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Abstract 

 

Perovskites, in particular the family of barium titanate, have attracted much 

attention due to their moderate permittivity and high dielectric tunability. (Ba, Sr) TiO3 

(BST) and Ba (Zr, Ti)O3 (BZT) materials are perovskite based ferroelectrics which 

have found extensive applications. For ABO3 perovskite, substituting A and/or B sites 

by other ions can modify the dielectric behaviour of the material. (Ba,Sr)(Zr,Ti)O3 

(BSZT) is a solid solution of BST and BZT. It is expected that the addition of Zr and 

Sr into BaTiO3 will result in a modified BSZT ceramics. 

 

(Ba1-x,Srx)(Zr0.1,Ti0.9)O3 (x = 0, 0.05, 0.15, 0.25, 0.35, 0.45) ceramics were 

prepared by a conventional solid state reaction method. The structure, surface 

morphology, dielectric and ferroelectric properties were investigated. With the increase 

in Sr content, the Curie temperature decreases linearly. From X-ray diffraction (XRD) 

analysis, the lattice parameters were found to reduce with the increase in Sr content. 

Scanning electron microscopy (SEM) was used to reveal the microstructure and it was 

observed that the grain size decreases with the increase in Sr content. The 

polarization-electric field loop (P-E loop) shows a decrease in remnant polarization 

with the increase in Sr content. 

 

We have successfully grown BSZT thin films on different substrates [e.g. 

LaAlO3(LAO), (La,Sr)(Al,Ta)O3(LSAT), SrTiO3 and MgO] with different 

compositions (x = 0, 0.05, 0.15, 0.25, 0.35, 0.45). The structure, dielectric and 

ferroelectric properties are studied. The properties are obtained using coplanar 
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configurations on BSZT thin films, as coplanar electrode is much preferable for 

microwave applications. Using conformal mapping techniques, dielectric constant 

values ranging from (180 to 800) are obtained. The in-plane dielectric tunabilites 

obtained are higher than 40%. Structural characterization shows that the lattice 

parameter reduces with increasing Sr content. Among all compositions, the Curie 

temperature of (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film is below room temperature (10oC), 

and smallest dielectric dissipation was obtained, giving high Q values. 

(Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film was chosen as the base composition for microwave 

devices (ring resonators and phase shifters) fabrication. 

 

Ring resonators are widely used microwave devices and also are tools for material 

characterization at high frequency (1GHz – 20GHz). Ring resonators have been used 

to characterize the dielectric properties of (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film on 

different substrates in the microwave region. Phase shifters produce various phase 

shifts in output signal. Ring resonator and coupled microstrip phase shifter (CMPS) 

have been fabricated on LAO, LSAT and MgO substrates using standard 

photolithography etching technique. It has been found that, under 12.5 V/μm electric 

field, the phase shifter provides 60o of phase shift in the GHz region. This is a 

preliminary demonstration of the performance of the BSZT phase shifter. It is 

envisaged that by tuning some processing parameters, better results could be obtained. 
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CHAPTER 1  

INTRODUCTION AND LITERATURE REVIEW 

1.1  Background 

 

Ferroelectrics, especially complex oxides with perovskite structure, are truly 

multifunctional materials. The physical properties (relative permittivity, remnant 

polarization, refractive index, magnetic permeability, etc) of these materials change 

significantly with temperature, external electrical, magnetic field, especially at 

temperature near phase transitions (multi phase boundaries), which makes them very 

attractive for many applications. 

 

Study of the piezoelectricity and ferroelectricity continues extensively, leading to 

many theoretical and experimental results. There are numerous area of applications, 

including memory (Gerblinger and Meixner 1990; Cheng 1996; Wu et al. 1996; Qin et 

al. 2002), transducers (Saito et al. 2004), sensors (Watton and Manning 1998), 

capacitors (Jaffe et al. 1971; Shaw et al. 1999; Moulson and Herbert 2003) and 

microwave devices (Kim et al. 2000; Yoon et al. 2002; Cole et al. 2003).  

 

The following Section gives a brief overview of the theory of ferroelectricity, 

starting by considering the crystal structure. 

 

1.2 Introduction to ferroelectricity 

 

Ferroelectricity is defined as the property of a material to exhibit a spontaneous 

polarization, which can be reversed by the application of an external electric field 
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(Uchino 2000). Ferroelectrics have two states, polar (ferroelectric, antiferroelectric) or 

nonpolar (paraelectric). The properties of ferroelectrics under polar and nonpolar state 

should be studied carefully for real life applications. 

 

The crystal ordering in a lattice, i.e. the symmetry, of a crystal affects both the 

structural and physical properties. A diagram of different crystal point groups is shown 

in Figure 1.1. 

 

Figure 1.1 Crystal structures of symmetry crystal point groups (Gonzalo and Jiménez 

2005). 

Consider the 32 crystal classes shown in Figure 1.1, the group can be divided into 

two categories: centrosymmetric and non-centrosymmetric.  

 

Within the 32 symmetry point groups, 11 of them are centrosymmetirc and 

possess no polarity, which means they lack an inversion center. 21 of them are non 

centrosymmetric. Non-centrosymmetric materials possess one or more 

crystallographically unique axes, which is a condition required for piezoelectricity. 

Within the 21 non-centrosymmetric point groups, 20 of them show piezoelectric effect. 

The point group 432 is the lone non-centrosymmetric material that is not piezoelectric 
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due to combination of other symmetry elements. 

 

A sub group of non-centrosymmetric point group shows the pyroelectric effect. 

These 10 crystal classes have only one unique rotation axis and do not have a mirror 

perpendicular to that axis, which lead them to being referred to as polar materials as 

well.  

 

These materials possess the unique property to exhibit a remnant polarization. 

Within this material class are the ferroelectric materials which have permanent 

electrical dipoles that can be reversed by an electric field. 

