and a J microtechnology make 
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LMS-2709 RF probestation mounted with a  GSG probe of 250 micron pitch . A typical 

measured real and imaginary parts of the S11 parameters of the CPC varactors is shown in 

figure 3.13 
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Figure3.13 Measured real and imaginary parts of the S11 parameter of the CPC capacitor 

fabricated using c-BZN thin films. 
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 Chapter 4 

Structural and electrical properties of Bi2O3-ZnO-Nb2O5 based pyrochlore bulk 
ceramics 

 

 

4.1 Introduction 

This chapter presents details of the structural, microstructural and dielectric 

characteristics of BZN pyrochlore ceramics. c-BZN, m-BZN and titanium doped m-BZN 

ceramics systems were prepared as part of this study. These ceramics samples were 

prepared by solid-state reaction. Details of the preparation and characterization 

procedures have been described in chapter 2.  

 

4.2 Structural and micro-structural properties of Bi2O3-ZnO-Nb2O5 based 
pyrochlore ceramics 

 

Figures 4.1-4.3 show the XRD diffractograms of c-BZN, m-BZN and Titanium 

doped m-BZN ceramics recorded using CuKα radiation. Figure 4.1 shows the X-ray 

diffraction patterns of c-BZN ceramics calcinated at two different temperatures.  The 

reflection in the diffractogram shows the formation of the cubic pyrochlore structure with 

all the major peaks corresponding to the Fd3m space group [1]. The X-ray diffraction 

patterns of m-BZN ceramics calcined at two different temperatures are shown in figure 

4.2. The diffractograms shows complete phase formation in m-BZN ceramics with a 

monoclinic zirconolite-like structure and all the major peaks are indexed to the                   

( C2/c – C2h ) space group [1]. The X-ray diffraction patterns of all titanium substituted 

m-BZN ceramics are given in figure 4.3. All the reflections can be indexed with respect 

to the monoclinic zirconolite-like pyrochlore phase of C2/c-C2h space group. Some small 

peaks appear in the patterns of the composition with x=0.4 which suggest the presence of 

some secondary phases. However, its minor amounts make it very difficult to identify 

these secondary phases. These diffractograms also show a shift in the (220) reflections of 

m-BZN ceramics with the increase in titanium substitution. This indicates that the size of 

the monoclinic pyrochlore cell changes with the Ti content. The variation of the 

crystallite size of m-BZN ceramics with respect to the level of Ti doping is shown in 

figure 4.4. It can be seen that as the Ti content increases the crystallite size starts 

decreasing. 
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Figure 4.1 XRD diffraction patterns of c-BZN ceramics calcined at different temperatures. 
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Figure 4.2 XRD diffraction patterns of m-BZN ceramics calcined at different temperatures. 
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Figure 4.3 XRD diffraction patterns of Ti doped m-BZN ceramics. 
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Figure 4.4 Variation of crystallite size with Ti concentration of m-BZN ceramics. 
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4.3 Microstructural characteristics: 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5  SEM micrograph of  (a) c-BZN and (b) m-BZN. 
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Figure 4.6 SEM micrograph of the Ti doped m-BZN ceramics. 
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The SEM micrographs of c-BZN and m-BZN ceramics samples, shown in figure 

4.5, make it clear that both these ceramic samples prepared have larger grains with 

relatively dense microstructure. Figure 4.6 shows the SEM micrograph of Ti substituted 

m-BZN ceramics. The microstructure of these ceramics consists of well-defined and 

closely packed grains. Apparently, Ti substitution results in significant changes in the 

grain growth behavior of the samples sintered in air. As Ti doping increases, the grain 

morphology changes; the samples with a higher percentage of Ti doping showed needle-

like grain morphology while at a smaller percentage, the grains were of a larger size with 

an average grain size of 5-10μm. 

 

4.4 Low frequency dielectric properties 

                                                                                                  

                              

 

 

 

 

 

 

 

 

 

Figure 4.7 The frequency dependence of dielectric constant and loss tangent of c-BZN and m-
BZN ceramics.       
 

The low frequency dielectric properties of both c-BZN and m-BZN ceramics 

measured at room temperature up to 1MHz are shown in figure 4.7. The measured 

dielectric constant and loss tangent of c-BZN ceramics are 134 and 1.2 x10-3 respectively 

where as m-BZN ceramics has a dielectric constant and loss tangent of 75 and 0.4x10-3 

respectively. The measured dielectric properties of these ceramics do not show much 

frequency dispersion, which make them suitable for many applications. The variation of 

the dielectric constant and loss tangent of Bi2Zn2/3-x/3Nb4/3-2x/3TixO7 ceramics with 

different Ti doping at B-site measured at 1MHz is shown in figure 4.8. The dielectric 

constant increases from 75 to 120 while the dielectric loss tangent increases from 0.0004 

to 0.061 with an increase in x value from 0 to 0.4. The frequency dependent dielectric 
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properties of the samples are shown in figure 4.9. The frequency dispersion of dielectric 

properties was low in these samples. It is already reported that m-BZN pyrochlore, which 

has got completely ordered Bi atom, with no Zn substitution at A-site exhibits no 

dielectric relaxation [3].   In our study, we found that Ti substitution at the B-site of m-

BZN ceramics results in an increase in dielectric constant and loss tangent. This indicates 

that titanium substitution disturbs the ordered structure of m-BZN ceramics.    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 The variation of the dielectric constant and loss tangent of Bi2Zn2/3-x/3Nb4/3-2x/3TixO7 
ceramics with different x values 

 

 

 
Figure 4.9 The frequency dependence of dielectric constant and loss tangent of                  

Bi2Zn2/3-x/3Nb4/3-2x/3TixO7  for various x values . 
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The Ti4+ ion can co-substitute Zn2+ and Nb5+ ions at B-site. The key ion located at 

the centre of the octahedra could be Ti4+,  Nb5+ or Zn2+. TiO6 and NbO6 octahedra are 

highly polarizable and a strong correlation exists between them. The increase in dielectric 

constant with the increase of Ti substitution can be attributed to the presence of highly 

polarizable TiO6 octahedra and its strong correlation with the NbO6 octahedra. 

 

4.5 Temperature dependent dielectric properties 

The dielectric constant and loss tangent of m-BZN ceramics measured as a 

function of frequency at different temperatures are shown in figure 4.10. The dielectric 

constant and the loss tangent are seen to be increasing with the increase of temperature. 

At higher temperatures, the frequency dispersion in these samples is found to be high. 

Figure 4.11 shows the frequency dependent dielectric constant and loss tangent of the Ti-

substituted m-BZN ceramics measured at a higher temperature (400°C). Both the real and 

imaginary parts of the dielectric constant are found to be large at lower frequencies. At 

higher temperatures, the high frequency side of the measured dielectric constant shows 

dispersion and a corresponding peak at the loss tangent. This dispersion type relaxation 

behaviour in Ti doped m-BZN ceramics can be explained by the hopping phenomenon 
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Figure 4.10 The frequency dependence of dielectric constant and loss tangent of m-BZN 
ceramics measured at different temperatures.        
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Figure 4.11 The frequency dependence of dielectric constant and loss tangent of                        
Bi2Zn2/3-x/3Nb4/3-2x/3TixO7 for various x values measured at 400°C. 
 

To understand the physical nature of the dielectric anomalies in Bi based 

pyrochlores, the dielectric polarization mechanisms in these systems have to be 

understood properly. Studies of BZN ceramics using far infrared spectroscopy conducted 

by Kamba et al[5] indicate that the lowest frequency O′— A—O′ bending mode makes 

the strongest contribution to the dielectric constant. Withers et al [6] points out that the 

local short-range ordering of Bi and Zn ions at A-site and the associated structural 

relaxation in the A2O′ substructure result in a random field distribution in these systems. 

The disordered structure or the reorientation of the dipoles formed by the seventh oxygen 

with the A-site cation has been proposed as the origin of dielectric relaxation in cubic 

pyrochlore systems. Taking into account the complicated nature of the pyrochlore 

structure, the observed relaxation in Ti substituted samples can be related to a dynamical 

disorder in the alignment of the A- O′ dipoles. These types of relaxations are seen in 

dipolar glasses and can be explained by the hopping mechanism of charge carriers over 

the potential barrier between charged defect states. Each pair of sites is assumed to form a 

dipole that has a relaxation time depending on the activation energy [7]. Each pair of 

hopping ions may have different activation energies which result in the broadening of the 

relaxation peaks. This type of relaxation is common in many dynamically disordered 

dielectric systems implying that dielectric relaxation in these systems strongly depends on 

the local disorder and local chemical inhomogeneity. 
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 It is known that substituting a third cation species in pyrochlore solid solutions at 

either A or B-site will drive the system into a state of disorder when the substitution 

increases the difference of the average radius of the species at A-site and B-site. In the 

system studied, the introduction of Ti increases the difference between the average radius 

of A-site and B-site cations. This results in the dynamical disorder in A2O′
 which is 

responsible for the observed relaxation phenomenon in these systems [8]. 

 

4.6. Cryogenic microwave dielectric properties of Bi2O3-ZnO-Nb2O5 based 
pyrochlore ceramics 
 

4.6.1 Cryogenic properties of c-BZN and m-BZN ceramics 

 The investigation of dielectric properties of ceramics at low temperatures is an 

area in which there is not much literature available. In most materials, the loss tangent 

and dielectric properties vary with temperature. The dielectric permittivity and loss 

tangent of a material at room temperature may not be the same as those at cryogenic 

temperatures. So, such studies will help to extend our understanding of the existing 

dielectric materials properties up to cryogenic temperatures. This will also help in the 

development of new composite materials that can be tailored for cryogenic applications 

[9]. Moreover, the microwave dielectric properties of these pyrochlore systems at 

cryogenic temperatures were measured because these dielectrics could be used with high 

temperature superconductors to produce high performance cryogenic microwave devices 

[10]. The dielectric properties of c-BZN and m-BZN ceramics measured at 3GHz in the 

temperature range of 15K to 290K are shown in figure 4.12. These figures show that the 

measured dielectric permittivity of both c-BZN and m-BZN is almost equal at very low 

temperatures. However, the measured dielectric properties of c-BZN ceramics increase 

drastically with a rise in temperature and reach a value of 114 at 294K. On the other hand, 

m-BZN ceramics show a very small increase in dielectric permittivity with a rise in 

temperature. In fact the dielectric permittivity of m-BZN increased only from 63 at 15K 

to 69 at a temperature of 294K. These variations could explain the nature of dielectric 

polarization of these samples. The dielectric loss tangent of c-BZN ceramics shows a 

broad peak in the temperature range of 150 to 200K. m-BZN ceramics show an almost 

temperature-independent dielectric loss tangent. 
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Figure 4.12 Cryogenic microwave dielectric properties of c-BZN and m-BZN measured at 3GHz. 
 

 The observed variation of the dielectric properties of c-BZN and m-BZN 

ceramics can be explained in terms of the displacive disorder from the ideal pyrochlore 

structures. Bismuth forms a peculiar and complicated structure particularly due to the 

presence of inert lone pair electrons. Chemical bonding in complexes with inert pair ions 

is largely determined by s-p hybridization.   In Bi3+ ions, the 6s-6p hybridization results in 

a pair of electrons being pushed off to one side of Bi so that a strong ionic bond is formed 

at the opposite side [11]. This bond contributes heavily to the total dielectric polarization 

of the system. This lone pair of electrons affects stereochemistry and causes many 

peculiar properties in these Bismuth-containing pyrochlores. In the pyrochlore structure, 

the active A cations with these lone pair electrons frequently accommodate off centering 

in structure through incoherent local displacement. The studies of Levin et.al [2] has 

established that there is significant static displacement for A and O′ sites from the 

positions they would be expected to occupy in an ideal pyrochlore structure, where O′ is 

the oxygen atom attached only to the A-site cations. This disorder is an important factor 

in BZN systems since their dielectric properties are closely associated with A2 O′ 

network. 

    The origin of the broad dielectric relaxation in c-BZN ceramics can be explained 

in terms of the recent structural refinement studies on these systems.  c-BZN ceramics has 

a considerable amount of Zn substitution at A-site. Each A-site atom occupies one of the 

6 closely spaced possible positions. The observed relaxation might arise from the hopping 

of thermally disordered A-site and O′ atoms among these closely spaced possible 



 97

positions.  Moreover, the inhomogeneous distribution of Zn2+ ions at A-site and the 

vacancies at Bi3+ sites can give rise to additional randomness. This gives rise to multiwell 

potentials that have a wide distribution of height, and sets a transition rate of hopping for 

Bi3+ and Zn2+ cations. This inter atomic potential can cause a broad dielectric relaxation. 

It is interesting to note that the m-BZN pyrochlore, which has got a completely ordered Bi 

atom with no Zn substitution at A-site, exhibits no dielectric relaxation at these 

temperatures. 

 The measured dielectric permittivity and loss tangent of this system over the 

temperatures make it clear that both these ceramic systems have almost identical 

dielectric properties at cryogenic temperatures while their properties are totally different 

at higher temperatures. This implies that the atoms are in a more ordered state close to the 

ideal pyrochlore structure at lower temperatures. As temperature increases there is a 

random displacement of both Bi3+ and Zn2+ ions with respect to the O′ from their ideal 

pyrochlore structure. This displacement makes the Bi- O′ bond more polarizable thereby 

increasing its dielectric constant. The presence of Zn2+ ions at A-site does not affect the 

polarization of c-BZN ceramics at cryogenic temperatures. But as temperature increases 

the presence of Zn2+  at A-site of c-BZN ceramics systems results in thermal disorder 

which produces random electric fields. These fields introduce statistical distribution into 

the local potential barrier heights for charge hopping resulting in variable activation 

energy for the hopping ions, which broadens the loss peak compared to a single Debye 

type relaxation. In m-BZN ceramics, the relaxation is absent because of its most ordered 

state.  

 

4.6.2 Cryogenic properties of Ti- doped m-BZN ceramics 

The variation of the microwave dielectric constant and loss tangent of           

Bi2Zn2/3-x/3Nb4/3-2x/3TixO7 ceramics with different Ti doping at B-site is shown in figure 

4.13. The dielectric constant is found to increase from 70 to 114 while the dielectric loss 

tangent increases from 0.009 to 0.061 with an increase in x value from 0 to 0.4. The 

dielectric constant of the same ceramics varies drastically with temperature with the 

increase of Ti content. The variation of the microwave loss tangent with temperature 

measured at a frequency of 3 GHz is shown in figure 4.13(b). m-BZN ceramics does not 

show any dispersion behavior at the measured temperatures, but the Ti substituted 

ceramics show dispersion in dielectric constant and a corresponding increase in dielectric 
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loss tangent, which shows a peak at about 200K. The peak in the dielectric loss tangent 

becomes more prominent with the increase of Ti content. The temperature at which the 

peak value of the dielectric loss tangent appears is found to decrease slightly with the 

increase of titanium doping. The dielectric relaxation characteristics of the cubic 

pyrochlore Bi1.5Zn1.0Nb1.5O7 have already been reported [12]. 
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Figure 4.13 The temperature dependence of microwave dielectric constant and loss tangent of  
Bi2Zn2/3-x/3Nb4/3-2x/3TixO7  for various x values measured at 3GHz. 
  

The dipolar glass-like relaxation behavior observed in c-BZN is attributed to the random 

field present in the material due to disorder. The disorder occurs due to the static 

displacement of A and Ol sites from an ideal pyrochlore structure. Ol is the oxygen atom 

attached only to A-site cations.  A similar type of relaxation behaviour is observed in 

bismuth zinc tantalate ceramics by Youn et al [13]. In the present study, the observed 

dielectric characteristics of titanium doped m-BZN ceramics can be attributed to the 

presence of relaxation in these materials originating from the disorder caused by Ti4+ 

substitution. A detailed study over a broad frequency range is necessary for a clear 

understanding of the relaxation mechanisms in these materials.  It is already reported that 

m-BZN pyrochlore, which has got completely ordered Bi atoms (when there is no Zn 

substitution at A site), exhibits no dielectric relaxation [14].  However, c-BZN exhibits a 

broad relaxation at low temperatures even without any substitution. The dielectric 

properties of c-BZN ceramics with Ti4+ substitution at B site as well as at  A site are 

studied by Hong Wang et al [15] and Xi Yao et al [12]. They have found that the disorder 
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among these atoms is only slightly influenced by Ti substitution  at B site.  Therefore 

there is no significant change in the relaxation characteristics of c-BZN with Ti 

substitution. However, in the present study, it is seen that Ti substitution at the B site of 

m-BZN ceramics results in a dispersion of dielectric permittivity with an increase in 

dielectric loss tangents peaking at low temperatures similar to that of c-BZN. Pure m-

BZN ceramics does not show this behavior indicating that titanium substitution disturbs 

the ordered structure of m-BZN ceramics.  The Ti4+ ion can co-substitute Zn2+ and Nb5+ 

ions at B-site. The mechanism of substitution can be presented by considering the 

condition of charge neutrality  

3Ti4+                Zn2+  + 2Nb5+
 

 The key ion located at the centre of the octahedra can Ti4+,  Nb5+ or Zn2+.  TiO6 

and NbO6 octahedra are highly polarizable and a strong correlation exists between them. 

The increase in dielectric constant with the increase of Ti substitution can be attributed to 

the presence of highly polarizable TiO6 octahedra and its strong correlation with NbO6 

octahedra. Vugmeister et al [16] suggest that when the substituting ions are of smaller 

ionic radius or greater polarizability than the lattice ions, they will favor off-centering 

displacement in ferroelectrics and dipolar glasses due to loosening of the cations situated 

at the center of octahedra. It was recently found that substituting a third cation species in 

pyrochlore solid solution at either A or B sites can also drive the system to disorder when 

the substitutions decrease the difference in the average radius of the ions that occupy 

these sites [17]. The increase in dielectric constant of Ti doped m-BZN ceramics can be 

attributed to the presence of  highly polarizable TiO6 octahedra and the peak in the 

dielectric loss tangent can be attributed to the presence of a relaxation in these materials 

due to  the off-centering of  BO6 octahedra because of the presence of Ti4+ ions at  B site. 

The temperature coefficient of frequency (τf) of the m-BZN dielectric resonator 

and the temperature coefficient of permittivity (τε) are shown in Figs. 4.14 and 4.15 

respectively. Both τf and τε values confirm that a more stable operation of the device is 

possible with x=0 composition. However, a much higher dielectric constant can be 

obtained with x=0.4 composition. A change in composition will vary the dielectric 

constant significantly and a proper selection can assist in choosing the desired dielectric 

constant for a given application.   
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Figure 4.14 The variation of the temperature coefficient of permittivity (τε) of                                   
Bi2Zn2/3-x/3Nb4/3-2x/3TixO7  for various x values measured at 3GHz. 