 

1.3 Relative permittivity of ferroelectrics 

 

The electric displacement field ܦሬሬԦ  is a vector field which describes the 

displacement effects of an electric field on the charges within a dielectric material, it 

can be expressed as: 

ሬሬԦܦ ൌ ሬԦܧߝ  ሬܲԦ       (1.3.1) 

where ߝ is the permittivity of free space, ܧሬԦ the applied electric field, and ሬܲԦ is the 

polarization density of the electric material.  

 

The application of an electric field results in a finite displacement of the positive 

and negative charges forming electric dipoles. Polarization is considered as the 

rearrangement of electrical charges under the presence of an external electrical field.  

The net polarization can be written in terms of susceptibility as: 

ሬܲԦሺܧሻ ൌ  ሬԦ       (1.3.2)ܧ߯ߝ

Where ߯ is the dielectric susceptibility. 
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From Eq. (1.3.1), the relative permittivity can be defined in terms of the 

susceptibility that is directly related to the polarization mechanisms in a material. 

ሬሬԦܦ ൌ ሺ1ߝ  ߯ሻܧሬԦ ൌ  ሬԦ      (1.3.3)ܧߝߝ

The dielectric constant of a material is dependent on the frequency at which the 

material is probed. As mentioned earlier, different polarization mechanisms are active 

at different frequency ranges, and thus the permittivity is intimately related to the 

associated polarization mechanism within a material, the dielectric constant is then 

treated in complex form , which is dependent on the frequency (ω). 

ሺωሻߝ ൌ ᇱሺωሻߝ െ "ሺωሻߝ݆ ൌ ᇱሺ1ߝ െ  ሻ    (1.3.4)ߜ݊ܽݐ ݆

where 

ᇱ൫ω൯ߝ ൌ ஶߝ  ఌೞିఌಮ

ଵାதమω
మ      (1.3.5) 

And  

௦ߝ)="൫ω൯ߝ െ ஶሻߝ
ωத

ଵାதమω
మ     (1.3.6) 

where εs is denoted as static permittivity. 

 

The real part of the permittivity (ߝ′ ) is the relative permittivity and is determined 

by the amount of polarization. It determines the amount of electrostatic energy stored 

per unit volume in a material for a given applied field. i.e. The amount of charge stored 

in the capacitor. The imaginary component of the permittivity (ߝ") is called the loss 

factor and is governed by the phase lag between polarization and the applied field and 

determines the energy dissipation associated with charge polarization. It represents the 

energy loss in a material (heat). This energy loss appears as an attenuation of the 

applied field and is usually measured relative to the dielectric constant in terms of loss 

tangent. 

ߜ݊ܽݐ ൌ ఌᇲᇲ

ఌᇲ
       (1.3.7) 
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In terms of an equivalent electrical circuit, ߜ݊ܽݐ represents the resistive part of 

the impedance and is directly proportional to the electrical conductivity. For most 

dielectrics, the loss angles are very small and nearly constant over a wide range of 

frequencies. For this reason the loss tangent ߜ݊ܽݐ is usually quoted as a figure of 

merit of a capacitor. For tunable device applications, the dielectric quality factor Q can 

be defined as Q=(1/ ߜ݊ܽݐ). 

 

From Figure 1.1, the ferroelectric materials can be further divided into several 

categories. The most technologically important one is the perovskite type, ABO3. A 

schematic diagram of a typical perovskite crystal, barium titanate, BaTiO3 is shown in 

Figure 1.2. 

 

Figure 1.2 Structure of BaTiO3. 

 

A perovskite structure belongs to the space group Pm3m. The crystal structure is 

commonly consisted of three species as referred by the chemical notation. Where 

valence of 1,2 or 3 and valence 3,4 or 5 cation species occupy the A sites and B sites 

respectively. The O sites are occupied by valence 2 anions. Conventional 

representation of the perovskite structure has the B sites located in the middle of the 



  CHAPTER 1 

        

THE HONG KONG POLYTECHNIC UNIVERSITY 

CHAN Ngai Yui  26 

cell and surrounded by oxygen octahedral, while the A sites sit in the corners of the 

cell. The depiction is useful for visualizing the effects of changing the cation radii size 

of A site on the crystal structure. Assuming a given radius for the B site, there is a 

given A site radii size which allows for the structure to be cubic. However if the A 

sites are substituted with larger cations, then the cell structure will shift to a tetragonal 

structure in order to accommodate the larger species. With the tetragonal distortion, the 

ion occupying the B-site is forced to move along the elongated axis, which creates a 

net polarization relative to the oxygen octahedral. The schematic diagrams of cubic 

and tetragonal perovskite structures are shown in Figures 1.3 (a) and (b). 

 

Figure 1.3 (a) Cubic structure and (b) tetragonal structure. 

 

1.4 Phase transition in ferroelectrics 

 

The complex metal oxide ferroelectrics, i.e. perovskites such as titanates (CaTiO3, 

BaTiO3 etc), tantalites (KTaO3 etc), niobatres (KNbO3 etc) are characterized by a 

common chemical formulae, ABO3, and have the same crystal structure. Above the 

polar-to-non polar phase transition temperature their crystal lattice has a cubic 

structure. In this phase the crystal has no spontaneous polarization. Its permittivity is 

rather high, and is DC field, temperature and strain dependent.  
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Below the phase transition temperature the crystal lattice becomes non-cubic, 

non-centro-symmetric, the centers of the positive and negative charges per unit cell 

shift and the crystal is characterized by spontaneous polarization. One of the surfaces 

of a macroscopic crystal is charged positively, while the opposite surface is charged 

negatively. 

 

The transition temperature from cubic to tetragonal structure is commonly 

referred to as the Curie temperature Tc. In most case, when the temperature of the 

material is above Tc, a cubic structure is observed and it does not exhibit 

ferroelectricity, but, if the temperature is below Tc, the crystal becomes tetragonal and 

ferroelectricity is observed. In the cubic phase, the material is paraelectric. The 

characteristic of a paraelectric phase in a ferroelectric material is the absence of 

spontaneous polarization. If a material exhibits multiple phase transitions, the Curie 

temperature corresponds to the temperature at which the paraelectirc – ferroelectric 

phase transition occurs. Figure 1.4 shows the phase transition of BaTiO3. 

 

 

Figure 1.4 Phase transitions of BaTiO3 at different temperatures (Murata). 



  CHAPTER 1 

        

THE HONG KONG POLYTECHNIC UNIVERSITY 

CHAN Ngai Yui  28 

1.5 Dielectric models of the ferroelectric and paraelectric phase 

 

Based on the expansion of the free energy of a ferroelectric crystal as a function 

of polarization P. (Tagantsev 2005) 

 

,ሺܲܨ ܶሻ ൌ ଵ

ଶ
ଶܲߙ  ଵ

ସ
ସܲߚ   (1.5.1)     ڮ

The higher order terms in this expansion are ignored. It contains only even terms 

to reflect the fact the free energy of the crystal does not depend on the polarization 

reversal. The physical meanings of the dielectric permittivity and nonlinear 

coefficients α and β are described below. Notice that this relationship holds true both 

for ferroelectric and paraelectric (polar) phases. The first derivative of this function is: 

 

பFሺP,Tሻ

பP
ൌ E ൌ αP  βPଷ   (1.5.2)     ڮ

 

From the simple relationship between the electric field and polarization it 

becomes clear that the coefficient α should have a meaning of the inverse permittivity 

ߙ ൌ   ଵ

ఌఌబ
 ,where ε  is the relative dielectric permittivity and ߝ  is the dielectric 

constant of vacuum. Furthermore, taking into account the experimentally observed 

temperature dependence of the permittivity, i.e. the Curie-Weiss low ߝ ൌ 

்ିT
 the 

coefficient α takes the form: 

α ൌ
TିT౦
கబC

        (1.5.3) 

C is the Curie constant and the temperature Tph is equal or lower than the Curie 

temperature Tc. Its meaning will be clarified below. 

 

In polar (ferroelectric) phase the spontaneous polarization Ps is found when the 
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externally applied electric field E=0, i.e. from the equation, αPs+βPs
3= Ps(α+βPs

2)=0. 

The last equation has two solutions: Ps=0 and α+βPs
2=0. From the second equation, Ps 

can be derived. 

௦ܲ ൌ ට
TିT

ఉఌబ
        (1.5.4) 

Which is valid below temperature T=Tph. At T=Tph the spontaneous polarization 

Ps=0, i.e. Tph is the phase transition temperature. Below this temperature the 

ferroelectric is in polar (ferroelectric) phase with P=Ps. Above Tph, the ferroelectric is 

in paraelectric phase with Ps=0. In this case the paraelectric to ferroelectric phase 

transition is of the second order and the phase transition temperature is identical with 

the Curie Weiss temperature Tc=Tph.  

 

ߝ ൌ ଵ

ఌబ

డா

డ
ൌ ଵ

ఌబሺఈାଷఉమሻ
       (1.5.5) 

 

In paraelectric (T>Tc=Tph) phase, and without external electric field, i.e P=0, from 

the equation, one gets the Curie Weiss law: 

ߝ ൌ 

்ି ்
         (1.5.6) 

For ferroelectric, polar phase (T<Tc=Tph) the permittivity is found from 

ߝ ൌ 

ଶሺ ்ି்ሻ
        (1.5.7) 

The temperature dependences of the spontaneous polarization and inverse 

permittimity for a ferroelectric crystal with 2nd order phase transition, defined by Eqs. 

(1.5.4), (1.5.6) and (1.5.7) are depicted in Figure 1.5(a). Figure 1.5(b) depicts the 

dependences of the free energy on the polarization Eq.(1.5.1) for ferroelectric (T<Tc), 

paraelectric (T>Tc) and phase transition temperature (T=Tc). The two minima in 

ferroelectric phase correspond to two equilibrium states of the spontaneous 
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polarization, 

  

Figure 1.5 2nd order paraelectric to ferroelectric phase transition. (a) Temperature 

dependences of the polarization and inverse permittivity, and (b) the 

polarization dependent free energy (Uchino 2000). 

 

1.6 Polarization mechanisms 

 

In ferroelectric phase, the relationship between polarization and electric field is 

characterized by a hysteresis loop. The presence or absence of spontaneous 

polarization can be observed by doing either a polarization measurement or a double 

capacitance – voltage sweep, one voltage sweep for each direction. 

 

From the PE hysteresis loop shown in Figure 1.6(a), several parameters can be 

identified from the plot, the remnant polarization, Pr, is the polarization value of the 

material at zero bias, also known as the spontaneous polarization, the saturation 

polarization, Ps, is the maximum polarization, and the coercive field Ec, is the field 

necessary to reverse the direction of the net polarization of the material.  

 

The hysteresis with the two equilibrium polarization states is used in nonvolatile 
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memory cells. The corresponding permittivity field dependence is shown in Figure 

1.6(c). According to the diagram, the two maxima in permittivity appear at coercive 

field ±Ec. In principle, this type of butterfly permittivity field dependence may be used 

in analog tunable microwave varactors provided that the associated losses are small 

and the required tuning speeds are not high. In this case, the bias field has to be 

increased from zero or decrease from Emax in order to establish the required 

permittivity on the given branch of the  ߝሺܧሻ vs E curve. Additionally, in polar phase 

all ferroelectrics also are piezoelectric and, as such, some of them are used in 

acoustoelectronic devices. 

 

In paraelectric phase, (T>Tc), the spontaneous polarization is zero and the inverse 

permittivity is a nonlinear function of the applied electric field. At small bias fields the 

free energy is a parabolic function of the polarization as it appears in Eq. (1.5.5). 