 
 

 

 

 

 

 

            

 

 

 

 

Figure 4.15 The variation of the temperature coefficient of resonance frequency of                   
Bi2Zn2/3-x/3Nb4/3-2x/3TixO7  for various x values measured at 3GHz. 

 
4.7 Raman spectral analysis of Bi2O3-ZnO-Nb2O5 based pyrochlore ceramics 

 The Raman spectra of c-BZN and m-BZN ceramics are given in figure 4.16. We 

could not see a very large difference between the Raman spectra of these two 

compositions except for a band at 836cm-1 which is observed only for m-BZN ceramics. 

Some additional bands are also seen in m-BZN ceramics at the lower wavelength side 

which can be due to the lowering of symmetry in this system. The reported bands for 

BZN pyrochlores are located at 139, 195, 251, 271, 337, 369, 537, 623 and 764cm-1[18-

19]. According to Begg, in composite pyrochlores the Raman active vibrational modes 

originate from the localized short-range disorder of B-site atoms. Since c-BZN ceramics 
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are composite pyrochlore the A—O bonds include Bi—O and Zn—O bonds while the 

B—O bonds include Nb—O and Zn—O bonds. In the case of m-BZN ceramics, the A—

O bonds include only Bi—O bonds since there are no Zn atoms at the A site of m-BZN 

pyrochlore ceramics. The bands at 251 cm-1 were assigned to Zn-O stretching mode while 

the bands at 195 and 764cm-1 correspond to Bi-O and Nb-O stretching modes 

respectively.  The Raman characteristics of m-BZN ceramics with Ti substitution at B site 

were also studied, and are described below. 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.16 Raman spectra for c-BZN and m-BZN pyrochlore ceramics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 Raman spectra for Bi2Zn2/3-x/3Nb4/3-2x/3TixO7 ceramics for various x values.  
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The room temperature Raman scattering data of Ti doped monoclinic BZN were 

obtained by employing normal backscattering geometry and the results are presented in 

Figure 4.17. The observed Raman spectra as presented are comparable to the earlier 

reported Raman spectra of m-BZN ceramics [20].  We did not observe any extra Raman 

mode in the Ti doped m-BZN in comparison to m-BZN which reveals that the Ti doped m 

–BZN are free of secondary phase. The Raman modes are broad due to irregular 

distribution of Zn2+,  Nb5+ and Ti4+ ions on the B site of the pyrochlore structure. This 

may also be a reason for observing much less number of Raman modes in monoclinic 

symmetry as excepted by group theory calculation. The observed Raman scattering in Ti 

doped m-BZN materials were slightly shifted towards the lower frequency and very 

similar for all compositions. This clearly indicates that Ti ions indeed occupy interstitial 

sites in the host m-BZN.  

In Figure 4.17, we did not observe any remarkable changes in the lower range 

Raman modes at 124, 149, 171, which mainly originate with vibration of Bi against O6 

octahedra reveals that order of Bi atom is not influenced by Ti substitution.  The Raman 

modes at 211 and 256 cm-1 show anomalous change with increasing the Ti concentration 

and it may be due to change in Zn  – O  bond energy  due to substitution of Ti4+ ion. The 

O –Nb(Zn) – O bending vibration mode at 852 cm-1 shows decrease in frequency and  

increasing  in intensity with Ti substitution.  It is possible that the oxygen ions are freed 

from their defect bonding with Ti substitution, and thereby these are free to oscillate more 

like in single crystals resulting in a reduction of the oxygen bending mode vibration 

frequency. The observed Raman modes at 369, 412 538 and 682 cm-1  are showing a 

small deviation in frequency with increasing the Ti concentration in m-BZN and assigned 

as the polar mode. The intensity and line widths of these Raman modes were also found 

to be changing with Ti concentration, which suggest that the local lattice disorder. The 

local lattice disorder can be related to the decrease in binding energy of Nb – O, Zn – O 

bonds as a result of the substitution of Nb5+ by Ti4+. It also suggests that the polarizability 

in NbO6 octahedra change due to strong correlation between Ti4+ and Nb5+ ions present at 

the same site of Ti substituted   m-BZN ceramics resulting in change of the dielectric 

constant and loss tangent.   
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Figure 4.18 Temperature dependent Raman spectra of m-BZN ceramics with 0.2%Ti substitution. 
 

The temperature evolution of the Raman spectra of m-BZN ceramics with 0.2 

mole % of Ti substitution at B site is shown in figures 4.18 and 4.19. It is hard to describe 

in detail the temperature changes of Raman spectra on the lower wavelength side since it 

appears to consist of a higher number of overlapping weak lattice modes, for example, 

very low intensive tilt modes. The Raman modes are seen at 261, 368, 597 and 753 cm-1 

for the 0.2% Ti doped ceramics at room temperature. It is seen that the intensity of the 

modes and the background increase with the increase of temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19 Raman spectra of m-BZN ceramics with 0.2%Ti substitution above 900 °c showing 
the evolution of phase transitions. 
 

200 400 600 800 1000

96
8

63
5

26
4

900oC

9500C

10000C

In
te

ns
ity

 (a
rb

.U
ni

t)

Raman Shift(cm-1)



 104

After 900°C, the emergence of some additional modes at 264, 635 and 968 cm-1 are 

observed. All other modes disappear and this indicates a structural phase transition in 

these materials at these temperatures. Further investigations are required in this direction 

which is, however, beyond the scope of the present study. 

 

4.8 Summary 

In summary, the structural, microstructural and dielectric characteristics as well as 

the Raman characteristics of c-BZN, m-BZN and titanium doped m-BZN ceramics were 

studied systematically. These ceramics were prepared using the conventional solid-state 

reaction method. The X-ray diffraction study confirms the formation of the cubic 

pyrochlore structure with all the major peaks corresponding to the Fd3m space group for 

c-BZN ceramics. It also confirms the monoclinic zirconolite-like structure with all the 

major peaks indexed to the C2/c space group for m-BZN ceramics. The measured 

dielectric constant and loss tangent of c-BZN ceramics are 134 and 1.2 x10-3respectively 

and for m-BZN ceramics, 75 and 0.4x10-3 respectively. For titanium substituted samples, 

with an increase in Ti content from 0 to 0.4 mole% at B-site, the dielectric constant 

increased from 75 to 120 while the dielectric loss tangent increased from 0.0004 to 

0.061. At higher temperatures, the measured dielectric constant of Ti substituted ceramics 

show dispersion and a corresponding peak appears for the loss tangent. This dispersion-

type behavior in the Ti doped m-BZN ceramics can be explained by the hopping 

relaxation phenomenon. The dielectric loss tangent of c-BZN ceramics shows a broad 

peak at the temperature range of 150 to 200K while  m-BZN ceramics shows almost 

temperature-independent dielectric loss tangent when measured at a frequency of 3GHz. 

The measured Raman spectra for c-BZN and m-BZN ceramics do not have a  very large 

difference except for a band at 836cm-1 which is observed only for m-BZN ceramics. 

Some additional bands are also seen in m-BZN ceramics at the lower wavelength side 

which can be due to the lowering of symmetry in this system. The reported bands for 

BZN pyrochlores are located at 139, 195, 251, 271, 337, 369, 537, 623 and 764cm-1. The 

band at 251cm-1 was assigned to Zn-O stretching mode while the bands at 195 and 

764cm-1 correspond to Bi-O and Nb-O stretching modes respectively. The additional 

modes at 264, 635 and 968 cm-1 which appear at higher temperatures in the titanium- 

substituted samples may be an indication of a phase transition in these materials at these 

temperatures. Additional studies are required to confirm this apparent phase transition. 
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Chapter 5 

Preparation of pyrochlore thin films in  Bi2O3-ZnO-Nb2O5 system and their 
structural, microstructural and optical properties 

 

 

5.1 Introduction 

This chapter describes the structural, microstructural and optical properties of the 

pulsed laser deposited c-BZN and m-BZN thin films.  The effect of process parameters 

such as oxygen pressure during deposition, annealing temperature etc on the structural 

and microstructural characteristics are carefully analysed. This chapter also presents a 

detailed study on the influence of process parameters on the local symmetry of thin films 

from the Raman scattering.  

5.2 Preparation of BZN thin films 

 Pulsed laser deposition (PLD) is a physical vapor deposition technique based on 

the evaporation of material by means of a highly energetic pulsed laser beam focused on 

to the solid target by a lens. The PLD process for the thin film growth can be divided into 

four regimes, viz. (i) The interaction of the laser beam with the target resulting in 

evaporation of the surface layers (evaporation regime), (ii) Interaction of the laser beam 

with the evaporated materials causing the formation of isothermal expanding plasma 

(isothermal regime), (iii) The anisotropic three dimensional adiabatic expansion of the 

laser induced plasma with a rapid transfer of thermal energy of the species in plasma into 

their kinetic energy, and (iv) Thin film growth. Due to the interrelationship between these 

physical mechanisms involved in the PLD process, only an approximate description of 

the phenomena is possible. Therefore establishing a theoretical model to describe the 

whole PLD process is difficult. Instead, there exist several models; each of them 

analyzing in detail only one aspect of it, such as, the vaporization [1], plasma formation 

[2] and its expansion in vaccum or in presence of an ambient gas [3]. The plasma 

expansion process plays a crucial role in the PLD process. Eventhough as a thin film 

deposition process, PLD is a complex process it has offered many advantages necessary 

for a typical research work where in a fast window for thin film material study is 

available. Since PLD processing involved relatively few process parameters, it eventually 

led to easy generation of reproducible and quality thin films. If summarized briefly the 

main characteristic processing parameters include: the oxygen pressure within the 

chamber during deposition, the laser energy fluence, temperature of the substrate and post 
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deposition annealing process. An exhaustive study of the optimization process for a 

particular material involves check for composition, phase, and some of its important 

electrical or optical properties. In this study the films were deposited by varying the 

oxygen chamber pressure, reprate and laser fluence.  The optimized growth conditions are 

given in chapter 2. 

 

5.3 XPS analysis of BZN thin films 

 The composition and chemical state near the surface of the deposited films were 

obtained by X-ray photo electron spectroscopy (XPS). The XPS spectrum of c-BZN thin 

films in the binding energy range of 0-1200 eV is shown in figure 5.1. The peaks have 

been assigned as indicated in figure 5.1. It can be 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. Apart from chemical analysis, XPS can also give 

information about the chemical bonding in the material. The narrow scan XPS spectra of 

Bi4f, Nb 3d, Zn 2p and O1s peaks for the c-BZN thin films are shown in figures 5.2 and 

5.3.  A doublet structure exists in the XPS spectrum of Bi4f peaks as shown in figure 5.2 

The Bi 4f7/2 and Bi4f5/2 separates clearly at 157.17 and 162.46eV respectively. The spin 

orbit splitting between them is 5.29 eV. The peak positions of the Bi 4f are close to the 

earlier reported values of bismuth oxide [4, 5]. There is no spin orbit splitting in the case 

of Zn 2p atoms. This indicates that only one chemical state exist in the film for each Bi, 

Nb and Zn atoms. The Nb 3d peak position of these films is found to be at 207.23 eV. 

Previous report revealed that peak position is at 205.88eV for NbO2 type network and 

207.6eV for Nb2O5 type network [6]. The O1s peak position of the c-BZN thin film is at 

530.52eV and the Zn 2p peak position is found at 1022.35eV. According to the binding 

energies, Bi, Zn and Nb ions are considered to be in the chemical state of Bi3+, Zn2+, 

Nb5+.  The XPS spectra of the m-BZN thin films deposited on fused silica substrates were 

also having the similar characteristic as that of c-BZN except that the binding energy 

peaks were shifted little to lower values. 

 

 

 

 

 



 108

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Wide scan XPS spectrum of c-BZN films on fused silica substrate. 

 
Figure 5.2 Narrow scan XPS spectrum of (a) Bi 4f and (b) Nb 3d peaks for c-BZN thin films on 

fused silica substrate. 
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Figure 5.3 Narrow scan XPS spectrum of (a) O1s and (b) Zn 2p peaks for c-BZN thin films on 

fused silica substrate. 
 

5.4 EDX analysis of BZN thin films 

In order to investigate the compositional deviations if any in the PLD processed 

samples, Energy Dispersive X ray (EDX) analysis of the annealed films and the targets 

were carried out.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 EDX spectra of the c-BZN thin film deposited on silicon. 

The composition of the films was found to be close to that of the composition of 

the target. Figure5.4 present the EDX spectrum of the c-BZN thin films deposited on a 

silicon substrate. The Bi, Nb, Zn and O peaks appears in the EDX spectrum along with a 

large Si substrate peak. 
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5.5 Structural properties of Bi2O3-Nb2O5-ZnO based thin films 

5.5.1 Effect of annealing to the structural properties of BZN thin films 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 X-ray diffractograms of c-BZN films annealed at different temperatures on fused silica 
substrates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6  X-ray diffractograms of m-BZN films annealed at different temperatures on fused 
silica substrates. 
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The X-ray diffraction patterns of the as deposited and annealed c-BZN and m-

BZN films are given in figures 5.5 and 5.6. The films were deposited using an excimer 

laser with 300mJ energy and at an oxygen pressure of 10 mTorr.  No peaks were 

observed in the XRD of as deposited films indicating their amorphous nature. When the 

films are annealed at 500°C, one diffraction peak is seen for the c-BZN and three peaks 

were seen in the case of m-BZN thin films. On further increase of the annealing 

temperature, the crystallinity of the films was found to be improving. All the reflections 

in the diffractograms of c-BZN thin films show the formation of the cubic pyrochlore 

structure with all the major peaks corresponding to the Fd3m space group. Similarly, the 

reflections from the m-BZN thin films can be indexed with respect to the monoclinic 

zirconolite-like pyrochlore phase with C2/c space group [7, 8]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Variation of crystallite size with annealing temperature for c-BZN and m-BZN thin 
films. 

 

The average crystallite size of the c-BZN and m-BZN thin films were calculated 

from the XRD peak broadening using the Scherrer formula and are given in figure 5.7. 

The crystallite size was observed to vary from 33 nm to 70 nm for m-BZN thin films and 

25nm to 45 nm for the c-BZN thin films. It is also observed from figure 5.7 that for 

higher annealing temperatures, there is a rapid growth of crystallite size and m-BZN films 

were having large crystallite size compared to c-BZN thin films. This may be due to the 

rapid decrease of surface energy with crystalline growth of m-BZN thin films compared 
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to c-BZN thin films    [9]. It is interesting to note here that the crystalisation temperature 

for m-BZN is lower than that of c-BZN and that could be also a reason for the observed 

higher values for the crystallite size in m-BZN. 

 

5.5.2 Effect of Oxygen pressure on the c-BZN thin films 

The X-ray diffraction patterns of the c- BZN thin films deposited at different 

oxygen pressures and annealed at 600°C are shown in figure 5.8. No peaks due to a 

crystalline phase could be detected in the as deposited films, which indicate that the films 

were amorphous. After annealing at 600°C, most of the peaks of the cubic pyrochlore 

BZN could be detected [7]. No peaks due to any crystalline impurity phase were observed 

in the XRD. The prominent peak in the    XRD of c- BZN pyrochlore is the reflection 

from the (222) plane. This has a reported diffraction angle (2θ) of 34.175° and an inter 

atomic spacing (d) of 3.0456A° unit [7]. The second prominent peak is due to the 

reflection from the (400) plane at 2θ= 39.66° and an inter atomic spacing d=2.6376 A°.  

 

 

 

 

                     

 

 

 

 

 

 

 

Figure 5.8 X-Ray diffraction patterns of c- BZN thin films deposited at oxygen pressures of   (a) 
2, (b) 6 and (c) 10mTorr and annealed at 600°C. 
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intensity of the reflection from the (400) plane to the (222) plane was 0.39, 0.29 and 0.39 
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respectively for the films deposited at 2, 6 and 10 mTorr of oxygen pressures. From this 

analysis it is clear that the films deposited at 6 mTorr of oxygen pressure is more oriented 

in the (222) direction. The lattice parameters derived for these films from the (222) 

reflection plane are 3.039 A°, 3.046 A° and 3.038 A° respectively.  
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Figure 5.9 Variation of crystallite size and intensity of the (222) reflection with   oxygen pressure 
of c-BZN thin films on fused silica substrate. 
 

Figure 5.9 shows the variation of crystallite size with oxygen pressure. The 

crystallite size varies between 31 to 60nm with increase in oxygen pressure. It can be 

noted that as the crystallite size increases, the films are more oriented in the (222) 

direction. 

 

5.5.3 Effect of oxygen pressure on  m-BZN thin films 

     The XRD spectra of the m- BZN thin films deposited at different oxygen 

pressure and annealed at 600°C are shown in figure 5.10. No peaks due to a crystalline 

phase could be detected in the as deposited films, which indicated that the films were 

amorphous. The inter-atomic spacing for these films for the prominent (220) reflection 

plane are 3.574A°, 3.561 A°, and 3.547 A° respectively. On comparison with the standard 

d spacing, we can find that all these films are in compressive stress and the stress is 

decreasing with the increase in oxygen pressure.  
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Figure 5. 10  XRD pattern of the m- BZN thin films annealed at 600°C. 
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Figure 5.11 Variation of crystallite size of the m-BZN thin films with oxygen pressure during 
deposition. 

 

Figure 5.11 shows a variation of crystallite size with the oxygen pressure, the crystallite 

size is found to be varying between 10nm to 50nm with respect to the oxygen pressure. It 

can be noted that as the oxygen pressure increases, the crystallite size also increases. At 

higher oxygen pressure, the ejected species from the target could undergo much more 

collision with oxygen molecule than those under lower oxygen pressure. These results in 
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the formation of larger clusters before their arrival at the substrate surface which 

undergoing nucleation and grain growth process results in larger crystallites. 

 

5.5.4 Structural properties of c-BZN thin films grown on silicon substrates 
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Figure 5.12 X-ray diffractograms of c-BZN films deposited on silicon at different oxygen 

pressures and annealed at 600°C. 
 

Figures 5.12 and 5.13 shows the x-ray diffraction patterns for the c-BZN thin 

films grown on silicon and platinised silicon substrates respectively. The films were 

deposited at different oxygen pressures at ambient temperature and annealed at 600°C for 

30 minutes. It is seen that the crystallinity of the films are varying with oxygen pressure. 