 

Figure 1.6 Polarization (a and c) and permittivity (c and d) dependences on the applied    

electric field for ferroelectric (a and c) and paralelectric (b and d) (Uchino 

2000). 

 



  CHAPTER 1 

        

THE HONG KONG POLYTECHNIC UNIVERSITY 

CHAN Ngai Yui  32 

The P(E) dependence in this phase is again nonlinear but without hystersis loop 

(Figure 1.6(c)). The ߝሺܧሻ performance is also essentially nonlinear (Figure 1.6 (d)) 

and for small bias field it is characterized with a parabolic dependence, as shown 

below. In this phase , using the relationship between polarization and applied field, 

ܲ ൌ ሺ0ሻߝ .one gets from Eq. (1.5.3) ,ܧሺ0ሻߝߝ ൌ ଵ

ఈఌబ
. By using Eq. (1.5.5) one arrives 

at: 

,ܧሺߝ ܶሻ ൌ ఌሺ,்ሻ

ଵାଷఉఌబ
యఌయሺ,்ሻாమ

      (1.6.1) 

where the temperature dependence of the permittivity at zero bias field, ߝሺ0, ܶሻ is 

given by Eqs. (1.5.6) and (1.5.7) 

 

Typically higher permittivity leads to higher tunability. This effect can be clearly 

observed if we combine Eqs (1.5.3) and (1.6.1). 

݊ ൌ ఌሺሻ

ఌሺாሻ
ൌ 1  ߝሺ0ሻߝߚ3 ௗܲ

ଶ ൎ 1  ܧሻଷߝሺ0ሻߝሺߚ3
ଶ   (1.6.2) 

݊ ן  ሺ0ሻଷ        (1.6.3)ߝ

From Eq.(1.6.3), we can see that the relative tunability has a strong dependence 

on the permittivity value. However under higher electric field, the dependence slows 

down. In the limit of very high electric field, where n>>1, the tunability is directly 

proportional to the permittivity. 

 

When using dielectric materials the permittivity and the loss are two important 

parameters to consider when designing a device. However, they are not the only ones, 

it is also important to consider the resistance of the dielectrics to conduction at 

different voltages. For a given material, the voltage across the dielectric cannot be 

infinitely increased. There is an electric field at which the material cannot tolerate, 
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leading to a significant conduction between the electrodes. This voltage is commonly 

called the dielectric breakdown. For gaseous and some liquid dielectrics, the 

breakdown is not necessarily permanent, so if the high voltage is removed, the material 

can return to insulating behaviour. However for solids, breakdown generally leads to 

permanent formation of a conduction path, which in most cases renders the material 

useless. 

 

Dielectric breakdown in solids is an important concern for dielectric research. 

There are different types of dielectric breakdown mechanism in solids. The intrinsic or 

electronic breakdown, as the name indicates, is related to the intrinsic property of the 

material and is caused by the liberation of electrons from interatomic bonds. The most 

common type of electronic breakdown is due to the electron avalanche breakdown. 

When a large enough electric field is applied to a material, an electron in the valence 

band can be accelerated to have enough energy to collide and ionize the host atom of 

the material. If the energy is large enough, this collision can promote a valence 

electron to the conduction band, which physically means the breaking of a bond. The 

initial collision may be followed by further collisions from the primary and secondary 

electrons, which leads to an electron avalanche, causing a significant flow of current in 

the material. This breakdown is typically very high, and thus only observed in very 

perfect materials. Generally, micro-structural defects locally concentrate electric fields 

which lead to breakdown before this mechanism is globally activated. Other type of 

electronic breakdowns includes Fowler-Nordheim field emission and tunnelling 

injection. 

 

Thermal breakdown occurs when elevated temperature accompany conduction 
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and promote localized breakdown and damage. When an electric field is applied, 

locally elevated temperatures can occur for two reasons: Joule heating and random 

molecular collisions. If the material cannot efficiently release the heat, then further 

heating occurs leading to failure in localized spots where the transfer of heat is less 

efficient, and as these regions grow further, eventually a conductive path is created. 

 

External discharge breakdown is due to the presence of contaminants that have 

lower dielectric breakdown within the material and thus lead to failure of the material 

at a lower electric field than normally observed for contaminant free material. 

Contaminants include: moisture, pollutants, dust, dirt and others. Other dielectric 

breakdown mechanisms are: electromechanical breakdown and electro-fracture, 

internal discharge, and insulation aging, these mechanisms are mostly observed in soft 

materials. 

 

1.7 Structure and properties of BSZT 

1.7.1 Bulk materials 

 

Usually, in ABO3 perovskites, substituting A and/or B sites by other ions can 

modify electric behaviour of the material. The addition of Sr into the Ba site of barium 

titanate can shift the ferroelectric to paraelectric phase transition from high temperature 

to low temperature, resulting in a barium strontium titanate (Ba1-xSrx)TiO3 material 

with high dielectric constant at room temperature. The introduction of the Sr atoms 

into the barium titanate lattice influences both the crystalline structure and the 

properties. Moreover, a substitution of Ti by Zr, Ba(Zrx,Ti1-x)O3 has also been found to 

be an effective way to decrease the Curie temperature, and exhibits several interesting 
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features in the dielectric behaviour of BaTiO3 ceramics. Figure 1.7 shows the Curie 

temperature of BST and BZT with different compositions. 

 

 

Figure 1.7 Curie temperature of (a) (Ba1-xSrx)TiO3 and (b) Ba(ZrxTi1-x)O3 with  

different compositions (Springer-Verlag 2001). 

 

Tetravalent ion such as Zr4+ is of interest because a different character of 

dielectric response can be achieved by the substitution of Zr for Ti in the B sites of 

ABO3. The Zr4+ ion is chemically more stable than the Ti4+ and has a larger ionic size 

to expand the perovskite lattice. It is reported that Zr doping to barium titante (BT) 

resulted in the higher chemical stability and the reduction of the dielectric loss. In 

order to enhance the electric properties of BST thin film over a large temperature range, 

it is necessary to broaden the Curie temperature range of BST. It is therefore expected 

that a solid solution comprising of both BZT and BST would incorporate the features 

of both Sr and Zr substitution in the BT lattice. 

 

In this project, we attempt to combine the advantages of BST and BZT and to 

make a new candidate material (Ba,Sr)(Ti,Zr)O3 with higher dielectric constant and 

(a) (b) 
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lower leakage current density. 

 

1.7.2 BSZT thin films 

 

Ferroelectric thin films have attracted a lot of attention in recent years due to their 

unique properties such as spontaneous polarization, high dielectric constant, low 

dielectric loss, low leakage currents and high breakdown voltage which make them 

suitable for various applications. 

 

BST and BZT are materials that have excellent microwave performance due to 

their large relative permittivity and high dielectric tunability in the microwave regime 

at room temperature and have been used in frequency or phase agile shifters for 

applications in phased array antennas. BSZT films are expected to exhibit superior 

dielectric properties compared to similar materials, such as BST and BZT. 

 

BSZT is obtained by substituting ions at the B site and A site of the BaTiO3 with 

Zr and Sr in the perovskite ABO3 structure. It has been reported that an increase in the 

Zr content induces a reduction in the average grain size, a decrease in the dielectric 

constant, and maintains a low and stable leakage current. 

 

Many researchers have studied the growth of epitaxial ferroelectric thin films on 

lattice mismatched substrates for tunable microwave devices. When the epi-layer of 

ferroelectric was grown on substrates, it is strained due to the lattice mismatch. Strain 

is a very significant factor as ionic positions and vibrations in a ferroelectric are 

modified by the strain, and these changes are coupled to the polarization mechanism in 
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the ferroelectrics. The properties of the films are strongly dependent on the processing 

techniques. Some properties of the reported BSZT thin films are summarized in Table 

1.1.  

 

For optimal performance of the tunable devices, it is important to grow a material 

with high dielectric tunability, low dielectric loss, low hysteresis, and low temperature 

dependence of the dielectric permittivity in the operation frequency and temperature 

range of the device. 
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Table 1.1 Literature survey on BSZT thin films. 
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1.8  Substrates for microwave devices 

 

Important parameters that influence the design of a MW device are the frequency 

of operation, substrate, thin film, top electrode, and gain and voltage requirements. In 

this section, the requirements of substrates used in microwave circuit are discussed.  

 

During the mid and late 60s high purity (99.5%) alumina substrates were 

introduced in MW circuits. It had two attractive properties: moderate dielectric 

constant (10~ߝ) and smooth surface finish. Alumina substrates with higher purity 

(99.6%) and smaller particle size were introduced in the MW device market in the 

1970s. Today the most widely used alumina substrates have a purity of 99.7% and 

99.8%. 

 

Today the microwave circuit designer has many materials to choose from market 

depending upon the end application. Here it is important to distinguish between two 

terms that are used for the same purpose in the MW circuit world. These are ‘laminates’ 

and ‘substrates’. Usually laminates refer to ‘soft’ material such as Teflon (PTFE) 

which may contain fiberglass or ceramics reinforcement for mechanical integrity. On 

the other hand, ceramics materials are known as ‘hard’ substrates and are usually 

Al2O3 (polycrystalline alumina or single crystalline sapphire), MgO (magnesium oxide) 

and LaAlO3 (lanthanum aluminate) 

 

Important parameters for the substrate used in MW devices are the dielectric 

constant, loss tangent, CTE (coefficient of thermal expansion), size, cost and 

availability.  
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Dielectric constant is the ratio of the amount of electrical energy stored in a 

material by an applied voltage, relative to that stored in vacuum. The wavelength or 

the velocity of the microwave signal changes when it travels through the substrate. 

This is given by the following formula: 

 

λ ൌ c/ሺf√εሻ        (1.8.1) 

 

where λ is the wavelength, c the velocity of light in vacuum, f the frequency of 

operation, and ε is the permittivity of the material. 

 

Another important factor is the dissipation loss. Dissipation loss tanδ is the ratio 

of the energy dissipated to the energy stored in the material. From the device metrics 

point of view the dissipation loss in the substrate should be as low as possible to 

minimize the total loss in the MW device. 

 

CTE (coefficient of thermal expansion) of a material is the parameter that defines 

how much the material changes its dimensions when it is heated or cooled. It is 

expressed in parts per million per degree change in temperature. The CTE of the MW 

substrate should be as close to the CTE of the film deposited on the substrate as 

possible since a large difference will lead to compressive or tensile strain at the film 

substrate interface and will lead to film cracking. Hence from the design point of view, 

CTE of the MW substrate is an important factor while fabricating a MW device. 

 

Another important factor that should be considered from the substrate point of 

view is the flatness or the surface roughness of the substrate. Flat surfaces are required 

to ensure proper operation of vacuum fixture during exposure and good contact with 

the mask during the UV light exposure in photolithography. The surface finish on the 
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substrate decides the limits of the photolithographic process in the fabrication of the 

MW devices. 

Table 1.2 List of different substrates (Crystec). 