The crystallite size analysis using Scherrer equation reveals that there was a decrease in 

crystallite size with the increase in oxygen pressure. With the increase in pressure, the 

energies of the deposited species will get reduced, affecting the crystallinity which 

accounted for the decreased peak heights at higher oxygen pressures. 
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Figure 5.13 X-ray diffractograms of c-BZN films deposited at different oxygen pressures and 
annealed at 600°C on platinum coated silicon substrates. 

 

5.5.5 Structural properties of m-BZN thin films grown on Silicon substrates 
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Figure 5.14  X-ray diffractograms of m-BZN films on silicon substrates deposited at different 

oxygen pressures and annealed at 600°C. 
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Figures 5.14 and 5.15 shows the X-ray diffraction patterns for the m-BZN thin films 

grown on silicon and platinised silicon substrates respectively. The films were deposited 

at different oxygen pressures at ambient temperature and annealed at 600°C for 30 

minutes. It is seen that the crystallinity of the films are varying with oxygen pressure. 

From the x-ray diffraction pattern it can be seen that the crystallinity of the m-BZN thin 

films grown on pt coated silicon substrate are less compared to that grown on silicon 

substrates. 

20 30 40 50 60

10  m T orr 

6  m T orr 

In
te

ns
ity

(a
rb

.U
ni

t)

2θ  (in degrees)

2  m T orr 

 

21
4

13
315

1

Pt

22
2

22
0

 

 
Figure 5.15 X-ray diffractograms of m-BZN films on platinum coated silicon substrates 

deposited at different oxygen pressures and annealed at 600°C. 
 

5.6 Microstructural analysis 

The microstructural characteristics of polycrystalline films are important because 

they control their properties, performance, and reliability in applications. In practical 

applications, the properties of polycrystalline films must be reproducible in order to 

control their performance and reliability. This, demands control over their microstructure, 

through effective process optimization that defines their structures.  So a direct insight 

into the surface structural features of the BZN thin films is required in every step of 

processing.  Detailed AFM imaging was performed for this purpose. AFM is a proven 

method to analyse the surface morphology of thin films which also allows the quantitative 

measurements of surface roughness. 
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5.6.1 Effect of oxygen pressure on the microstructure of BZN thin films 

The surface topography evolution of the c-BZN thin films deposited at different 

oxygen pressures was determined using the atomic force microscopy and are shown in 

Figure 5.16. The annealed films show a nanostructured grain morphology with grain size 

in the range 69-90nm. The rms roughness of the as deposited films was found to be in 

between 0.5 to 1.5 nm whereas those of the annealed films were in between 1.6 and 3.4 

nm. The ratio of the grain height to the grain diameters, for the un annealed thin films on 

fused silica substrates deposited at a total oxygen pressure of 2, 6 and 10 mTorr were 

found to be 0.0267, 0.037 and 0.051 respectively. On annealing these values changed to 

be 0.079, 0.085 and 0.096 respectively. The summary of the microstructural analysis of 

the c-BZN thin films grown on fused silica substrates is given in table 5.1. 
 

 
 

Figure5.16 AFM micrographs of the c-BZN thin films deposited at (a) 2, (b) 6, and (c) 10mTorr  
of oxygen pressures on  fused silica substrates and annealed at 600°C. 

 
Oxygen 

Pressure(mTorr) 
Grain Size(nm) RMS 

roughness(nm) 
 

2 69 1.6 

6 78 2.3 

10 95 3.4 

 

Table 5.1 Summary of grain size and RMS roughness of the c-BZN films deposited on 
amorphous fused silica substrates. 

 

 

 

 



 119

 

 

 

 

 

 

 

 

 

Figure 5.17 AFM micrographs of the annealed m-BZN thin films deposited at different 
oxygen pressures. 

 

       

         

 

 

 

 

   

   

Figure 5.18: AFM micrographs of the annealed m-BZN thin films deposited at different oxygen 
pressures. 

 

Oxygen pressure 
(mTorr) 

Grain Size(nm) RMS 
roughness(nm) 

 
2 40 2.12 

6 55 3.15 

10 160 8.2 

 

Table 5.2 Summary of grain size and RMS roughness of the m-BZN films deposited on 
amorphous fused silica substrates. 

 
The effect of oxygen pressure on the microstructure of the PLD grown m-BZN 

thin films were investigated with AFM and found that oxygen pressure can significantly 

alter the surface morphology of these films. The scanning probe microscopic images of 

the as deposited and annealed m - BZN thin films deposited at different oxygen pressures 

2m Torr 6 mTorr 10 mTorr2m Torr 6 mTorr 10 mTorr2m Torr 6 mTorr 10 mTorr

2 mTorr 6 mTorr 10 mTorr2 mTorr 6 mTorr 10 mTorr
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is shown in figure 5.17 and 5.18. The summary of the microstructural analysis of the m-

BZN thin films grown on fused silica substrates is given in table 5.2. The rms roughness 

of the films is found to increase with the increase of oxygen pressure. For the films 

deposited at 6 mTorr of oxygen pressure, it can be noted that the crystallite size measured 

from the XRD and the grain size measured using atomic force microscopy are almost the 

same, which means that these films contain nano-sized grains whose size is 

approximately equal to that of a crystallite.  

 

5.6.2 Effect of annealing temperature on the microstructure of the BZN thin films 

 The effect of annealing temperature on the microstructure of the c-BZN and  m-

BZN thin films has been observed using the atomic force microscopy as shown in figures 

5.19 and 5.20.  The surface roughness of the c-BZN thin films annealed at 500°C is 

1.3nm and it is 3.5nm for the films annealed at 700°C. This shows that as the annealing 

temperature is increased, grain growth occurs, which results in increased grain size. This 

could be the result of an increase in the surface mobility available with increasing 

temperatures thus allowing the film to lower its total energy by decreasing the grain 

boundary area resulting in larger grains. Thus the films become more granular with the 

rise of temperature which results in increased surface roughness [10]. The m-BZN thin 

films are also exhibiting a similar behaviour. 

 

 

 

 

 

 

 

 

Figure 5.19 AFM micrographs of the c-BZN  thin films annealed at (a) 400°C, (b) 500°C, (c) 600 
°C  and (d) 700°C deposited on fused silica substrates. 
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Figure 5.20 AFM micrographs of the m-BZN thin films annealed at (a) 600°C, (b) 700 °C  and 
(c) 800°C deposited on fused silica substrates. 

 

The microstructure of the m-BZN films annealed at 600°C shows closely packed 

tiny grains. With the increase in annealing temperatures, these closely packed individual 

grains are fused together to form larger grains. The films annealed at 700°C show a 

porous microstructure due to the presence of a mixture of clusters of grains and individual 

grains. The films annealed at 800°C shows a dense microstructure with bigger and closely 

packed grains due to a complete grain growth in these films.  

 

5.6.3 Microstructure evolution of BZN thin films grown on different substrates 

The AFM micrographs of the c-BZN and m-BZN thin films grown on different 

substrates are shown in figures 5.21 to 5.23. The c-BZN thin films grown on LAO, ALO 

and MgO substrates are showing a homogeneous and dense microstructure with larger 

grains. The microstructure of the c-BZN thin films grown on silicon substrates is not well 

evolved. Different microstructure induced by different substrates can be observed in the 

present study.  Similarly the microstructure of m-BZN thin films grown on Silicon, LAO 

and ALO substrates shows a dense microstructure while the films grown on the MgO 

substrates shows a porous microstructure. The summary of microstructural analysis of c-

BZN and m-BZN thin films grown on different substrates are given in tables 5.3 and 5.4  
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Figure 5.21 AFM micrographs of the c-BZN thin films deposited on (a) LAO (b) ALO  and       
(c) MgO substrates  and annealed at 600°C. 

 
 

 

 

 

 

 

 

 

 
Figure 5.22 AFM micrographs of the m-BZN thin films deposited on (a) LAO (b)ALO   

and (c) MgO substrates  and annealed at 600°C. 
 

 

 

 

 

 

 

 

 

Figure 5.23 AFM micrographs of the (a) c-BZN thin films and (b) m-BZN thin films 
grown on silicon substrates. 
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Substrate Grain Size(nm) RMS 
roughness(nm) 

ALO 125 6.2 

LAO 197 8.2 

MgO 220 12 

Si 93 2.48 

 
Table 5.3 Summary of grain size and RMS roughness of the c-BZN films deposited on various 

substrates. 
. 

Substrate Grain Size(nm) RMS 
roughness(nm) 

AlO 290 7.5 

LaO 240 6.3 

MgO 103 2.9 

Si 61 1.7 

 

Table 5.4 Summary of grain size and RMS roughness of the c-BZN films deposited on various 
substrates. 

 
Although the mechanisms of PLD are complicated, the interaction between the 

plume and the substrate is a major factor for the multicomponent material depositions. 

This interaction involves the energy exchange between the substrate thermal energy and 

the plume’s kinetic energy. This interaction ultimately determines the thin film 

orientation and microstructure in each substrate. The microstructural development of the 

thin film grown on different substrates will depend on the adatom mobilities and sticking 

coefficient of the individual substrates. The lattice mismatch and the difference between 

the thermal expansion coefficients between the film and substrate materials are also 

responsible for the different microstructure in these substrates. 

 

5.7 Raman spectral characteristics of Bi2O3-Nb2O5-ZnO based thin films 

Raman spectroscopy is a powerful technique for studying vibrational modes in 

condensed matter which helps to identify the chemical bonds present in the system. Most 

of the fundamental vibrational modes in condensed matter lie in the energy range that 

corresponds to the middle infrared part of electromagnetic spectrum with wave numbers 

from 500 to 4000 cm-1. Raman effect can be interpreted as inelastic scattering of light due 
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to superposition of skeletal vibrations and dipole oscillations induced by electric field of 

the incident wave. The vibrational modes are Raman active only if it affects the local 

polarizability. Since the dielectric properties of ionic solids are primarily dictated by their 

lattice dynamics, knowledge of the lattice dynamics is important for both bulk and thin 

film dielectrics. Therefore Raman spectroscopy is important for dielectrics as it is one of 

the simple techniques which give a good insight into the lattice dynamics of the material. 

Moreover, it is a nondestructive technique and it does not require any special treatment of 

the samples. 

 

5.7.1 Effect of oxygen pressure on the Raman characteristics of c-BZN thin films 

 For the analysis of Raman scattering data, we consider that the c- BZN thin film 

is characterized by face centered cubic symmetry with the space group Fd3m. The six 

Raman active modes can then be classified as follows [11]: Γ = Ag+ Eg+ 2F1g+4F2g. The 

room temperature Raman scattering data of c- BZN thin film and bulk were obtained by 

employing normal backscattering geometries, and their results are presented in figure 

5.24. We observed Raman modes at 139, 195, 251, 271, 337, 369, 537, 624, and 764 cm-1 

in c-BZN thin films, which are comparable to the recently reported Raman spectra of c-

BZN thin film with the same Fd3m symmetry [12]. The optical phonon mode at 251 was 

assigned to Zn – O vibration mode whereas the modes at 194 and 764 cm-1 are due to 

pure Bi-O and Nb –O stretching vibrations [13]. The difference of the cation ionic radius 

in A site and B site will affect the force constants of the A-O, A-O’ and B-O vibrational 

modes, thus the whole Raman bands will have to undergo some shift to the red or blue 

directions and even some new vibrational modes will emerge. As we compare the 

observed Raman data of thin film and bulk, we observe that 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. The change in local symmetry in thin 

films arose due to strain, which changes the correlation lengths between the dipoles.  

In figure 5.24, we observed one strong Raman peak at 893 cm-1 marked with a 

single asterisk, which is only observed in thin film Raman spectrum. The Raman modes 

at 764 and 893 cm-1 seem to be related to oxygen octahedra (NbO6) stretching mode. The 

FWHM and Raman shift of 764 cm-1 Raman modes showed blue or red shifts with 

oxygen pressure. The intensity of the Raman mode at 893 cm-1 showed an abrupt change 
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in thin films deposited at 6 mTorr compared to 2 and 10 mTorr and it reveals the rigidity 

of the octahedral NbO6 cage in c- BZN thin films that changed with oxygen pressure. 
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Figure5.24 Raman spectra for the c - BZN thin films deposited at 2, 6 and 10 mTorr oxygen 

pressures and bulk. 
 

We observed additional Raman lines at 141, 158, 223 and 340 cm-1 in films which 

are deposited at 6 and 10 mTorr. The presence of new Raman modes in some thin films 

could be attributed to the change in local symmetry brought in by strain in the thin films 

prepared at some oxygen partial pressures. Presence of movable Zn2+ ions in the 

pyrochlore structure also could contribute to this effect [14]. These new modes are absent 

in BZN thin films deposited at low oxygen pressure at 2 mTorr and in bulk BZN.  The 

intensity of Raman modes at  155, 271, 369, 623 and 893 cm-1 are found to decrease with 

increase in the oxygen pressure whereas the intensities of the other modes are either 

constant or they increased with oxygen pressure.  

 

5.7.2 Effect of oxygen pressure on the Raman characteristics of m-BZN thin films 

Raman scattering is highly sensitive to find the changes in local lattice distortions 

arising mainly from oxygen deficiency. The Bi2Zn2/3Nb4/3O7 m-BZN thin films are 

characterized by monoclinic zirconate – like pyrochlore structure with the space group     

( C2/c – C2h )[15]  The 69 Raman active modes can then be classified as                            

Γ = 34Ag+ 35B1g.  The room temperature Raman scattering data of m – BZN thin films 

were obtained by employing normal backscattering geometries and their results are 

presented in Fig 5.27 along with the Raman scattering of c-BZN deposited in similar 
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oxygen pressures (Figure 5.25). We observed Raman modes at 165, 204, 246, 362, 429, 

488, 556, 602, 778, 849, and 1053 cm-1 in m-BZN thin films, which are comparable to the 

earlier reported Raman spectra of m-BZN bulk materials with the same monoclinic 

symmetry [16].  The Raman modes are broad due to the disorder of Zn2+ and Nb5+ on the 

B site of the pyrochlore structure. This may be a probable reason for observing much less 

number of Raman modes in m-BZN thin films.   

 The difference of the cation ionic radius in A site and B site will affect the force 

constants of the A-O, A-O’ and B-O vibrational modes, thus the whole Raman bands will 

have to undergo some shift to the red or blue directions and even some new vibrational 

modes will emerge. As we compare the observed Raman data of monoclinic and cubic 

BZN thin films, we observe that the number of observed Raman modes in m-BZN is 

greater than c- BZN as expected from the factor group analysis. The optical phonon mode 

at 764 cm-1 is due to Nb –O stretching vibrations in c-BZN [17]. This mode probably 

splitted in two mode in case of m-BZN and we observed Raman modes at 778 and 849,             

[18] which are originated from the symmetrical vibration in NbO6 octahedra and assign as 

Ag mode [19]. These results suggested that the local symmetry in m-BZN is different 

from that of the c-BZN due to the disorder of Zn2+  at A and B sites, which changes the 

correlation lengths between the dipoles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.25 Raman spectra for the m - BZN and c – BZN thin films deposited at 10 
mTorr oxygen pressures. 
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Figure 5.26 Raman spectra for the m - BZN bulk ceramic and thin film deposited on fused silica 
substrate. 

 
The Raman scattering spectra of m-BZN thin films and m-BZN bulk ceramics are 

shown in figure 5.26. The Raman peaks of the films are found to be shifted towards the 

higher frequency side with respect to the bulk values. Assuming the compositions and 

crystal structure of the thin films are identical to that of their bulk counterpart, shifts in 

the peak positions of the Raman spectra can be interpreted as the result of changes in the 

local environment of the vibrating ions. The shifts in the Raman modes to the higher 

frequency side is an indication of the stiffening of the bonds i.e. it indicates the shorter 

anion-cation distance which will result in vibration at higher frequencies. The observed 

shift in Raman modes toward the higher frequency side for the m-BZN thin films indicate 

that the films are under compressive stress. This may be influencing the optical and 

electrical properties of the films which are discussed in the sixth chapter.  

Figure 5.27 shows the Raman scattering spectra of m-BZN thin films deposited at 

2, 6, and 10 mTorr oxygen pressures. We observed that low frequency Raman modes are 

not appearing in the thin films deposited at 2 mTorr and 6 mTorr oxygen pressures. The 

A1g Raman modes at 764 and 893 cm-1 corresponds to Nb – O – Zn stretching mode.  The 

frequency shift of the two Ag Raman modes showed blue or red shifts with oxygen 

pressure as presented in Fig. 5.28.  These results  
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Figure 5.27 Raman spectra of the m - BZN thin films deposited at 2, 6 and 10 mTorr oxygen 
pressures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.28 Frequency shift with oxygen pressure for Ag Raman modes, observed at 778 and 849   
cm-1 for the samples deposited on fused silica substrates. 

 

reveal that the polar distortion got suppressed with increasing oxygen pressure. The 

intensity and line width of these Raman modes also showed abrupt changes in thin films 

deposited at 10 mTorr compared to 2 and 6 mTorr and it reveals that the rigidity of the 

NbO6 octahedral cage in BZN thin films have changed with oxygen pressure. As shown in 

the figure 5.28 the A1g  Raman modes  appears at  778cm-1 shows a shift towards higher 
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frequency side with increase in oxygen pressure while the mode at 849 cm-1 shows 

decreasing frequency. It is possible that oxygen ions are freed from their defect bonding 

with increasing oxygen pressure, and thereby free to oscillate more like in single crystals 

resulting in a reduction of the oxygen bending mode vibration frequency.  However the 

Nb – O – Zn stretching mode becomes more rigid. The dielectric properties of oxygen 

octahedra based systems increases when the octahedra are aligned, as this configuration 

increases the local Lorentz field factor at the metal ion inside the octahedra [20] making it 

highly polarizable.  

 

5.7.3 Raman characteristics of c-BZN and m-BZN thin films on different substrates 

In order to have a better understanding of the effect of the substrates on the films 

studied, the Raman spectrum of the films was collected as described in chapter 2. A 

compilation of the Raman spectra for c-BZN thin films on MgO, LAO. ALO and fused 

silica substrates at 10mTorr oxygen using pulsed laser deposition from 150-1200cm-1 is 

shown in figure 5.29. From the visual inspection of the spectra, several intensity peaks are 

evident. It has been shown before from the factor group analysis of c-BZN of the regular 

pyrochlore structure that, it has six Raman active modes [21]. However it has been shown 

that for the c-BZN films, the dynamic displacement of the ions from their regular 

pyrochlore atomic positions leads to the possibility of having more number of Raman 

active modes [22]. Similar observations were made by Nino and co-workers also [23]. 