Substrate ε(@1MHz) tanߜ(@10Hz) CTE(/K) Lattice constant(Å) 

MgO 9.8 9×10-3 8.0×10-6 4.212(cubic) 

LaAlO3 23.5 6×10-5 10×10-6 3.790(cubic) 

(LaSr)(AlTa)O3 22.7 2×10-4 8.2×10-6 3.868(cubic) 

SrTiO3 300 2×10-2 9×10-6 3.905(cubic) 

DyScO3 21 ------ 8.4×10-6 a=5.44;b=5.71;c=7.89

NdGaO3 20 3×10-3 9×10-6 a=5.43;b=5.50;c=7.71

 

The quality of thin films is strongly controlled by the quality of the substrate on 

which they are deposited. For the epitaxial growth of films with perovskite structure, 

single crystal substrates with the following specifications are required. The lattice 

constant and thermal expansion coefficient of the substrates should closely match those 

of the films. Also the substrate should not have phase transitions, which create 

microtwins. In addition, for many electrical applications, low dielectric constants and 

dielectric losses are required. And finally, the cost should be relatively low. Many 

single crystal such as SrTiO3(STO), LaAlO3 (LAO), and MgO are used for growth of 

perovskite films. However, these single crystals satisfy only some of the required 

substrate specifications mentioned above. Table 1.2 lists some substrates and useful 

data for references.  

 

Therefore, approaches using new perovskite substrates have been used to meet 

these requirements. In the search of new substrate for superconductor films, 
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(La,Sr)(Al,Ta)O3 (LSAT), a 30/70mol% solid solution between LaAlO3 (LAO) and 

Sr2AlTaO6 (SAT), was fabricated. The new material LSAT eliminates the difficulties 

of twinning, strain, and anisotropic properties found in pure LAO. In addition, LSAT 

has low dielectric loss and medium dielectric constant, which makes it suitable for 

microwave applications. Therefore, LSAT has received increased attention since its 

introduction and has been used as the substrate of choice in various thin film 

deposition. 

 

1.9  Frequency agile technologies 

 

For system miniaturization and in terms of adaptability, frequency selective 

application is one of the areas where agile solutions provide greatest benefits. In 

frequency agile device, the resonant frequency on the basic element circuit depends on 

the inductance and capacitance as shown in the following equation: 

݂ ൌ
ଵ

ଶగ√
        (1.9.1) 

where L is the inductance and C is the capacitance. To achieve agile devices, tunable 

capacitors have been extensively used in RF circuits.(Laskar et al. 2006) There are 

different technologies that can produce tunable capacitors. Table 1.3 shows the 

summary of main technologies available at the present moment. (Gevorgian 2009). 

Hence, by changing either the L or C value, the resonant frequency of the circuit can 

be changed. A summary of the main technologies available at the present moment is 

discussed below. (Gevorgian 2009) 

 

MEMS: MEMs are miniature versions of mechanical switches fabricated at micron 

size ranges. The tuning speed of the device is high and offer very low loss. However, 
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the fabrication and the packaging are rather too complex and the reliability of the 

device remains an issue. 

 

Magnetic: Based on the external magnetic field, the capacitance of the magnetic 

based devices can be tuned. Device based on ferromagnetic materials typically exhibit 

very low loss, high tuning ranges and high selectivity. However, the tuning speed of 

the magnetic based devices is slow compared with other technologies. 

 

Semiconductor: In a semiconductor based varactor, tunability is achieved by the 

change in the depletion width when a reverse bias is applied to a PN junction. For 

frequencies up to 1GHz, the semiconductor based varactor represents the state of the 

art technology used for tuning microwave devices. However, for frequencies above 

10GHz, the loss tends to degrade drastically. For a large array of semiconductor based 

device, power consumption and heat dissipation became a liability especially in a 

dense board. 

 

Liquid crystal and optical: These technologies have been tested for potential 

microwave application. The research of these two technologies for microwave devices 

is still in the infant stage. 

 

Ferroelectrics have rather high permittivity (for thin films >100), allowing a 

substantial reduction in the sizes of microwave components. The main advantages of 

ferroelectric films for microwave applications include frequency independent 

tunability (up to 50% or more), high tuning speed (<1.0ns), extremely small leakage 

currents and DC control power, high breakdown field, and radiation hardness. In 
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microwave devices they are used in the form of single crystals (bulk thin film) and 

ceramics (bulk, film). 

 

Ferroelectric: the principle of the ferroelectric based varactor is based on the 

electric field dependent permittivity. Based on the ferroelectric based varactor, the 

device typically offer high speed, very small power consumption and lower loss 

compared to the semiconductor based varactors at frequencies above 10GHz. Usually, 

the ferroelectric based varactor offers high dielectric permittivity, the size of the 

tunable elements based on ferroelectrics may be smaller in comparison to the other 

technologies.  

 

Figure 1.8 The electromagnetic spectrum for different frequency bands and the 

corresponding applications (SURA). 
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From the large number of ferroelectric materials known today, only a limited 

number of them are considered for microwave applications. Both polar (ferroelectric) 

and paraelectric phases may be useful in tunable microwave devices, provided they 

have low losses and reasonable tunability. However, the paraelectric phase is preferred 

since in this phase there is no hysteresis associated with the domains.  

 

The frequency dependence of the permittivity and the loss is due to the different 

polarization mechanisms active within the material. The permittivity is given by the 

sum of all the active polarizations at a given frequency, while the loss generally 

consists of two contributions; one due to conduction and the other due to relaxation 

effects. The frequency dependence of the real and imaginary parts of the dielectric 

constant in the presence of the different polarization mechanisms is shown in the 

following figure (Figure 1.9). 

 

 

Figure 1.9 Real and complex permittivities contribution from different polarization 

mechanism as a function of frequency (PeterP). 

 



  CHAPTER 1 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

CHAN Ngai Yui  47 

Table 1.3 Comparison between different technology for agile devices (Gevorgian 2009). 

 

Categories Technology 
Power 

consumption
Bias Speed 

Q factor at 

10GHz 

Semiconductor Schottky (GaAs) <1mW <5V <1ns 200 

 

Abrupt p-n 

junction (Si) 
<5mW <30V <10ns 30 

P-I-N diode <0.1mW <10V <1μs ---------- 

Magnetic 

YIG 

(variable 

permeability, 

ferromagnetic 

resonance) 

High 
Current 

(coil) 
<5ms >3000 

 

Remnant 

magnetization 
Low 

Current 

(coil) 
<5ms --------- 

Magneto-static 

(spin) wave 
Low ---------- <5ms Low 

Ferroelectric Thin film Negligible <30V <1ns >100 

 
Thick film Negligible <1000V <10ns <100 

Bulk Negligible <15kV <1μs >500 

Liquid crystal Negligible ---------- <40V <10ms <20 

Optical Photoconductivity <10mW 
Current 

(LD,LED) 
10fs-10ms <10 

 Fibre-optical <10mW 
Current 

(LD,LED) 
10fs-10ms --------- 

Mechanical Bulk High 
Current(moto

r/coil) 
>1ms >1000 

 
MEM varactor Negligible <50V >10μs >200 

Piezotransducer Negligible >100V >100μs >500 
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As shown in Figure 1.9, the total polarization contribution to the real term of the 

permittivity is additive. The electronic polarization, which is due to the shifting of the 

electron cloud with respect to the positive nuclei/core by an applied electric field, is 

present at all frequencies, for all materials, up to 1016 Hz(due to their extremely low 

mass), beyond this range the material behaves as a vacuum, ߝ ′ ~1, ߯~0. The 

contribution due to the electronic polarization is rather small compared to the other 

mechanisms due to the small number of polarisable charges present around the atoms 

and the limited displacement allowed due to the large restoring force. Typical 

permittivity values for materials with only electronic polarization mechanism are 

generally around 1 to 5. However for covalent material such as silicon ߝ ′~11.9, where 

the most prevalent contribution to the permittivity is from the electronic polarization, 

the permittivity value is exceptionally high. This is attributed to the delocalization of 

the valence electrons, which are not necessarily fixed in their positions. They can 

tunnel from bond to bond, and thus when an electric field is applied, the negative 

charges shift with respect to the positive ionic cores rather than a single atom. 

 

Ionic polarization is also present in all materials that are not perfectly covalent. 

Compared to the electronic mechanism, the ionic polarization responds at a lower 

frequency, about the infrared frequency, due to the higher mass of the ions. The 

polarization is the result of the change in bond length due to the shifting of the positive 

and negative ions under an applied electric field, and for this case the restoring force 

depends on the ionic bond. Generally, this mechanism contributes to higher 

permittivity compared to the electronic polarization. A typical ionic material like 

common salt, NaCl, has a permittivity value close to 6. 
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For both the ionic and electronic mechanisms, the dipoles are created after an 

electric field is applied. In the case of orientational or dipolar mechanism, the 

polarization is the result of the re-alignment of the permanent dipole moments within 

the material. Some materials, such as water, possess permanent local dipole moments. 

In liquid such as water, as the dipoles are randomly oriented due to thermal agitation, 

these results in a net polarization to zero. However, when an electric field is applied, 

the dipoles are forced to align parallel to the electric field, and thus resulting in a net 

polarization. This polarization mechanism responds at even lower frequency than the 

two previously mentioned mechanisms, around 106Hz, partly due of the slow 

movement of the dipoles within the material. Yet the contribution is larger compared 

to the other two mechanisms, for example, water has a permittivity of about 80. 

 

The final polarization mechanism is the interfacial or space charge polarization. 

This mechanism is due to accumulation of charges around a material singularity. e.g. 

grain boundaries, defect etc. When an electric field is applied to such a crystal, there is 

a displacement of charges, which move until they encounter an insulating boundary. 

The accumulation of charges results in a net polarization. Take for example at grain 

boundary, when an electric field is applied, grain boundaries generally trap charges 

moving under the applied field which leads to a dipole at the interface of the grain, 

thus the name interfacial polarization. Generally dipoles involved in this mechanisms 

are very large in term of mass and also their motion are dramatically slower, so the 

relaxation time is very long, leading to low frequency response, around 1Hz to 1kHz.  

 

It is generally assumed that for applications in electrically tunable microwave 

devices, ferroelectrics should be in a paraelectric phase. Ferroelectrics in polar phase 
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have not been considered for applications in tunable microwave devices. The reason is 

that most of the ferroelectrics in polar phase are also piezoelectric and piezoelectric 

transformation cause large losses at relatively low microwave frequencies (typically 

less than 10GHz). Additional losses in the polar phase and at low frequencies are 

associated with domain wall movements. Hysteresis, which appears in permittivity-DC 

field dependence, is another reason hindering the application of a ferroelectric in a 

polar phase.  

 

The dielectric loss is a critical parameter to consider when optimizing the 

properties of the material. Low loss is almost always desired for electronic applications, 

especially for high frequency devices, where dielectric loss would lead to signal loss, 

which decreases the signal to noise ratio. 

 

The dielectric loss mechanism can be broadly categorized into two major 

contributions: extrinsic and intrinsic. In the case of ferroelectric phase, extrinsic losses 

arise from several contributions including domain processes, material defects and local 

polar regions. Large contribution to the ferroelectric loss comes from the motion of the 

domain walls (Plessner 1956; B.Lewis 1959). Domain walls can be pinned by 

interactions with point defects and dislocations. The origin of the loss is due to the 

internal friction from the interaction of domain walls with the point defects.(V.S 

Postnikov 1968; V.S Postnikov 1970) Additional information about the contribution of 

domain motion to the ferroelectric losses can be obtained by doing measurement at 

high frequencies. Decrease in domain wall motion resonance explains the reduction in 

permittivity and increase in the loss tangent at high frequencies. (C.Kittel 1951; 

Sannikov 1962) 
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In case of the paraelectric phase where ferroelectric domains are absent, the loss 

tangent is substantially lower, which makes it a good candidate for microwave devices. 

However, the absence of the domain walls does not imply a lack of extrinsic loss in the 

paraelectric phases. Charged point defects, dielectric relaxation and quasi-Debye 

contribution induced by random defects are known to contribute to the extrinsic loss. 