Such a situation is possible, if the local symmetry is different from the regular pyrochlore 

symmetry. For the c-BZN thin films grown on MgO substrates the Raman active modes 

were seen at 260,518,605,783,891 and 1119cm-1 respectively. On comparison with the 

standard Raman modes, the modes at 260cm-1 can be assigned to F2g mode corresponding 

to the A-O vibrations. Similarly the mode at 518cm-1 can be assigned to the F2g modes 

due to BO6 octahedral and the mode 605 is assigned to an F2g mode due to the B-O and 

O-B-O bond vibration. The c-BZN grown on LAO substrates exhibited the Raman modes 

at 268,353,485,591,746 and 1014 cm-1, while they are observed at 267,368.415,578 and 

745cm-1 for the films grown on sapphire substrates and at 261,446,488,605,790 and 

907cm-1 for the films grown on amorphous fused silica substrates. The Raman mode at 

764 and 893 cm-1 can be associated with the oxygen octahedral (NbO6) stretching mode. 

From the figure it is clear that the NbO6 vibrating mode is located at 783 cm-1 for the 

films grown on MgO substrate and at 790cm-1 for the films grown on fused silica 

substrate. For the lanthanum aluminate and sapphire substrates these modes appear at 746 
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and 745 cm-1 respectively.  Assuming identical composition and overall crystal structure 

for the films, shift in peak positions of the Raman spectra can be interpreted as the results 

of changes in the local environment of the vibrating ions. Specifically, they can point to  
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Figure 5.29 Raman spectra for the c - BZN thin films grown on different substrates and bulk. 
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Figure 5.30  Raman spectra of the m - BZN thin films grown on different substrates. 
 
stiffening of bonds (shorter anion-cation bond distance) resulting in vibration in higher 

frequency and vice versa (longer bonds means lower frequencies). The shift towards the 

higher frequency side in comparison with the mode at 764cm-1 of bulk c-BZN in the thin 

films grown on MgO and fused silica substrates can be attributed to the compressive state 

in the films. Similarly, the films grown on LAO and sapphire are in a state of tensile 
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stress. Such changes in local environment vibrating atoms could affect all the observed 

optical and electrical properties of the films.   

Similarly, the Raman spectra for m-BZN thin films grown on lanthanum 

aluminate, sapphire and fused silica substrate at 10mTorr oxygen using pulsed laser 

deposition is shown in figure 5.30. For the bulk m-BZN ceramics, the Raman modes are 

observed at 849,746,695,594,366 and 260 cm-1. The A1g modes at 849 and 746 cm-1 are 

attributed to a combination of Nb-O-Zn stretching mode, oxygen bending vibration, B site 

ion vibration against O stretching vibration inside the octahedra and the BO6 octahedra 

vibrations. On comparing the A1g modes at 849 and 746cm-1 of the m-BZN bulk, the 

corresponding modes in the films are having shifts. These modes are appearing at 848 and 

790 cm-1 respectively for the m-BZN thin films on fused silica substrate. Similarly for the 

films on lanthanum aluminate substrates the modes are appearing at 815 and 753 cm-1 

respectively. In the case of films on sapphire substrates the first and second A1g modes are 

seen at 749 and 833 cm-1 respectively. Assuming identical composition and overall 

similar crystal structure for the films, shift in peak positions of the Raman spectra can be 

interpreted as the result of changes in the local environment of the vibrating ions [24]. On 

comparing the second A1g mode which appears to be prominent in the films, the films 

grown on sapphire and lanthanum aluminate seems to be tensile strain, while the film on 

fused silica are in compressive strain. 

 

5.8 Optical properties of thin films in the  Bi2O3-Nb2O5-ZnO system 

As mentioned in the first chapter, the thin films in the Bi2O3-Nb2O5-ZnO systems 

are mainly being considered for dielectric applications in microelectronics. However, the 

optical properties of these thin films are also interesting for a number of reasons including 

identifying the electronic component of polarizability in these films and monitoring the 

film growth as well as degradation processes.  Variations in optical parameters such as 

refractive index and band gap with changes in processing conditions are good indicators 

of the growth patterns of the dielectric films. Moreover high dielectric constant thin films 

with high optical transparency have considerable importance in the transparent 

optoelectronic devices. So a systematic investigation on the optical properties of these 

thin films is important for understanding the growth process as well as identifying the 

suitability of these films in transparent electronic application. 
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5.8.1 Effect of oxygen pressure on the optical properties of c-BZN thin films 

The spectral transmission curves of the c-BZN thin films before and after 

annealing are shown in the figures 5.31 and 5.32. All the transmission spectra show 

interference fringes, which originate due to interference at the air – film and substrate-

film interfaces. The sharp fall in transmission and disappearance of the fringes at the 

shorter wavelength is due to the fundamental absorption of the films. There is a clear shift 

in the interference-free regions suggesting a remarkable change in the optical band edge 

for films prepared at different oxygen pressures. The spectral transmission behaviour 

shows a strong dependence on thickness of the films as well as oxygen pressure during 

film growth. The XRD pattern given in figure 5.8 already reveals that the as deposited 

films were amorphous in nature, but they crystallised after annealing at 600°C. The BZN 

film with a thickness 420 nm deposited at 10 mTorr oxygen pressure shows a 

transmittance T of 90% at a wavelength of 546nm. The deposited films were quite 

transparent in visible region. Furthermore the absorption edge shifted to the shorter 

wavelength region with increasing oxygen pressure indicating that the optical band gap, 

Eg increased with increasing pressure. 
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Figure 5.31 Measured spectral transmission curves of as deposited c-BZN thin films. 

 



 133

500 1000 1500 2000 2500
0

20

40

60

80

100

T
%

Wave length (nm)

 2 mTorr
 10 mTorr
 6 mTorr

 
Figure 5.32 Measured spectral transmission curves of annealed c-BZN thin films. 

 

The optical band gap Eg can be determined from the absorption coefficient α, 

calculated as a function of incident photon energy, E, for indirect allowed transitions. At 

shorter wavelengths close to the optical band gap, scattering losses are dominated by 

fundamental absorption and α at a given wavelength, λ, is often expressed as  

                    ⎟
⎠
⎞

⎜
⎝
⎛−=

Td
1ln1α                                      (5.1) 

where d is the film thickness, and T is the transmittance at that wavelength. 

The optical band gap Eg for all the films were calculated using the Tauc relation 

[23], which is given by 

( )mgEEBE −=α       (5 .2) 

where B is the constant that is a measure of crystalline order in the deposited films. E is 

the incident photon energy and m=0.5, 1.5, 2 or 3 for allowed direct, forbidden direct, 

allowed indirect and forbidden indirect electronic transitions. Interband optical transitions 

that can be described by wave functions localized over a distance of the order of lattice 

constant are relatively unchanged by disorder. Therefore, optical band gap and the 

constant B estimated from (αE)1/2 vs E reflects the local atomic structure undetected by 

XRD. That is, these parameters can be correlated with the short-range order at the 

nanoscale and particularly amorphous phase alone or phases coexisting with crystalline 

materials in films grown at low temperatures. In the current study, the calculated Eg 

increases with increase in oxygen pressure. The optical band gap also shows an increase 



 134

on annealing, indicating onset of crystallinity. All the films show Eg values of the orders 

of 3.30 to 3.60eV.  
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Figure 5.33 Variation of the optical band gap of the as deposited and annealed    c-BZN thin films 

deposited at different oxygen pressures. 

 The low band gap in the as deposited thin films may be due to the disorder 

crystalline structure and the increase in optical band gap reflects the crystallinity in the 

BZN thin films. The change in the shape of the fundamental absorption edge is 

considered to reflect the variation in density of states and the short-range structural 

change undetected by XRD.  The refractive index (n) of the films as a function of oxygen 

pressure is shown in figure 5.34. It is found that the refractive index decreases with the 

increasing 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. This can be 

correlated with the crystallization of the films, thus approaching single crystal values. 

Biegalski et al [25] reported a refractive index of around 2.5 at 700nm  for the BZN thin 

films. The theoretically estimated value of bulk BZN ceramics reported by Chen et al at 

700nm is 2.5. Cheng et al. [26] reported a refractive index value in the range of 2.2 to 

2.35 for laser annealed BZN thin films. The experimental value of refractive index for 

Bi1.5Zn1.0Nb1.5O7 thin films measured at 700nm in this study is comparable with that of 

those reported in the literature. 
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Figure 5.34 Variation of the refractive index at the wavelength of 600nm of the as deposited and 

annealed c-BZN thin films deposited at different oxygen pressures. 

 

5.8.2 Effect of oxygen pressure on the optical properties of m-BZN thin films 

The spectral transmission curves of the m-BZN thin films before and after 

annealing is shown in the figures 5.35 and 5.36. All the transmission spectra show 

interference fringes, which originate due to interference at the air-film and substrate-film 

interfaces. The sharp fall in transmission and disappearance of the fringes at the shorter 

wavelength is due to the fundamental absorption edge of the films. There is a clear shift 

in the interference free regions suggesting a remarkable change in the optical band edge. 

The spectral transmission behaviour shows a strong dependence on thickness of the films 

as well as oxygen pressure during film growth. The XRD spectrum, given in figure5.9, 

already reveals that the as deposited films are amorphous in nature but they crystallised 

after annealing at 600°C. The as deposited m- BZN films deposited at different oxygen 

pressures shows a transmittance T of 70-80% in the visible region. The optical 

transmittance increases for the annealed films. It was found that the absorption edge 

shifted to the longer wavelength region with increasing pressure indicating that the optical 

band gap, Eg decreased with increasing pressure. Recently, Chen et al. [27] reported a 

refractive index of 2.05 to 2.5 for the pulsed laser deposited m-BZN thin films on ITO 

coated glass substrates. The measured optical properties films of this study are also in 

good agreement with their results. 
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Figure 5.35 Measured spectral transmission curves of  as deposited m-BZN thin films. 
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Figure 5.36 Measured spectral transmission curves of  as deposited m-BZN thin films. 

The calculated Eg shown in figure 5.37 shows an increase with increase in oxygen 

pressure. The optical band gap of the films deposited at 2, 6 and 10 mTorr of oxygen 

pressures shows a decrease on annealing. All the films show Eg values of the orders of 

3.50 to 3.60eV. The possible reasons for higher value of band gap in the un-annealed m-

BZN thin films is the existence of the density of states with in the gap as explained by 

Davis and Mott[29], causing the formation of a fundamental absorption edge due to  band 

tailing rather than an optical band gap as stated earlier. In the crystalline states the states 

within the gap disappear and the optical band gap then approaches the single crystal 

value. The films deposited at 6 mTorr of oxygen is having higher band gap and it may be 

because  it got a  nano-structured grain morphology.  
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Figure 5.37 Variation of the optical band gap of the as deposited and annealed m-BZN thin films 

deposited at different oxygen pressures. 

 

The refractive index (n) of the films as a function of oxygen pressure is shown in 

figure 5.38. It is found that the refractive index increases with the increase in oxygen 

pressure. The as deposited films show a increase in refractive index with increase in 

oxygen pressure from 2.06 to 2.15. Post-deposition annealing, however, results in a 

relatively pressure-independent refractive index of 2.25±0.2. This can be correlated with 

the crystallization of the films thus approaching their single crystal values.     
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Figure 5.38 Variation of the refractive index of the as deposited and annealed m-BZN thin films 

deposited at different oxygen pressures and measured at 600nm. 
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5.8.3 Effect of annealing on the optical properties of c-BZN and m-BZN thin films 
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Figure 5.39 Transmittance spectra of  c-BZN thin films annealed at different temperatures from 

300 to 700°C. 
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Figure 5.40 Transmittance spectra of  m-BZN thin films annealed at different temperatures from 

300 to 700°C. 
 
Figures 5.39 and 5.40 shows the optical transmittance spectra of the c-BZN and m-BZN 

thin films deposited on fused silica substrates at 10 mTorr of oxygen pressure and 

annealed at different temperatures. The interference fringes seen in the transmission 

spectra are a result of the interference between the air-film and film-substrate interfaces. 
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The films are highly transparent with a transmittance between 75-85% in the visible 

regions. The transparency of the films drop sharply in the UV region and the absorption 

edge is located below 330nm for these films.  Annealing shows a slight decrease in 

transmittance at higher temperatures. The films annealed at 700°C shows a considerable 

decrease in optical transmittance for both c-BZN and m-BZN thin films. This can be 

attributed to an increased scattering films with larger grains and because of the increase in 

packing density of the films. From the transmittance spectra the refractive index (n) and 

thickness (d) were calculated using the envelop method [30]  The allowed direct band gap 

energy Eg  of the film were obtained by plotting (αhυ)2 vs hν curves with the 

extrapolation of the linear region to the low energies as shown in figure. 
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Figure 5.41 Plot of (αhν)2 vs (hυ) for the as deposited films and the films annealed at 600°C. 

 
The band gap of the crystalline films is higher than that reported for BZN powders 

treated at 700°C [31]. This increase in band gap may be due to the nanocrystalline 

character of the films. Similar behaviour has been reported earlier also [32]. 

As shown in figure 5.42 the value of Eg of the as deposited thin films c-BZN is 

about 3.6 eV which is less than that of the earlier reported values of c-BZN thin films. 

There is a gradual increase of the optical band gap of c-BZN thin films with the annealing 

temperature. The optical band gap of the films annealed at 700°C is found to be 3.68eV. 

These values are in agreement with the earlier reported band gap values of c-BZN thin 

films. Hence the increase in band gap energy after annealing is due to the crystallization 

of c-BZN thin films. The difference of 0.48eV between these two phases can be attributed 
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to the fact that the structure of amorphous solids can be characterized as an irregular 

arrangement of atoms. This disorder is known to influence the optical band gap of 

amorphous semiconductors as well [33]. Similar behaviour has also been reported for 

HfO2 thin films [34]. 
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Figure 5.42 Variation of the optical band gap of the c-BZN and m-BZN thin films annealed at 

different temperatures. 

 

Variation of the optical band gap of m-BZN thin films with annealing temperature 

is also shown in figure 5.42. The as deposited films were having an optical band gap of 

3.82 eV which has got decreased to 3.6 on annealing at 700°C. The decrease in band gap 

on annealing is a common feature exhibited by many oxide materials. It is attributed to 

several reasons such as the grain size effect, stress in the films and the amorphous nature 

of the material itself. In the present case, no significant grain size difference is observed 

for the films annealed at these temperatures and hence the grain size effect may not be an 

important factor in the observed optical properties. The higher band gap in the amorphous 

thin films can be attributed to an increase in inter-atomic spacing due to excess volume 

and absence of long range order in the lattice. Similar trends were also reported for 

BaTiO3 thin films. If the higher band gap in the amorphous thin films is due to the 

increase in inter-atomic spacing or lack of long range order, there should be a large 

deviation in the band gap on crystallization. In the present case, a change in band gap of 

0.2eV only was observed. The most probable reason for this could be the presence of 

oxygen vacancies. On annealing, the oxygen vacancies are filled and hence, the band gap 
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decreases. It has already been reported that for the films deposited at lower temperatures 

there is a possibility of forming larger number of oxygen vacancies and free electrons 

[35]. 

The refractive index of c-BZN and m-BZN thin films annealed at different 

temperatures is calculated and is shown in figure 5.43. As shown in the figure, the 

refractive index increases with the increase in temperature. The low values of refractive 

index for the as deposited films can be attributed to the pulsed laser deposition process 

that produces films with porous microstructure and consequently with low packing 

density at ambient temperature. However, as the annealing temperature increases, the 

packing density of the films increases, resulting in an increase in the refractive index. The 

relationship between the packing density and the refractive index has been discussed in 

detail by many researchers and they have found that when the film achieves the bulk 

value of refractive index, its packing density will be the highest [36]. Thus, it is 

reasonable to assume that one of the causes for increase in refractive index with 

temperature for the films in the present study is the increase in their packing density.  
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Figure5.43 Variation of the refractive index at the wavelength for 600nm of the c-BZN and m-

BZN thin films annealed at different temperatures. 
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5.9 Summary  

In summary, the thin films of c-BZN and m-BZN ceramics were grown on various 

substrates under different deposition conditions. Depositions conditions were optimized 

to produce c-BZN and m-BZN thin films with good structure and microstructural 

characteristics.  The XPS analysis confirmed the presence of Bi, Zn, Nb,and O near the 

surface. From the observed binding energies, the Bi, Zn and Nb ions were found to be in 

their chemical states as Bi3+,Zn2+,and Nb5+respectively. The EDX analysis confirmed the 

composition of the films deposited.  The reflections from the      X-ray diffractograms of 

c-BZN thin films show the formation of the cubic pyrochlore structure with all the major 

peaks corresponding to the Fd3m space group and the reflection from the m-BZN thin 

films shows the formation of a monoclinic zirconolite like pyrochlore phase. The 

crystallite size of the films are found to be varying with the oxygen pressure during the 

processing. From the study of the influences of  oxygen partial pressure during 

deposition, annealing temperature and substrate type on the microstructure in the PLD 

growth of BZN thin films, it is confirmed that these factors can significantly alter the 

surface morphology of these thin films. The Raman analysis of c-BZN thin films and bulk 

reveals that the local symmetry in thin films is different from that of the bulk due to strain 

in thin films. The change in local symmetry in thin films could arise due to strain, which 

changes the correlation lengths between the dipoles. The anomalous changes in FWHM, 

intensity, and frequency shift of the two higher frequencies, of Ag modes appearing at 

778 and 849 cm-1 on varying oxygen pressure suggest polar distortion suppression in the 

m-BZN films. The as deposited c-BZN thin films exhibit refractive index in the range of 

2.36-2.53 with an optical absorption edge value between 3.30-3.52eV. The as deposited 

m-BZN films exhibit refractive index in the range of 2.06-2.15, with an optical absorption 

edge value between 3.59-3.67eV. The refractive index of the films increase on annealing, 

indicating the onset of crystallinity. The packing density of these films was found to be 

increasing with the increase of annealing temperature which in turn results in the increase 

of refractive index. 
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Chapter 6 

Electrical and dielectric properties of Bi2O3-ZnO-Nb2O5 based pyrochlore thin films. 
 

 
6.1 Introduction 

As discussed in chapter1 the studies of the BZN thin films for RF/microwave 

applications have employed single crystal substrates such as MgO and LaAlO3 [1]. 

Another common approach followed is to deposit BZN films on to pt coated Si substrates 

[2]. There have been comparatively few reports on the electrical and dielectric properties 

of BZN films grown directly on amorphous fused silica substrates despite the excellent 

microwave properties of this material as a microwave substrate. This chapter presents a 

study of the electrical and microwave dielectric properties of c-BZN and m-BZN thin 

films grown mainly on amorphous fused silica substrates. This chapter also discusses the 

microwave dielectric properties of these films grown on different single crystal substrates. 

The deposition process and the structural, microstructual and optical properties of these 

films were already discussed in chapter 5. Electrical properties of the films, especially 

parameters like dielectric constant, loss tangent and leakage current judge the suitability 

of thin films for various electronic applications. A detailed investigation is required to 

have a clear understanding of the effect of process parameters on the electrical properties 

of these thin films. The leakage characteristics of the films grown on pt coated silicon 

substrates were measured using a metal insulator metal capacitor structure. The low 

frequency dielectric properties of these films grown on different substrates were 

determined using appropriate capacitor structures such as metal insulator semiconductor 

(MIS) capacitor, metal insulator metal (MIM) capacitors and inter digitated capacitor 

(IDC). The details of these measurement techniques were discussed in chapter 2. The 

microwave dielectric properties of these thin films grown on fused silica substrates were 

measured nondestructively at few spot frequencies in the X-band using the extended 

cavity perturbation technique as well as spilt post dielectric resonator techniques. The 

broad band microwave dielectric properties of these films were characterized using 

calibration comparison techniques. Circular patch capacitor based techniques were used 

to characterize the microwave dielectric properties of both c-BZN and m-BZN thin films 

grown on pt coated silicon substrates. The voltage dependent dielectric properties of these 

thin films grown on sapphire, MgO and fused silica substrates were measured using 

calibration comparison technique by applying a bias voltage of 100V through an external 
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bias Tee to the coplanar waveguide test structures fabricated. The details of these 

measurement techniques were given in chapter 3.                               

 
6.2 DC electrical properties 
 

Conduction mechanisms in thin films are an important part of study from the 

application as well as academic point of view [3]. In general, for any electronic 

application, the leakage current flowing through the dielectric material should be as low 

as possible. High leakage current meant that the energy stored in the dielectric material 

will easily get dissipated resulting in higher power consumption. It is also interesting to 

understand the mechanism of conduction so that ways to limit the conduction current 

could be explored. The type of charge carriers, mobility and their relationships with the 

lattice defects, impurities, grain boundaries and electrode effects are topics of active 

research. As electronic devices become more and more miniaturized, the electric field 

across the devices will be higher [4]. So the understanding of high field conduction 

through the dielectric thin films becomes increasingly important. The theory of high field 

conduction through bulk solid dielectrics has been described in detail by O Dwyer [5]. 

Basically the high field conduction mechanism could be classified in to electrode and 

bulk limited conduction. Electrode limited conduction included Fowler-Nordheim 

emission [6], Schottky emission [7] and thermionic field emission. Bulk limited 

conduction includes the Poole-Frenkel effect[8], space charge limited conduction and 

ionic conduction [9]. 

Figure 6.1 and 6.2 shows the J-E characteristics of the films deposited at 10 m 

Torr of oxygen pressure and annealed at different temperatures. The leakage current 

density is found to be increasing with the annealing temperatures. However it is still low 

in the range of 2-3 μA/cm2 at 50KV/cm. This is much lower when compared with that of 

ferroelectric thin films [10]. The leakage characteristics are known to be related to many 

factors which include impurities in the film, microstructures and film thickness. The 

leakage current density of BZN films is showing strong annealing treatment dependence   
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Figure 6.1 Leakage characteristics of c-BZN thin films on Pt coated Silicon. 
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Figure 6.2 Leakage characteristic of m-BZN thin films on Pt coated Silicon. 
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The measured leakage current in most of the oxide dielectrics can have both electronic 

and ionic contribution. To identify the predominant conduction process in these films 
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Figure 6.3 Time dependent leakage characteristic of c-BZN and m-BZN thin films on Pt coated 
Silicon. 

 
a time dependent leakage current measurement was carried out. Figure 6.3 illustrates the 

time dependent dc leakage current of c-BZN and m-BZN thin films. In general when a dc 

bias voltage is applied to dielectric thin films the response current may follow a power 

law of time dependence known as Curie-von Schweridler law. This power law 

dependence is either due to the presence of a dielectric relaxation current [11] or an ionic 

conduction current. It can be clearly observed from the figure 6.3 that the leakage current 

density is independent of time and hence it cannot be attributed to dielectric relaxation or 

ionic conduction mechanisms. So the measured leakage current indicates that the 

conduction process is predominantly electronic. The leakage current density was less for 

the as deposited films and it was considerably high for the films annealed at higher 

temperature. For the films annealed at high temperature large number of oxygen 

vacancies was considered to exist and they produce free electrons according to the 

equations [12] 

2)21(2 OeVO oo ++=
−

••                                                    (6.1) 

where Oo is the oxygen ion in the normal site ••
oV  is the oxygen vacancy e- is the free 

electrons. Hence the increase of leakage current with annealing temperature can be 

explained in terms of the formation of oxygen vacancies. 



 149

 

-200 -150 -100 -50 0 50 100 150 200
0.0

2.0x10-7

4.0x10-7

6.0x10-7

8.0x10-7

1.0x10-6

10 mTorr

2 m Torr

6 mTorr

20 mTorr

J(
A

m
/c

m
2 )

Field (KV/cm)

 
Figure 6.4 Leakage characteristic of m-BZN thin films on Pt coated silicon substrates and 

deposited at different oxygen pressures. 
 

 Similarly the leakage current is found to be higher for the films deposited at smaller 

oxygen pressures. This is because the films deposited at lower oxygen pressures may 

have large number of oxygen vacancies which will produce large number of free 

electrons as given in equation (6.1). It has observed that with slight increase of oxygen 

pressure the leakage current decreases and this can be attributed to the reduction of 

oxygen vacancies. However the leakage current is found to be increasing and the film 

electrical properties are found to be deteriorating for the films deposited at higher oxygen 

pressures. This may be due to the formation of oxygen interstitial ions at higher oxygen 

pressures. The oxygen interstitial ions will produce lot of holes which will also affect the 

leakage characteristics of the films. The formation of the holes due to the presence of 

oxygen interstitial ions is explained by the following equation [13]. 

                                                   •+= hOO i 221 ''
2                                                  (6.2) 

where ''
iO is the interstitial oxygen ion and h. is the hole produced. So the degradation of 

the electrical properties of the BZN films deposited at higher oxygen pressures can be 

explained in terms of the formation of the interstitial oxygen ions.  

In addition, these type of films may have additional conduction mechanisms such 

as interface controlled Schottky emission or bulk limited Poole-Frenkel emission. The 

field dependent dc leakage current of the c-BZN and m-BZN thin films were measured at 
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room temperature and it was observed that the film have leakage current densities of 

1.05x10-6Am/cm2 at an applied field strength of 100 KV/cm. Initially, the leakage current 

showed an ohmic behaviour for low fields. At slightly higher electric field, there was on 

set of non-linearity, the cause of which could be attributed to several conduction 

processes. Like any other polycrystalline sample the deposited films could be thought of a 

series of grains, grain boundaries and electrode interfaces. The field dependent 

conductivity of the films is combined response of these three regions. Variation in the 

influence of these different regions gives rise to the variation of the leakage 

characteristics. At room temperature, it could be assumed that enough charge carriers 

were present within the film, so as to contribute to the conduction process and hence a 

linear field dependence of conductivity could be observed. To analyze the conduction 

mechanism in the non–ohmic regions, we should obtain similar current voltage 

characteristics as a function of temperature which is beyond the scope of the present 

study. 

 

6.3 Low frequency dielectric properties 

The low frequency dielectric properties of ceramic thin films are of special 

importance when they are considered for capacitor applications. The dielectric constant, 

dielectric loss and bias stability are some of the important factors that decide materials 

suitability for a specific application [14]. The dispersion in dielectric properties with 

frequency and applied bias is to be carefully studied for predicting the device 

performance. In this section we are highlighting the low frequency dielectric properties of 

c-BZN and m-BZN thin films deposited on various substrates. Based on the nature of 

substrates we have used different test geometry and techniques for characterizing the 

dielectric properties. The low frequency dielectric properties of these films which are 

grown directly on the substrates such as MgO, Fused Silica, LaAlO3 and sapphire (Al2O3) 

are measured using interdigital capacitor (IDC) geometry. Parallel plate metal insulator 

metal (MIM) capacitors were used for characterizing the dielectric properties of the c-

BZN and m-BZN thin films grown on platinised silicon substrate. Metal insulator 

semiconductor (MIS) capacitor structures used for characterizing the thin films grown on 

silicon substrates. Details of these characterization techniques are described in chapter 2. 
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6.3.1 Dielectric properties of BZN thin films grown on different substrates 

The substrate effect on the structure and dielectric properties of oxide thin films 

has attracted attention in recent years [15]. By selecting appropriate substrates, epitaxial 

strain can be introduced in to the thin films which can alter their dielectric properties. 

Introduction of ferroelectricity is reported in the case of thin films of SrTiO3 by 

modulating the epitaxial strain by the usage of appropriate substrate [16]. However the 

substrate effect to the in plane dielectric properties of c-BZN and m-BZN thin films were 

not yet studied in detail. The dielectric properties of c-BZN and m-BZN thin films were 

measured using an interdigitated capacitor (IDC). The IDC capacitors were having a 

finger length of 90μm, with a total of 8 fingers and an overlap length of 80 μm were 

designed for this measurements. The finger width and finger gap was made equal and it 

was 10 μm. These capacitors were fabricated on BZN thin films deposited on LAO, MgO 

and ALO substrates using standard photolithography and a lift-off process. The frequency 

dependent dielectric properties of the BZN thin films were measured with an Agilent 

4294A impedance analyzer. The details of the measurement techniques are given in 

chapter 2. 
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Figure 6.5 Frequency dependent dielectric permittivity of c-BZN thin films deposited on different 

substrates. 
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Figure 6.6 Frequency dependent dielectric loss tangent of c-BZN thin films deposited on different 

substrates. 
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Figure 6.7 Frequency dependent dielectric permittivity of c-BZN thin films deposited on different 

substrates. 
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Figure 6.8 Frequency dependent dielectric loss tangent of m-BZN thin film deposited on different 

substrates. 
 

The variation of dielectric constant and dielectric loss tangent as a function of 

frequency for c-BZN and m-BZN films deposited on different substrates is given in 

figures 6.5 to 6.8. The dielectric constant and dielectric loss tangent measured at 1 MHz 

are 120 and 0.015,119 and 0.018, 109 and 0.026, 85 and 0.031 respectively for the c-BZN 

thin films deposited on ALO, LAO, MgO and fused silica substrates respectively. 

Similarly the dielectric constant and dielectric loss tangent at 1 MHz are 83.09 and 0.009, 

76.84 and 0.016, 64.9 and 0.06 respectively for the m-BZN thin films deposited on ALO, 

LAO and fused silica substrates. The dielectric constants of m-BZN thin films are found 

to be less than that of c-BZN thin films grown on all these substrates. The dielectric loss 

tangent of m-BZN thin films grown on ALO and LAO substrates are less than that of c-

BZN thin films grown on the similar substrates. 

The BZN thin films are exhibiting different dielectric behaviour when grown on 

different substrates. There can be many factors such as crystallinity, microstructure, strain 

etc which are responsible for this behaviour [17]. The microstructure and strain state of 

the films plays an important role in the dielectric behaviour. From the micro structural 

analysis of these films given in chapter 5 sections 5.5, it can be observed that for the films 

grown on fused silica substrates are having smaller grain size compared to that of the 

films grown on single crystal substrate. The physical mechanism responsible for the grain 

size effect on the dielectric constant can be explained as the change of crystal field caused 
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by the surface bond contraction. It has been proven that the films with nano structured 

grain morphology has an enhanced crystal field due to its surface bond contraction and 

rise in the surface area to volume ratio[18]. Decreasing the particle size increases the 

crystal field and subsequently decreases the dielectric constant. 

 Apart from this the substrates can modify the physical property of the thin films 

via inducing strain either by the lattice misfit or by the difference in thermal expansion 

between the film and the substrate [19]. As a result the properties of thin films can be 

remarkably different than the intrinsic property of the corresponding unstrained bulk 

material. This strain some time leads to degradation of films properties also. Even though 

a careful choice of substrates and growth parameters, strain offers an opportunity to 

enhance particular properties of a chosen material in thin film form and this is called 

strain engineering. Strain engineering is a very hot topic in the state of art of dielectric 

thin film studies since strain is an effective way to change thin films dielectric properties. 

 

Material Latice constant(A°) Thermal Expansion coefficient(10-6/K) 

LaAlO3 3.789 9.2 

MgO 4.213 12.8 

Al2O3 4.758 5.91 

Fused Silica --- 0.55 

c-BZN 10.562 7.92 

 

Table 6.1 Lattice parameter and thermal expansion coefficient of different materials which are 
under investigation in the present study. 

 
The growth of a polycrystalline thin film on single crystal substrates has to be 

analyzed in terms of energy minimization. The total energy for any films grown on these 

substrates can have three components termed as (a) surface energy of the film (b) film 

substrate interface energy and (c) strain energy [20]. The film should grow such a way 

that the total energy should be minimized.  The interfacial energy minimization favores 

the growth of epitaxial films on single crystal substrates. In most of the cases the films 

prefer to grow in a plane parallel to the surface of the substrate which is having the lowest 

surface energy. The lattice parameter and thermal expansion coefficients of the materials 

used for the present investigation is tabulated in table 6.1. The films grown on these 

substrates will be experiencing a stress field caused by the lattice mismatch, thermal 

expansion mismatch and by the defects presented in the films due to processing. It can be 
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observed that the lattice parameters of all the single crystal substrates used are found to be 

less than that of BZN. So on all these substrates the lattice of the films may try to 

compress near the interfaces to match the smaller lattices of the substrates. Moreover the 

films grown on MgO and LAO substrates will experience a compressive stress at their 

substrates film interfaces due to the difference in thermal expansion coefficient. Similarly 

the films grown on fused silica and sapphire substrates will try to expand during cooling. 

This shows that there are two competing force factors on all these films affecting the 

stress state. It is known that the films under tensile stress can have a larger dielectric 

constant compared to the films with compressive stress [21]. It should be noted that the 

estimation of the film stress due to film substrate mismatch and thermal expansion 

coefficient is complicated because of the additional changes in the lattice parameters of 

the films due to processing 

In order to have a better understanding of the nature of stress experienced by these 

films a detailed investigation of the local atomic structure of the BZN thin films grown on 

different substrates has to be performed. For this purpose an extensive study of the local 

symmetry and lattice modes of these thin films grown on different substrates were carried 

out using Raman spectroscopy and the results are shown in chapter 5. From the Raman 

analysis given in chapter 5 for c-BZN thin films it is clear that the NbO6 vibrating mode 

are located at 783 cm-1 for  the films grown on MgO substrate  and at 790cm-1 for the 

films grown at fused silica substrate. For the lanthanum aluminates and sapphire 

substrates these modes are coming at 746 and 745 cm-1 respectively.  Assuming identical 

composition and overall crystal structure for the films shift in peak positions of the 

Raman spectra can be interpreted as the results of changes in the local environment of the 

vibrating ions. Specifically they can point to stiffening of bonds (shorter anion-cation 

bond distance) resulting in vibration in higher frequency and vice versa (longer bonds 

means shorter frequencies). The shift towards the higher frequency side in comparison 

with the mode at 764cm-1 of bulk c-BZN in the thin films grown on MgO and fused silica 

substrate can be attributed to the compression state in the films. Similarly the films grown 

on LAO and sapphire are in a state of tensile stress. These local environment vibrating 

atoms can affect all the observed optical and electrical properties of the films.  So the 

reduction of dielectric constant of c-BZN thin films grown on MgO and fused silica 

substrates can be attributed to the compressive strain in these films.  Similarly the Raman 

analysis of m-BZN thin films grown on different substrates shows that the A1g modes at 

849 and 746cm-1 shows a red sift or blue shift on various substrates. These modes are 
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appearing at 848 and 790cm-1 respectively for the m-BZN thin films on fused silica. 

substrate. Similarly for the lanthanum aluminates substrate the modes are appearing at 

815 and 753cm-1 respectively. For the sapphire substrate the first and second A1g modes 

are seen at 749 and 833cm-1 respectively. Assuming identical composition and overall 

crystal structure for the films, shift in peak positions of the Raman spectra can be 

interpreted as the results of changes in the local environment of the vibrating ions [21]. 

On comparing the second A1g mode which appears to be prominent in the films the films 

grown on sapphire and lanthanum aluminates seems to have tensile strain, while the film 

on fused silica are in compressive strain. The dielectric properties given in figure shows 

that the films grown on fused silica substrates are having smaller dielectric constant 

compared to that of the films grown on LAO and sapphire substrate. The measured 

Raman data could explain these variations in dielectric constant.  

 
6.3.2 Dielectric properties of BZN films grown on Pt coated Silicon substrates 

The dielectric properties of the c-BZN and m-BZN thin films grown at different 

oxygen pressures on to the platinised silicon substrates were measured using the parallel 

plate capacitor structures. 
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Figure 6.9 Frequency dependent dielectric permittivity of c-BZN thin films deposited at different 

oxygen pressures. 
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Figure 6.10 Frequency dependent dielectric loss tangent of c-BZN thin films deposited at 

different oxygen pressures. 
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Figure 6.11 Frequency dependent dielectric permittivity of m-BZN thin films deposited at 

different oxygen pressures. 
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Figure 6.12 Frequency dependent dielectric loss tangent of m-BZN thin films deposited at 

different oxygen pressures. 
 

The parallel plate capacitors of 80 and 100 μm of top electrode diameters are 

fabricated using the standard photolithography. Their capacitance and loss tangents were 

measured using the Agilent 4294A impedance analyzer connected with a DC probe 

station. The dielectric constant (εr) and loss tangent (tanδ) of the c-BZN and m-BZN thin 

films with respect to frequency are evaluated and are plotted in figures 6.9 to 6.12. From 

these figures it is clear that the dielectric constant of both c-BZN and m-BZN are 

decreasing gradually with the increase in frequency. Similarly the dielectric loss found to 

be increasing with frequency. The dielectric properties of these thin films are found to be 

quite sensitive to the oxygen pressure. The c-BZN thin films grown under low oxygen 

pressures of 2 mTorr are found to have a dielectric constant of 125; however it decreased 

to 105 for the films deposited at 6 mTorr of oxygen pressure. The dielectric constant is 

found to be increased to 145 for the films annealed at 10 mTorr of oxygen pressure. The 

dielectric loss is also following the same trend. The higher dielectric constant for the 

films deposited at low oxygen pressures can be attributed to the presence of oxygen 

vacancies, since the presence of oxygen vacancies produces quasi dipoles which will 

increase the total polarizability and hence the dielectric permittivity. The lower value of 

dielectric constant for the films deposited at 6 mTorr may be the result of reduced number 

of oxygen vacancies. The increase in dielectric constant for the films deposited at 10 

mTorr may be due to large interstial polarization due to the presence of interstitial oxygen 
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ions. A similar effect was already reported for Bi4Ti3O12 ceramics [22]. For the m-BZN 

thin films the dielectric constant is found to be increasing with the increase in oxygen 

pressure. This may be due to the increasing lattice constant at low oxygen pressures due 

to the presence of oxygen vacancies in m-BZN thin films because of its monoclinic 

structure. As the oxygen pressure increases the oxygen vacancies get reduced and hence 

the lattice constant decreases, this will increase the dielectric constant. In c-BZN thin 

films the lattice constant change may be negligible due to its cubic crystal structure which 

is relatively more stable than a monoclinic structure. Similar behaviour is reported for 

different thin films by H. Wang  et al[23]. 

 
6.3.3 Dielectric properties of BZN thin films grown on silicon substrates                       
 

To study the applicability of c-BZN and m-BZN thin films as gate dielectrics in 

microelectronic devices and CMOS technology, one has to study the electrical properties 

of these films in MOS capacitor configuration. To analyse its characteristics one would 

require a profound understanding of the underlying physics of the MOS structure under 

various condition [24]. A MOS capacitor has a conducting gate electrode on top of a thin 

layer of an insulator grown usually on silicon substrate. The high frequency capacitance-

voltage(C-V) measurement of a MOS capacitor will show three distinct behaviour under 

three different regions of operation. They are called accumulation, depletion and 

inversion phases. 

Consider a MOS capacitor on p-type silicon substrates. A negative voltage –Vg 

applied to the gate would attract the majority carriers (holes) in the substrate to 

accumulate at the oxide silicon interface, since there is no depletion, the device acts as a 

resistance in series with a capacitor and the capacitance measured would be simply the 

capacitance of the oxide layer CoX [25].  If the applied voltage is slowly reduced till it 

turns positive, the carrier accumulation slowly reduced or the holes in the substrate are 

pushed away by a positive gate voltage, forming a depletion layer. The flat band 

capacitance CFB which is a characteristic capacitance of the MOS capacitor can be 

calculated as 
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Here CD is the depletion layer capacitance which is acting in series with the oxide 

capacitance Cox. ε0 is the permittivity of free space and εsi is the permittivity of silicon 

which is taken as 11.7 in our present study. LD is the Debye length defined as  

 

                                                   
D
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D Nq

kT
L 2

0εε
=      (6.4) 

 

Here ND  is the carrier concentration and q is the electronic charge.  

Charge balancing by a –ve charge in the substrate is necessary to account for any positive 

charge on the gate for charge neutrality. That is, 

DDDG LNQQ ==       (6.5) 

Where QG and QD are the number of chargers per unit cm2
 in gate and depletion 

layer respectively 

If the +ve bias of the gate is further increased, the silicon will be inverted from a 

p- type to    n-type. The positive voltage at the gate will attract the minority carriers 

(electrons) to the interface. The gate voltage at which this happens is called threshold 

voltage VTH.In this region also the charge at the gate is opposed by an equal charge in the 

substrate. Hence 

IDDG QLNQ +=      (6.6) 

Here QI is the charge density in the inverting layer. QD being lower during depletion the 

additional gate charge during inversion is balanced by QI. The width of depletion layer 

WD reaches a maximum value yielding the least capacitance. 

The capacitance at the inversion region can be calculated using 
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Figure 6.13 C-V characteristics of the MIS structures using c-BZN thin films annealed at 
different temperatures. 
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Figure 6.14 C-V characteristic of the MIS structures using m-BZN thin films annealed at 

different temperatures. 
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Figure 6.15 Variation of dielectric constant derived from the C-V curves for the c-BZN and m-

BZN thin film with annealing temperature. 
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Figure 6.16 Variation of dielectric loss tangent of c-BZN and m-BZN thin film with annealing 

temperature deposited on p-type silicon substrates. 
 

The high frequency (1MHz) capacitance Vs voltage (C-V) characteristics of the 

MIS structure using c-BZN and m-BZN thin films are shown in figures 6.15 and 6.16. 

The C-V behavior shows the typical n-type MOS action showing accumulation, depletion 

and inversion behaviors at the BZN silicon interfaces. A decrease in accumulation 

capacitance values was observed for the c-BZN thin films annealed above 400°C at 

higher voltages. This may be due to the nonlinear dielectric behaviour of the crystalline c-
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BZN thin films. The threshold voltage VTH which marks the onset of deep inversion is 

observed around 3.2 volts for these samples under study. The VTH is found to be 

decreasing with the increase of annealing temperature for all these samples. The flat band 

voltage was in between 1.2 to 2 volt depending up on the annealing conditions. The 

dielectric constant and loss tangent calculated from the accumulation characteristic of the 

C-V curve is shown in figure 6.16. The dielectric constant and loss tangent of the c-BZN 

and m-BZN thin films found to be increasing gradually with the annealing temperature. 

There was a sudden increase of the dielectric properties for the films annealed at 400°C 

and above. The sudden increase in dielectric properties of these thin films can be 

attributed to the onset of crystallinity. 

 
6.4 Microwave dielectric properties of BZN thin films 
 

The potential applications of the dielectric thin films in microwave devices have 

accelerated the research in the development of new materials and the thin film processing 

methods and optimization. The reliable and reproducible measurements of the dielectric 

properties of these thin films at microwave frequencies have become an essential 

requirement of these research activities. The thin films for microwave applications are 

characterized mostly at a much lower frequencies than their actual frequency of 

application due to the lack of proper higher frequency characterization techniques. 

Microwave characterization techniques for bulk materials are well developed field but for 

thin films there are many challenges. There are not many studies on the microwave 

dielectric properties of thin films even though it is quite important both in terms of 

application and academic point of view. In this section a detailed study of the microwave 

dielectric properties of BZN thin films are presented. The BZN thin films deposited on 

low dielectric constant substrates were characterized at a few spot frequencies in the X-

band using an extended cavity perturbation technique as well as split post dielectric 

resonator techniques. The broadband microwave dielectric properties of these thin films 

were measured using calibration comparison techniques. The microwave dielectric 

properties of these thin films deposited on conducting substrates were characterized using 

circular patch capacitor techniques. Details of these measurement techniques are 

described in chapter 3. 
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6.4.1 Effect of oxygen pressure on the microwave dielectric properties of c- BZN thin 
films on fused silica substrates 
 

Substrates generally chosen for the growth of thin films meant for microwave 

applications are sapphire, magnesium oxide, and lanthanum aluminum oxide [26]. These 

substrates are very costly and generally not readily available in large sizes and hence the 

entire process becomes expensive. It is already mentioned that fused silica is a well 

known low cost microwave substrates which can be used for the growth of thin films for 

microwave applications. There are some reports about the growth and microwave 

dielectric properties of c-BZN thin films on single crystal substrates. However there are 

no reports however on the microwave dielectric properties of c-BZN thin films grown 

directly on to amorphous fused silica substrates. This section describes the microwave 

dielectric characteristics of c-BZN thin films deposited directly on to fused silica 

substrates. Microwave measurement of permittivity and loss tangent of the as deposited 

and annealed BZN thin films were carried out at an X band spot frequency of 12.15 GHz 

using the extended cavity perturbation technique [27,28]. The details about the 

measurement techniques are given in chapter 3. 

The microwave dielectric constant and loss tangent of the as deposited and 

annealed BZN thin films measured at a spot frequency of 12.15 GHz are shown in figures 

6.17 and 6.18. 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 these films implies that the formation of 

the electrical polarization is largely suppressed. Moreover in the amorphous thin films 

there is no loss associated due to the lattice vibrations. After annealing at 600°C, these 

films exhibit high dielectric constant. From the figure 6.18 it is observed that there is a 

strong dependence of the microwave dielectric constant and loss tangent (tanδ) on the 

deposition pressure. The dielectric constant varied from 95-126 where as the dielectric 

loss tangent varied from 0.005 to 0.0075. These values were lower than the well-sintered        

c- BZN ceramic and the thin films grown on single crystal substrates of the same 

composition [29, 30]. At 6 mTorr of oxygen pressure the dielectric permittivity and loss 

tangent of the c- BZN films are lower compared with the other two cases. These 

variations can be explained in terms of the process related changes in the structure, 

microstructure and the stress presented in the films. 
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Recently c- BZN thin films were grown on platinised Sapphire substrate by 

stemmer et.al [31] and they have reported dielectric constant of about 160 and a loss 

tangent less than 0.001 when measured at microwave frequencies. Thin films of 

Bi1.5Zn1.0Nb1.5O7, Bi1.5Zn1.0Nb1.5O6.5, and Bi2Zn2/3Nb4/3O7 were prepared via metal 

organic decomposition method by Thayer et al and their dielectric properties are reported 

[32]. The c-BZN thin films fired at 750°C are found to be having a dielectric constant (εr) 

of 150 when measured at a frequency of 10 KHz. The Bi1.5Zn1.0Nb1.5O6.5 phase is found 

to be having large dielectric constant compared to that of Bi1.5Zn1.0Nb1.5O7 
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Figure 6.17 Variation of the microwave dielectric properties of as deposited c- BZN thin films 

with oxygen pressure measured at 12.15 GHz. 
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Figure 6.18 Variation of the microwave dielectric properties of annealed c- BZN thin films with 
oxygen pressure measured at 12.15GHz. 

 

 Microstructure, crystallographic texture and strain are factors that affect the 

dielectric properties of the thin films grown on a substrate. Porosity, which is a 

consequence of micro structural evolution, has a major role in controlling the dielectric 

properties of the thin film materials. It is known that relative permittivity decreases with 

increasing material porosity. Thus controlling the porosity can yield a spectrum of 

dielectric constants from a single material [33]. Degradation of dielectric constant due to 

the porous microstructure has been reported for the titanium silicate thin films by 

Brassard et al [34]. Improvement of the dielectric properties with dense microstructure is 

reported for YMnO3 thin film by Hiroya et. al [35]. In the films of the current study, the 

low dielectric constant in comparison with the earlier reported values of BZN thin films 

can be attributed to the porous microstructure of the films as seen from the AFM images.   

Moreover recent studies of barium strontium titanate (BST) thin films deposited on 

various single crystal substrates such as LaAlO3 and MgO indicate that there is a 

dependence of dielectric permittivity and dissipation factor of these thin films on the 

substrate type [36]. Dielectric properties of BST thin films on different polycrystalline 

substrates were studied by Koutsaroff et. al [37] and they also report that there is 

difference in dielectric properties of films grown on different substrates. They have 

attributed the difference in dielectric properties to the difference in thermal mismatch 

between the BST thin films and the substrate. In the earlier reports about the dielectric 
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properties of the BZN thin films, the films were grown on single crystal substrates. In the 

current study, the films were grown on amorphous fused silica substrates. The difference 

in dielectric constant from the earlier reports can also be attributed to the difference of 

substrates.  Fused silica is known to have near zero thermal expansion coefficients. The 

reduction of dielectric permittivity for the films grown on substrates with smaller thermal 

expansion coefficient has already been reported [38]. The reduction of dielectric constant 

of the c-BZN thin films compared to that of bulk can be attributed to the residual stress 

presents in the films, which can be observed from the X-ray analysis. 

The variation in interatomic spacing corresponding to the (222) reflection of the 

films deposited at different oxygen pressures are tabulated in table 6.2. For comparison, 

bulk data from Levin et al [39] is presented and used to calculate the relative strain. It can 

be observed from the table 6.2 that compared with bulk c-BZN, the films deposited on the 

fused silica substrates deposited at different oxygen pressures shows expanded lattice 

parameters. 

c-BZN Deposition 
pressure 

d-Spacing 
(A°) a (A°) εr 

2 mTorr 3.052 10.57 112.4 
6 mTorr 3.058 10.59 98.7 
10mTorr 3.051 10.57 118.8 

c-BZN bulk 3.049 10.562 160 
 

Table 6.2 Lattice parameters of the c-BZN thin films deposited on fused silica substrates under 
different oxygen pressures. 

 
It has already been reported that the compressive stress will result in slightly 

larger d-spacing than tensile stress. From the table it is clear that the 
)()( bulkBZNc

hkl
filmBZNc

hkl dd −− 〈  for the (222) reflection planes. The film deposited at 2, 6 and 10 

mTorr of oxygen pressures shows a change in inter atomic spacing of 0.098%, 0.029% 

and 0.073% respectively. This implies that the films experience a compressive stress. The 

films deposited at 6 mTorr of oxygen are experiencing the largest compressive stress 

while the films deposited at 10 mTorr of oxygen pressure are having the smallest. 

The stress in the thin films will induce obvious changes in their dielectric 

behaviour.  The effect of strain on the dielectric polarizability of BST thin films were 

studied by Tao et al [40].  A compressive stress in the film will decrease the ionic 

displacement in the field direction and hence decrease it’s polarizability.  In the current 

study, the low dielectric constant of the c-BZN thin films grown on fused silica substrates 
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can be attributed to the compressive stress present in the films. The compressive stress 

field present in the films will decrease the displacement between the Nb and O ions, 

which will decrease the polarization, resulting in a decrease of dielectric constant.  In the 

case of crystalline films, those deposited at 6 mTorr of oxygen exhibited a lower 

dielectric constant compared to other crystalline films deposited at 2 mTorr and 10 mTorr 

of oxygen pressure. The lower value of the dielectric constant for the films deposited at 6 

mTorr of oxygen pressure can be attributed to the large compressive stress present in the 

films, as evident from table 6.2. 

. From the Raman spectral analysis of these thin films deposited on fused silica 

substrates presented in chapter 5, it is clear that the NbO6 vibrating mode is located at 790 

cm-1 for the films grown on fused silica substrate. Assuming identical composition and 

overall crystal structure for the films’,  shift in peak positions of the Raman spectra can be 

interpreted as the result of changes in their local environment of the vibrating ions. 

Specifically, they can point to stiffening of bonds resulting in vibration at higher 

frequency and vice versa. The shift towards the higher frequency side in comparison with 

the mode at 764cm-1 of bulk c-BZN in the thin films grown on fused silica substrates can 

be attributed to the compressive state in the films. So it can be concluded that the 

reduction of dielectric constant in these thin films compared to that of the films grown on 

various single crystal substrates is due to the  compressive state in the film which in turn 

reduces the Nb-O bond distance and hence the polarization. Similar observations are 

reported by Nino et al for the c-BZN films grown on MgO substrates [21]. 

 

6.4.2 Effect of oxygen pressure on the microwave dielectric properties of          
m-BZN thin films 

There are relatively few reports about the microwave dielectric properties of m-

BZN thin films grown on different substrates even though it has lots of technological 

interest. In this section the microwave dielectric properties of m-BZN thin films grown on 

fused silica substrates are discussed in details. Microwave dielectric measurements of 

permittivity and loss tangent of the as deposited and annealed m-BZN thin films were 

carried out at an X band spot frequency of 10 GHz using the Split post dielectric 

resonator technique [41]. This is a non-destructive and accurate technique for measuring 

the complex permittivity of dielectric substrates and thin films at a spot frequency. 
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Figure 6.19 Variation of the microwave dielectric properties of as deposited and annealed m- 
BZN thin films with oxygen pressure measured at 10 GHz. 

 
The microwave dielectric constant and loss tangent of the as deposited and 

annealed m-BZN thin films measured at a spot frequency of 10 GHz are shown in figure 

6.19. From the figure it is observed that there is a strong dependence of the microwave 

dielectric constant and loss tangent (tanδ) on the deposition pressure. The dielectric 

constant of the annealed films varied from 56-71 where as the dielectric loss tangent is 

varied from 1.4 x10-3 to 2.5 x 10-3 as the pressure varied from 2 to 10 mTorr. The 

variation in dielectric constant and loss tangent may be due to the process related changes 

in the structure and microstructure. From the XRD analysis it is clear that the films 

deposited at 10 mTorr of oxygen pressure is having larger crystallite size as well as 

smaller strain value compared to the other two films. The Raman analysis of these thin 

films presented in chapter 5 reveal that the polar distortion got suppressed with increasing 

oxygen pressure resulting in high dielectric constant and loss as we observed 

experimentally in Fig (6.19). The intensity and line widths of these Raman modes also 

showed abrupt changes in thin films deposited at 10 mTorr compared to 2 and 6 m Torr 

and it reveals that the rigidity of the NbO6 octahedral cage in BZN thin films have 

changed with oxygen pressure. As shown in figure 5.28. The A1g  Raman mode  

corresponding to Nb – O – Zn stretching mode (778 cm-1) shows higher frequency with 

increase in oxygen pressure while the oxygen bending vibration shows decreasing 

frequency (849 cm-1).  It is possible that the oxygen ions are freed from their defect 

bonding with increasing oxygen pressure, and thereby these are free to oscillate more like 
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in single crystals resulting in a reduction of the oxygen bending mode vibration 

frequency.  However the Nb – O – Zn stretching mode becomes more rigid. The dielectric 

response of the oxygen octahedra based structures are increased when the octahedra are 

aligned, as this configuration increases the local Lorentz field factor of the metal ion 

inside the octahedra. A stiffening of this mode could mean an alignment of the octahedra 

resulting in higher values of dielectric constant as it could be seen in the present study. 

With more oxygen vacancies removed, the octahedra could be offering tight cages to the 

metal ions they contain, making the amplitude of the lattice vibrations containing B-ion 

smaller, keeping it within its harmonic limits and resulting in a lower value of dielectric 

loss as observed.  So the improvement of dielectric properties at higher pressures could be 

attributed to the reduction of oxygen vacancies with the increasing oxygen pressure. 

 

6.4.3 Effect of annealing temperature to the microwave dielectric properties of BZN 
thin films 

The dielectric properties at microwave frequencies are found to be strongly 

affected by post deposition annealing temperature and duration.  Hence a detailed study is 

required to understand the effect of annealing temperature on the microwave dielectric 

properties of c-BZN and m-BZN thin films. As explained earlier, the films were 

deposited on to fused silica substrates using pulsed laser deposition. In order to study the 

influence of annealing temperature the samples were annealed in air at different 

temperatures from 200°C to 800°C. The microwave dielectric measurements of 

permittivity and loss tangent of the as-deposited and annealed c-BZN and m-BZN thin 

films were carried out at a X-band spot frequency of 10GHz using a split post dielectric 

resonator techniques. The details about the measurement techniques are given in chapter 

3. The measured dielectric constant (εr) and loss tangent (tanδ) of the m-BZN and c-BZN 

thin films as a function of annealing temperature are given in figures 6.20 and 6.21.  

It can be observed from the figure 6.20 that the as-deposited films and the films 

annealed up to 300°C shows a low value of dielectric permittivity and loss tangent. There 

is a sudden increase of dielectric permittivity and loss tangent for the films annealed at 

400°C and above.  The dielectric permittivity was decreasing slightly for the films 

annealed above 700°C. According to the Clausius-Mosotti (C-M) relation [42] the 

theoretical dielectric constant of oxide components could be calculated as follows.  
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Figure 6.20 Variation of the microwave dielectric constant of c-BZN and m- BZN thin films as a 

function of annealing temperature, measured at 10 GHz. 
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Figure 6.21 Variation of the microwave dielectric loss tangent of c-BZN and m- BZN thin films 

as a function of annealing temperature, measured at 10 GHz. 
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Where Vm is the molar volume in A°3 and αD is the sum of polarization of the constituent 

ions in the c-BZN and m-BZN. The total ionic polarizability of the c-BZN and m-BZN 

can be calculated in terms of the ionic polarizabilities of the constituent atoms according 
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to Shannon’s theory [43,44]. The predicted dielectric constant for c-BZN ceramics was 

144 and m-BZN ceramics was 88 [45].  

  From the X-ray diffraction studies presented in Chapter 5, it is clear that the as-

deposited films and the films annealed below 400°C are all amorphous. In the amorphous 

phase, the observed dielectric constant of these thin films is found to be less than that of 

the predicted values using the C-M theory. The lower dielectric constant can be attributed 

either to the change in polarizabilities or to the change in the cell volume. The ionic 

polarizabilities of the constituent atoms of the BZN thin films will be the same in the 

amorphous and crystalline states. Hence the total molecular polarizability will remain the 

same. So the deviation from the predicted value is because of the possible increase in the 

molar volume Vm due to the amorphous nature of the films. On annealing the film, 

packing density, grain size and the crystallinity starts improving; this will result in an 

increase in dielectric constant. The slight decrease in dielectric constant for the films 

annealed above 700°C may be due to the formation of oxygen vacancies in the film, 

which in turn change the lattice parameters. Another possible reason for the decrease in 

dielectric constant at high temperature can be the thermal strain developed in the film due 

to the difference in thermal expansion coefficients of the substrate and the film. It is 

observed that the amorphous thin films have a lower dielectric loss when compared to 

that of the crystalline thin films. This is because the amorphous films will have low 

intrinsic losses due to the absence of lattice modes. As the film crystallizes, it generates a 

lattice potential which will allow the phonon- phonon interactions and there by opening 

up many loss mechanisms [46]. The probing microwave field will couple to these phonon 

modes and thereby increases the dielectric losses. The further increase in dielectric losses 

for the films crystallized at higher temperatures could be extrinsic in origin. This can be 

attributed to the formation of oxygen vacancies in the films annealed and are one of the 

most dominant defect centers in oxide films. These defects will absorb the microwave 

photons by the generation of acoustic phonons that will increase the dielectric losses. 

 

6.4.4 Broadband microwave dielectric properties of BZN thin films on fused silica 
substrates  

The dielectric properties of c-BZN and m-BZN thin films deposited on fused 

silica substrates were characterized for a range of frequencies. Coplanar waveguide test 

structures were used for the experimental evaluation of the BZN thin films grown on 

fused silica substrates. The test structures were fabricated on bare substrates as well as on 
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the films deposited. The test samples were characterized for determination of the 

attenuation and phase constant with and with out the BZN thin films. 

 

0.0050

0.0055

0.0060

0.0065

0.0070

0.0075

0.0080

0.0085

8.5 9.0 9.5 10.0 10.5 11.0 11.5
95

100

105

110

115

120

125

130

Ta
nδ 

 6m Torr
 10 m Torr
 2 m Torr

εr

Frequency(GHz)

 B2mTorr
 B10mTorr
 B6mTorr

 
Figure 6.22 Broadband microwave dielectric properties of c-BZN thin films deposited on fused 

silica substrates. 
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Figure 6.23 Broadband microwave dielectric properties of m-BZN thin films deposited on fused 

silica substrates. 
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 The measured dielectric properties of the c-BZN and m-BZN thin films were shown in 

figures 6.22 and 6.23.  The microwave dielectric permittivity of c-BZN was found to be 

varying between 126 and 124 for the films deposited at 10 m Torr of oxygen pressure and 

it is varying between 98-96 for the films deposited at 6m Torr of oxygen pressure over the 

X band range of frequencies (8.24-12 GHz). Corresponding dielectric loss tangents are 

found to be varying from 0.007 to 0.0085 and from 0.005 to 0.006 respectively. The 

permittivity exhibited a nearly frequency independent characteristic, while the loss 

tangent slightly increased with the increase in frequency. This kind of increase in loss 

tangent without a considerable change in the permittivity can be attributed to the 

conductor loss contribution arising from the printed transmission lines on these films 

deposited for the purpose of measurements [47].  

The microwave dielectric permittivity of the m-BZN thin films deposited at 10 

mTorr of oxygen pressure is found to be varying between 89 to 71 in the measured 

frequency range. Similarly, the loss tangent is found to be increasing with the increase of 

frequency. The films deposited at 6 mTorr of oxygen pressures were having a dielectric 

constant varying between 66 to 64 and a loss tangent varying between 0.0039 to 0.0054.  

The observed dispersions in the dielectric properties of these thin films at 

microwave frequencies may not have their origin in an intrinsic mechanism. Rather, it is 

thought to be originating from extrinsic factors such as the test structures used for the 

measurements. Although the use of calibration comparison technique eliminates most of 

the parasitic components and reveals the real capacitance and conductance per unit length 

of the CPW lines over the films, there may still remains some small un compensated 

inductance and resistance due to the interfaces. The interface of the metal films sitting on 

top of the films and that sitting on top of the bare substrates will be slightly different and 

this could lead to some un compensated resistance or inductance. This may be the reasons 

for the observed variations of the dielectric constant and loss tangents of the c-BZN and 

m-BZN thin films grown on amorphous fused silica substrates.  So it can be assumed that 

both c-BZN and m-BZN thin films exhibit nearly frequency independent dielectric 

properties over the measured microwave frequency range. The relatively low losses and 

frequency independent dielectric constant  over this broad frequency range  proves that 

these thin film materials can be used  for realizing high Q and frequency stable 

microwave devices.  
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6.4.5 Microwave dielectric properties of BZN thin films on single crystal substrates 

It has been stated earlier that the major focus of this thesis is to study the 

microwave dielectric properties of BZN thin films grown on fused silica substrates. 

However BZN thin films were also grown on single crystal substrates under the 

optimized conditions for a comparative study. This section presents the broadband 

microwave dielectric properties of c-BZN and m-BZN thin films grown on different 

single crystal substrates. 

6 7 8 9 10 11
100

105

110

115

120

125

130

135

140

145

150

155

160

0.005

0.010

0.015

0.020

MgO

LAO

ALO

ε r

Frquency(GHz)
ta

nδ
 

ALO

LAO

MgO

 
Figure 6.24 Broadband microwave dielectric properties of m-BZN thin films deposited on 

different substrates. 
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Figure 6.25 Broadband microwave dielectric properties of m-BZN thin films deposited on 

different substrates. 
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The broadband microwave dielectric properties of c-BZN and m-BZN thin films 

grown on single crystal substrates are given in figures 6.24 and 6.25. From these figures it 

is clear that the dielectric properties at microwave frequencies are strongly affected by the 

substrate type. The c-BZN thin films grown on sapphire substrate was having a larger 

dielectric constant while the films grown on MgO substrates were having lower dielectric 

constant values.  The m-BZN thin films also showed the similar type of behaviour. It is 

already known that the substrates can modify the physical property of the thin films by 

inducing strain either by the lattice misfit or by the difference in thermal expansion 

between the film and the substrate. As a result, the properties of thin films can be 

remarkably different than the intrinsic property of the corresponding unstrained bulk 

material [48]. Here the observed difference in broadband microwave dielectric properties 

of these thin films grown on different substrates can be attributed to the differences in 

local symmetry in these thin films originated from the strain. The detailed Raman analysis 

on these thin films presented in chapter 5 already showed that the local symmetry is 

different in these films and the films are having different strain states.  An analysis on the 

substrate effects on low frequency dielectric properties were already presented in section 

6.3.1. 

6.5 Electric field dependent dielectric properties of c-BZN thin films 

It is already mentioned that many modern microwave applications demands 

dielectric materials whose dielectric permittivity can be varied as a function of the applied 

electric field. One of the most effectively used materials for this application is barium 

strontium titanate [49]. However the thickness dependent dielectric permittivity and the 

polarization and stoichiomectry dependent dielectric characteristics are considered to be 

the major drawbacks of this material [50]. The c-BZN thin films are now being explored 

by many researchers as an alternative candidate for BST thin films for frequency agile 

microwave devices. c-BZN thin films have got low losses, high dielectric constant which 

is less affected by the thickness and stoichiomectry. The dielectric characteristics of the c-

BZN thin films were reported in the previous sections. In this section, the voltage 

dependent dielectric characteristics of the c-BZN thin films are systematically 

investigated as a function of frequency and electric field.  
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Figure 6.26 Electric field dependent dielectric permittivity of c-BZN thin films deposited on Pt-
coated silicon substrates deposited at different oxygen pressures and measured at 1MHz. 

 
Figure 6.26 shows the field dependent permittivity characteristic of the c-BZN 

thin films deposited on platinum coated silicon substrates. The c-BZN thin films were 

having a thickness of about 200 nm and the top electrode diameter was 100 micrometers. 

It has seen that the films deposited at low oxygen pressures were having larger dielectric 

constant and the dielectric constant reduces with the increase of oxygen deposition 

pressure. It is already known that the number of oxygen vacancies and the unit cell 

volume plays an important role in determining the dielectric properties. An increased 

number of oxygen vacancies will increase the number of dipoles associated with oxygen 

vacancies which in turn increases the total polarizability.  The increased dielectric 

constant of the c-BZN thin films deposited at lower oxygen pressure can be attributed to 

the presence of oxygen vacancies in the films. The Q value of the c-BZN capacitors 

deposited at different oxygen pressures is given in figure 6.27. It has seen that the films 

deposited at 10 mTorr of oxygen pressure is having a Q value of 280, which is  high 

compared to other tunable thin film materials. The Q value of the c-BZN thin films 

deposited at 6 mTorr and 10 mTorr oxygen pressures shows field independent 

characteristics, while the Q value of the film deposited at   2 mTorr of oxygen pressures 

shows a field dependent characteristics. The Q value is found to be decreasing as the bias 

field increases. This behaviour may be thought of originating from the field induced 

hopping of conduction through the films which in turn increases the dielectric loss and 

results in the reduction of the Q value.  It has already seen in section 6.1 that the films 



 178

deposited at low oxygen pressures are having large leakage currents at high voltages, this 

leakage conduction will lead to the increase of dielectric loss. The measured field 

dependent characteristics of the c-BZN thin films shows that these materials can be used 

for voltage tunable devices. 

 

-1.0 -0.5 0.0 0.5 1.0
100

120

140

160

180

200

220

240

260

280

2 m Torr

6 m Torr

10 m Torr

Q
( 1

/ t
an

δ)

Electric field(MV/cm)
 

Figure 6.27 Electric field dependent dielectric quality factor of c-BZN thin films deposited on Pt-
coated silicon substrates at different oxygen pressures and measured at 1MHz. 
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Figure 6.28 Electric field dependent dielectric tunability of c-BZN thin films deposited on Pt-

coated silicon substrates measured at 1MHz 
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The bias field dependent tunability of the capacitors fabricated using the c-BZN 

thin films deposited under different oxygen pressures is   shown in figure 6.28. The c-

BZN thin films deposited at  2 mTorr of oxygen pressure was having a tunability of 20% 

and the films grown at 10 mTorr of oxygen pressure   was having a tunability of  30%  in 

an applied dc electric field of  1.25 MV/cm at a measurement frequency of 1 MHz. A 

tunability of 55% has been reported for the c-BZN thin films on pt coated Al2O3 

substrates by Lu and stemmer [51]. The maximum electric field used by them was 

2.4MV/cm. For our experiments we have used only an electric field of 1.25 MV/cm much 

lower than the field used by Lu et al. Here we are also expecting much higher tunability 

with an increasing DC electric field. From these results it can be clearly says that the c-

BZN thin films grown around 10mTorr of oxygen pressure is having relatively high 

tunability with  high quality factor a combination suitable for tunable microwave devices. 

The quality factor for the thin films deposited above 10mTorr of oxygen pressure is found 

to be decreasing. This may be due to the leakage conduction produced due to the 

interstitial oxygen atoms as explained in section 6.2 

 The frequency dependent microwave dielectric properties of c-BZN thin films 

deposited on to sapphire and fused silica substrates measured under different bias voltage 

are shown in figures 6.29 to 6.30. 
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Figure 6.29 Voltage dependent broad band microwave dielectric permittivity of c-BZN thin films 

deposited on sapphire substrates. 
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Figure 6.30 Voltage dependent broad band microwave dielectric properties of c-BZN thin films 

deposited on fused silica substrates. 
 

 

The calculated dielectric permittivity (εr) at 10GHz for the c-BZN thin films grown on 

sapphire is 145.29(at zero bias) and 138.49 (at 10KV/cm bias). The calculated tunability 

is approximately around 4.8%. The loss tangent of the film at 10GHz was estimated to be 

approximately 0.0049 at 10KV/cm. 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 

bias field). The estimated tunability for c-BZN films on fused silica substrate was 2.91% 

at a measurement frequency of 10 GHz.  It could be seen that the magnitude of the 

measured tunability of these films are found to be apparently less compared to the 

reported values of tunability at lower frequencies. This is because of the applied bias 

voltage of 100V across the ground and central conductor of the CPW lines was only able 

to produce a field of around 10 KV/cm in our test structures. We could not go to higher 

fields because of the limitation of the bias tees used. The tunability around 50% is 

reported for these films at much higher fields (around 1.5MV/cm).  Interestingly the films 

grown on fused silica substrates is also exhibiting tunability  and very low losses which 

can be explored further for many low cost microwave devices. This is one of the 

important results of the present work. 
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Figure 6.31 Voltage dependent broadband microwave dielectric permittivity of c-BZN thin films 

deposited on platinum coated silicon substrates. 
 

The dielectric properties and tunability of the c-BZN thin films deposited on to the 

platinum coated silicon substrates are measured using the circular patch capacitor 

techniques. It consists of a disk shaped capacitor and an outer capacitor, surrounding it as 

shown in figures 3.10 in chapter 3. In order to remove the effect of the outer capacitor the 

measurements were carried out on two test structures which had the same outer diameter 

with different inner diameters.  The complex dielectric permittivity of the c-BZN thin 

films calculated from the measured S11 of the CPC structures is shown in figures 6.31.  

 The measured dielectric permittivity results at 5 GHz shows that the films are 

having a dielectric constant of 116 with out any bias field. The dielectric constant has got 

changed to 96 with a bias voltage of 15V (field strength 0.75MV/cm). These results 

confirm that the films are having fairly high tunability at microwave frequencies also. The 

calculated tunability for the c-BZN thin films deposited at 10 mTorr of oxygen pressure 

was around 17% at 5GHz. The obtained tunability value is found to be numerically higher 

than that obtained for the c-BZN thin films grown on single crystals substrates and fused 

silica substrates because CPC being a parallel plate capacitor geometry, the field strength 

seen by the film is much higher in this configuration(0.75MV/cm vs. 10KV/cm).  
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6.6 Realization of tunable varactors 

Varactors are the basic tunable circuit elements in the microwave circuits based on 

tunable dielectric thin films [52]. Two different approaches are available for the 

realization of tunable varactors based on the voltage dependent dielectric materials. The 

first approach is to place the tunable dielectric thin films between the top and bottom 

electrodes and the second approach is to fabricate a set of interdigitated electrodes on top 

of the tunable dielectric thin films [53]. In this section we describe the realization and 

characterization of parallel plate and interdigitated varactors using c-BZN thin films. 

 

6.6.1 Inter digitated and parallel plate varactor realization 

 

                                    
 

     Figure 6.32 Schematic diagram of the interdigitated varactor in the GSG configuration. 

 A schematic diagram of a typical interdigitated varactor is shown in figure 6.32. 

For the interdigitated varactor fabrication, the c-BZN thin film is deposited directly on to 

the substrate and the electrode metallization is patterned on top of the c-BZN thin films. 

In the interdigitated varactors the minimum gap between the electrodes can be up to 2-3 

micrometers using the standard photolithographic techniques available at our university. 

Each IDC varactors realized in the present study was having six pairs of interdigital 

electrodes having a width (W) of12 μm and a gap (G) of 8μm with an overlapping length 

(L) of 320μm. These varactors were designed in such a way that it can be probed using a 

ground signal ground (GSG) probes of 250 um pitch.  
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Figure 6.33  Schematic diagram of the parallel plate varactor in the CPC configuration. 
 

The schematic diagram of the parallel plate c-BZN varactor in CPC configuration 

is shown in figure 6.33. In this configuration the bias field is applied across the thickness 

of the film resulting in a lower bias voltage requirement compared to that of interdigitated 

capacitor.  An advantage of the parallel plate approach is that the integration of tunable 

components on industrially important Si substrate can be achieved easily. For the 

characterization purpose we have designed a parallel plate varactor having circular patch 

capacitor geometry (CPC). The inner circular patch was having diameters of 80,100 and 

120 μm while the outer circular ring was having a diameter of 300μm. The outer circular 

patch will acts as a virtual RF ground for the device. These devises were characterised 

using the GSG probes of 250μm pitch. 

 Standard photolithography and metal lift off process was used to define the 

structure of the interdigital capacitors (IDCs) on the BZN coated fused silica substrates as 

well as the parallel plate varactors having the circular patch capacitor (CPC) structures on 

platinised silicon substrates. I line positive photo resist from Arch chemicals was used to 

make a thick layer of photo resist of about 1micron thick. After the standard UV exposure 

and development of photo resist, 0.5 μm thick gold electrodes were deposited by RF 

magnetron sputtering at room temperature followed by a lift off process to remove the 

metals in the unwanted places.  
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Figure 6.34 Microphotograph of the fabricated (a) IDC and (b) CPC varactors 

 
The optical microscopic images of the realized IDC and CPC varactors using c-

BZN thin films were shown in figure 6.34. Agilent 8722ES vector network analyzer 

(VNA) connected to a J micro technology make RF probe station mounted with GSG 

probes from GGB industries was used to characterize the microwave properties of the 

IDC varactors fabricated using the c-BZN thin films deposited on fused silica substrates. 

Prior to the testing, the 250μm pitch GSG probe was calibrated using the CS-5 calibration 

substrate from GGB industries. 

 

 

 

 

 

 

 

 

 

 
Figure 6.35 Frequency dependence of capacitance for the IDC varactors fabricated using the c-

BZN films measured at different bias fields. 
 
Figure 6.35 shows the calculated capacitance from the measured reflection coefficient S11 

of the IDC varactor. The capacitance is calculated assuming a parallel resistor- capacitor 

model [54] for which the admittance is given by  
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Here Y0 is the reference admittance and S11 is the reflection coefficient. The calculated 

capacitance of the IDC varactor at 4 GHz with 0 V dc bias was 1.067 pF, which has got 

changed to 0.969 pF by the application of 1.2MV/cm exhibiting a tunability of 9%. The 

observed quality factor for the IDC varactors at 4GHz was about 38. The quality factor of 

the c-BZN varactors on amorphous fused silica is comparable to that of the reported 

quality factors of the BST based varactors [55] on single crystal sapphire substrates.  

Agilent 4294A impedance analyzer was used to measure the voltage dependent 

capacitance and loss tangent values of the CPC varactors fabricated using c-BZN films at 

low frequencies. A voltage sweep was done from –15 to +15 V for CPC structures. Figure 

6.36 shows the capacitance vs. voltage characteristics of the CPC structure fabricated and 

measured at 1MHz. The capacitance is changed from 60.8 pF at 0 V to 44.58 pF at 15 

Volts. Percentage of tunability is defined as 
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where C0v and C15V are the capacitance at 0Volt and 15 Volts respectively. Hence the 

tunability is around 25% at 15 Volts bias.  

 
         
 
 
 
 
 
 
              
 
 
 
 
 
 
 
 
 

Figure 6.36 Variation of capacitance and loss tangent with voltage for the CPC varactors 
fabricated using the c-BZN films.    
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The microwave characteristics of the CPC varactors were determined using the 

Agilent 8722ES VNA connected to a 250 micron pitch GSG probe mounted on a J micro 

technology make RF probe station. The complex reflection coefficient of the CPC 

varactors was measured after the standard short – open - load calibration using the CS-5 

calibration substrate. The measured reflection coefficient S11 is converted into impedance 

for the test structure ZT using [56]. 

jXR
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SZZT +=

−
+
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11

11
0 1

1     (6.11) 

Here, Z0 =50 Ohm. The capacitance and loss tangent of the capacitor can be derived from 

the complex impedance using the following relations: 
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The calculated capacitance of the CPC structure is shown in figure 6.37. It can be 

seen from the figure that the CPC varactor was having a capacitance of 38.78 pF at 5GHz 

which has changed to 32.32 pF with the application of a bias voltage of 15 V resulting a 

capacitive tunability of 16.6%.               
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Figure 6.37 Frequency dependence of capacitance for the CPC varactors fabricated using the c-
BZN films measured at different bias fields 
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Figure 6.38 Frequency dependence of Q factor for the CPC varactors fabricated using the 

c-BZN films measured at different bias fields 
 

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 were having 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 grown on single crystal sapphire substrates 

while the tunability was relatively low. The c-BZN thin film on fused silica substrate 

seems to be a very promising technology for the realization of low cost tunable varactors. 

It may be possible to improve the Q value further by depositing the films at elevated 

substrate temperatures since the lower Q value is thought to be due to the thermal strain 

present in the films. The parallel plate varactors are exhibiting a Q factor of 150 at 

microwave frequencies (figure 6.38) which is quite high in the microwave region. The 

observed microwave characteristics of the c-BZN varactors show that they can be 

potentially used for realisation of tunable microwave devices having high figure of 

merits. 
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6.7 Summary 

In summary, this chapter presents a detailed study on the dielectric properties of c-

BZN and m-BZN thin films grown on various substrates at low frequency as well as at 

microwave frequencies. The leakage characteristics of these materials in thin film form 

are also reported systematically in this chapter. The leakage current density of these thin 

films is found to be in the range of 2-3 μA/cm2 at 50KV/cm. From the analysis of the 

leakage current characteristics, it is concluded that the conduction process in these thin 

films is predominantly electronic in nature.  The   leakage current in these thin films were 

found to be  increasing with the increase of  annealing temperature and it 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 smaller oxygen pressures which are attributed to the presence of 

large number of oxygen vacancies which will produce free electrons in the films.  

The low frequency dielectric properties of these films which are grown directly on 

substrates such as MgO, fused Silica, LaAlO3 and sapphire (Al2O3) are measured using 

interdigital capacitor geometry. The BZN thin films exhibit different dielectric behaviour 

when grown on different substrates. The films deposited on sapphire substrates are having 

larger dielectric constant while the films deposited on fused silica substrates are showing 

smaller dielectric constant values. From the microstructural analysis of these films it was 

found that for the films grown on fused silica substrates are having smaller grain size 

compared to that of the films grown on single crystal substrate. The microstructural 

dependence of dielectric properties is explained in terms of the change of crystal field 

caused by the surface bond contraction. From the Raman analysis it was evident that the 

films grown on these substrates are under different strain state and the reduction of 

dielectric constant of BZN thin films grown on MgO and fused silica substrates is also 

attributed to the compressive strain 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 action showing accumulation, depletion and inversion behaviors at 

the BZN -silicon interfaces. The dielectric constant and loss tangent of the c-BZN and m-
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BZN thin films are found to be increasing gradually with the annealing temperature. The 

relatively high dielectric constant of these films with the low dielectric loss tangents 

exhibited by them even at low annealing temperatures shows that these films can be 

potentially integrated in to CMOS technology.  

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 than that of the annealed crystalline films. The low value of the dielectric 

constant of these 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 (tanδ) on the deposition oxygen pressure. 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 (tanδ) 

on the deposition pressure. The dielectric constant varied from 56-71 where as the 

dielectric loss tangent is varied from 1.4 x10-3 to 2.5 x 10-3 as the pressure varied from 2 

to 10 mTorr.  

Broadband microwave dielectric properties of c-BZN and m-BZN thin films 

deposited on various substrates were determined using the calibration comparison 

techniques. Slight frequency dispersions were observed in the measured broadband 

dielectric properties of these thin films at microwave frequencies. This dispersion is 

attributed to the extrinsic factors such as the test structures used for the measurements. It 

has been concluded that the interface of the metal films sitting on top of the films and that 

sitting on top of the bare substrates are slightly different that is leading to some un 

compensated resistance or inductance which is responsible for the observed dispersion in 

the measured data. 

The tunability studies on c-BZN thin films shows that the c-BZN thin films grown 

around 10 mTorr of oxygen pressure is having relatively higher tunability with higher 

figure of merits a combination suitable for tunable microwave devices. The figure of 

merits for the thin films deposited above 10 mTorr of oxygen pressure is found to be 
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decreasing. This may be due to the leakage conduction produced de to the interstitial 

oxygen atoms as explained in section 6.2.  The calculated tunability for the c-BZN thin 

films deposited on sapphire substrates is approximately around 4.8% at a bias field of 

10KV/cm. 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 bias). The estimated 

tunability for c-BZN films on fused silica substrate was 2.91% at a 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 were having 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 costly single crystal substrates, while the 

tunability was relatively low. The c-BZN thin films on fused silica substrates seem to be a 

very promising technology for the realization of low cost tunable varactors. 
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Chapter 7 

Conclusions and scope for future work 
 

7.1 Conclusions 

This thesis has investigated the physical, optical and microwave properties of the 

Bi1.5Zn1.0Nb1.5O7 and Bi2Zn2/3Nb4/3O7 ceramics and thin films in the   Bi2O3-ZnO-Nb2O5 

based pyrochlore system. The increasing demand for the microwave dielectric materials 

with improved properties suitable for modern integrated circuits was the major motivation 

for investigating these ceramics materials both in bulk and thin film forms. Bismuth zinc 

niobate based pyrochlore ceramics and thin films are being considered for many 

applications ranging from ceramic capacitors to frequency agile microwave devices. So 

this thesis presents the study of the BZN ceramics and thin films in an inter disciplinary 

perspective which include aspects of physics, material science and microwave 

engineering.  

 The structural, microstructural, dielectric characteristics as well as the Raman 

characteristics of c-BZN, m-BZN and titanium doped m-BZN ceramics prepared by the 

solid state route were investigated. The X-ray diffraction study confirms the formation of 

the cubic pyrochlore structure with all the major peaks corresponding to the Fd3m space 

group for c-BZN ceramics. It also confirms the monoclinic zirconolite-like structure with 

all the major peaks indexed to the C2/c space group for m-BZN ceramics. The measured 

dielectric constant and loss tangent at 1MHz for c-BZN ceramics are 134 and                 

1.2 x10-3respectively and for m-BZN ceramics, 70 and 0.4x10-3 respectively. For titanium 

substituted samples, with an increase in Ti content from 0 to 0.4 mole% at B-site, the 

dielectric constant increased from 75 to 120 while the dielectric loss tangent increased 

from 0.0004 to 0.061. At higher temperatures, the measured dielectric constant of Ti 

substituted ceramics shows dispersion and a corresponding peak at the loss tangent. This 

dispersion-type behavior in the Ti doped m-BZN ceramics is explained by the hopping 

relaxation phenomenon. The dielectric loss tangent of c-BZN ceramics shows a broad 

peak at the temperature range of 150 to 200K while m-BZN ceramics shows almost 

temperature-independent dielectric loss tangent when measured at a frequency of 3GHz. 

The measured Raman spectra for c-BZN and m-BZN ceramics do not have a very large 

difference except for a band at 836cm-1 which is observed only for m-BZN ceramics.  
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Thin films in the pyrochlore bismuth zinc niobate system with the composition 

Bi1.5Zn1.0Nb1.5O7 (c-BZN) and Bi2Zn2/3Nb4/3O7 (m-BZN) were deposited by pulsed laser 

deposition on amorphous fused silica substrates as well as on various single crystal 

substrates. The PLD technique is proven to be a convenient way of growth of 

stoichiomectric c-BZN and m-BZN thin films with high reproducibility. The processing 

parameters such as oxygen pressure, annealing temperature, time and the substrate types 

were correlated to the dielectric and optical properties of these thin films. Through the 

variation of these processing parameters, optimal deposition conditions for the growth of 

the films with the required properties are identified. 

The chemical compositions of the prepared films were analyzed using the x-ray 

photoelectron spectroscopy (XPS) and the stoichiomectry analysis were carried out using 

Energy Dispersive X ray Analysis. The XPS study confirmed the presence of Bi, Zn, 

Nb,and O near the surface of these thin films and these ions were found to be in their 

chemical states as Bi3+, Zn2+, and Nb5+respectively. The X-ray diffractograms of c-BZN 

thin films show the formation of the cubic pyrochlore structure with all the major peaks 

corresponding to the Fd3m space group and that of m-BZN thin films shows the 

formation of a monoclinic zirconolite like pyrochlore phase. The crystallite size of the 

films is found be varying with the oxygen pressure during the processing. The Raman 

analysis of c-BZN thin films and bulk reveals that the local symmetry in thin films is 

different from that of the bulk. The change in local symmetry in thin films arises due to 

strain, which changes the correlation lengths between the dipoles. In m-BZN thin films 

the anomalous changes in FWHM, intensity, and frequency shift of the two higher 

frequencies, with Ag modes appearing at 778 and 849 cm-1 on varying oxygen pressure 

suggest polar distortion suppression in the films. The as deposited c-BZN thin films 

exhibit refractive index in the range of 2.36-2.53 with an optical absorption edge value 

between 3.30-3.52eV. The as deposited m-BZN films exhibit refractive index in the range 

of 2.06-2.15, with an optical absorption edge value between 3.59-3.67eV. The refractive 

index of the films increase on annealing, indicating onset of crystallinity. The packing 

density of these films was found to be increasing with the increase of annealing 

temperature which in turn results in the increase of refractive index.  

The dielectric properties of c-BZN and m-BZN thin films grown on amorphous 

fused silica substrates were investigated in detail. The leakage characteristics of these 

materials in thin film form are also reported systematically. The leakage current densities 



 196

of these thin films are found to be in the range of 2-3 μA/cm2 at 50KV/cm. From the 

analysis of the leakage current characteristics it is concluded that the conduction process 

in these thin films is predominantly electronic in nature.  The   leakage current in these 

thin films were found to be  increasing with the increase of  annealing temperature and it 

is attributed to the presence of free electrons in these films produced by the formation of 

oxygen vacancies due to high temperature annealing.  

The low frequency dielectric properties of these films which are grown directly to 

the substrates such as MgO, fused silica, LaAlO3 and sapphire (Al2O3) 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 

were having larger dielectric constant while the films deposited on fused silica substrate 

were showing smaller dielectric constant. From the microstructural analysis of these films 

it was found that for the films grown on fused silica substrates are having smaller grain 

size compared to that of the films grown on single crystal substrate. The microstructural 

dependence of dielectric properties are explained in terms of the change of crystal field 

caused by the surface bond contraction. Decreasing the particle size will increases the 

crystal field and subsequently decreases the dielectric constant. From the Raman analysis 

it was evident that the films grown on these substrates are under different strain states and 

the reduction of dielectric constant of BZN thin films grown on MgO and fused silica 

substrates is also attributed to the compressive strain 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 are found to be directly relevant to determine the 

suitability of c-BZN and m-BZN thin films as gate dielectrics in microelectronic devices 

and CMOS technology. The high frequency C-V behavior of these films shows the 

typical n-type MOS action showing accumulation, depletion and inversion behaviors at 

the BZN silicon interfaces. The dielectric constant and loss tangent of the c-BZN and m-

BZN thin films are found to be increasing gradually with the annealing temperature. The 

relatively high dielectric constant with the low dielectric loss tangents along with the 

typical MOS action for the films annealed at low temperatures shows that these films can 

be potentially integrated in CMOS technology.  

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 using the 
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extended cavity perturbation technique. 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 these 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 (tanδ) on the deposition oxygen pressure. 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 were measured at a spot 

frequency of 10GHz using the SPDR techniques. It is observed that in this case also there 

is a strong dependence of the microwave dielectric constant and loss tangent (tanδ) on the 

deposition oxygen pressure. The dielectric constant varied from 56-71 where as the 

dielectric loss tangent is varied from 1.4 x10-3 to 2.5 x 10-3 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 

techniques. Slight frequency dispersions were observed in the measured broadband 

dielectric properties of these thin films at microwave frequencies. This dispersion is 

attributed to the extrinsic factors such as the test structures used for the measurements. It 

has been concluded that the interface of the metal films sitting on top of the films and that 

sitting on top of the bare substrates are slightly different that is leading to some un 

compensated resistance or inductance which is responsible for the observed dispersion in 

the measured data. 

 The tunability studies on c-BZN thin films shows that the c-BZN thin films grown 

around 10 mTorr of oxygen pressure is having relatively higher tunability with high 

quality factor a combination suitable for tunable microwave devices. The quality factor 

for the thin films deposited above 10 mTorr of oxygen pressure is found to be decreasing. 

This is attributed to the leakage conduction produced due to the interstitial oxygen atoms. 

The calculated tunability for the c-BZN thin films on sapphire substrate is approximately 

around 4.8% at a bias field of 10KV/cm. 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 bias). The estimated tunability for c-BZN films on fused silica substrate was 

2.91% at a measurement frequency of 10 GHz.   
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 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 were having 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 while the tunability was relatively low. The c-

BZN thin film on fused silica substrate seems to be a very promising technology for the 

realization of low cost tunable varactors. 

Hence in short this study on the growth of BZN thin films on amorphous SiO2 

(fused silica) substrates and the impact of thermal treatments on them will lead to the 

development of the process technologies for the BZN thin films compatible with Si 

technology. Industrially compatible fabrication processes are already available for Si and 

SiO2. The SiO2 can be directly deposited on Si substrates or it can be produced by the 

surface oxidization of the Si substrates. The BZN films can be grown directly on the SiO2 

layer and the required passive circuits can be fabricated on the SiO2 layer which is a low 

loss microwave substrate. The active circuits can also be incorporated in the same wafer 

by exposing Si substrates through the selective etching of the SiO2 layer. This will be 

helpful to explore further a cost effective way of integration of tunable microwave 

circuits in to the existing silicon technology. 

 

7.2 Scope for future work 

In future as the Bi2Zn2/3Nb4/3O7 (m-BZN) and the Ti –doped m-BZN ceramics are 

found to be able to get sintered below 1000°C, efforts can be initiated to reduce the 

sintering temperature of these materials by adding some sintering aids and study their 

microwave dielectric characteristics. So that these materials can be effectively used for 

LTCC applications. In the present study the BZN thin films grown on fused silica 

substrates are found to be crystallized at temperature above 500°C. Further efforts such as 

laser annealing and microwave annealing etc can be tried to reduce the crystallization 

temperatures further down so that these materials can be effectively incorporated in to 

polymeric substrates. A temperature dependent I-V and C-V characteristics of these thin 

films grown on pt could give more light in to the conduction mechanisms. Microwave 

dielectric properties and tunability characteristics of the in situ crystallized BZN thin 

films can be explored and compared with the present results. To improve the tunability 

and figure of merits, multilayered and composite films of BST and BZN thin films can be 
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grown on fused silica substrates and their characteristics can be studied. The non linear 

optical properties of these thin films can be explored in detail. The growth and dielectric 

properties of these thin films directly on SiO2/Si wafers can be explored further. The nano 

mechanical properties of these thin films are interesting to study. These studies can be 

extended further to the other pyrochlores such as Bi1.5Zn1.0Ta1.5O7 and Bi2Zn2/3Ta4/3O7 

ceramics and thin films. 
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