(Sannikov 1962) When an AC field is applied, charged point defects tend to move 

resulting in the generation of acoustic waves at the frequency of the applied field. The 

loss contribution from the dielectric relaxation was deduced from the linear frequency 

dependence of the loss tangent at the microwave and higher frequencies, which is 

attributed to the proposed universal relaxation law (A.K Tagantsev et al. 1965). The 

physical nature of this contribution is attributed to a variation in charge transport 

across barriers such as grain boundaries (Auciello et al. 1995), or to oxygen vacancies 

(Fukuda et al. 1996) near the interface of the depletion layer. 

 

At microwave frequencies the intrinsic and extrinsic contributions are comparable, 

so the dominating factor would be determined by the quality of the material, hence for 

a good ceramic, the loss tangent will be mostly dominated by the extrinsic contribution. 

However in the presence of an electric bias, most of the defects and impurities in the 

crystal are ‘frozen’, thus the loss tangent is mostly dominated by the intrinsic 

contribution. Tagantsev summarized the main loss mechanisms that contribute to the 

intrinsic loss in paraelectric materials. The source of the intrinsic loss can be attributed 

exclusively to the interaction of the AC field with phonons in the material.  

 

Typically high permittivity values in ferroelectric materials lead to higher losses. 

The acceptable amount of loss should be designed according to the particular 

application. As pointed out earlier, for microwave devices, the common agreement is 
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that lower loss materials are preferred, and most of the reports found in the literature 

concur that the use of the paraelectric phase is paramount for obtaining high quality 

devices.  

 

For barium titanate, BaTiO3, which is typically in the ferroelectric phase at room 

temperature, the paraelectric phase, can be achieved by cation substitution of the A-site 

with strontium atoms. Strontium titanate (SrTiO3) is an incipient ferroelectric and 

forms complete solid solutions with barium titanate. Increasing the mol% 

concentration of strontium in the solution leads to a drop in the Curie temperature of 

BaTiO3 with a linear dependence ~3.5oC per mol % of strontium atoms. The highest 

permittivity, and hence tunability, is observed when approaching the Curie point. So, 

for a paraelectric phase the ideal BST composition would be the one that exhibit a 

Curie point just below the room temperature. However, a lower loss is observed when 

the material is far away from the Curie point. So this is the point where a decision must 

be made to decide the maximum loss acceptable for the application in mind, and based 

on that decision, then, a composition is chosen to obtain the highest tunability with an 

acceptable amount of loss. 

 

1.10 Scope of the project 

 

The main objective of this thesis is to fabricate and characterize barium strontium 

zirconate titanate (Ba1-xSrx)(Zr0.1Ti0.9)O3 ceramics and thin films. The dielectric, 

ferroelectric and the structural properties of the BSZT ceramics and thin films were 

studied.  Based on the results, microwave devices of BSZT thin film based microstrip 

ring resonators and phase shifters were fabricated and characterized.  
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This thesis is divided into six Chapters. Following the introduction given in this 

Chapter, the fabrication and characterization of (Ba1-xSrx) (Zr0.1Ti0.9)O3 ceramics with 

(x = 0, 0.05, 0.15, 0.25, 0.35, 0.45) by a solid state reaction method are described in 

Chapter 2.  

 

In Chapter 3, BSZT thin film with various compositions (x = 0, 0.05, 0.15, 0.25, 

0.35, 0.45) have been deposited by pulsed laser deposition. With the help of X-ray 

diffraction and the atomic force microscopy measurements, structural properties of the 

BSZT thin films have been found. BSZT thin films have been also deposited on three 

different substrates and their structure were studied. 

 

Chapter 4 describes the in-plane dielectric, ferroelectric properties of the BSZT 

thin films, the properties are measured by the coplanar interdigital capacitors patterned 

by photolithography. The tunable dielectric properties of the BSZT thin films on 

different substrates are also presented. 

 

Chapter 5 demonstrates the fabrication and characterization of the BSZT thin film 

based microwave devices. The performance of the microstrip ring resonator and phase 

shifters are measured. 

 

Conclusions and suggestions for future work are given in Chapter 6. 
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CHAPTER 2  

FABRICATION AND CHARACTERIZATION OF 

BARIUM STRONTIUM ZIRCONATE TITANATE CERAMICS 

 

2.1 Introduction 

 

(Ba, Sr) TiO3 (BST) and Ba (Zr, Ti)O3 (BZT) materials are perovskite based 

ferroelectrics which have attracted considerable interest in tunable microwave device 

applications. For ABO3 perovskites, substituting A and/or B sites by other ions can 

modify the dielectric behaviour of the material. 

 

In BST solid solution, the addition of Sr ions into the Ba site of barium titanate 

(BT) can shift the Curie transition of BT to a lower temperature , the Curie point of 

BST drops to 0oC with ~34% Sr content, which corresponds to a decrease of 3.8oC per 

molar % of Sr. (Jaffe et al. 1971; Kumar et al. 2008) BZT has found to be a possible 

alternative to BST because Zr4+ (0.087nm) is chemically more stable than Ti4+ 

(0.068nm) (Ha et al. 2007). The addition of Zr ions into BaTiO3 has also been found to 

be an effective way to decrease the Curie transition temperature. When the Zr content 

is higher than 20mol%, BZT becomes a relaxor ferroelectrics. For BZT ceramics, the 

structural, dielectric and ferroelectric properties have been reported in literatures and 

the characteristics of BZT ceramics depend strongly on the Zr content.(Sen and 

Choudhary 2004; Chen et al. 2008; Xiong et al. 2008). (Ba,Sr)(Zr,Ti)O3 (BSZT) is a 

solid solution of BST and BZT. It is expected that the addition of Zr and Sr into 

BaTiO3 will result in a modified BSZT ceramics (Jaffe et al. 1971; Bera and Rout 2007; 
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Xu et al. 2007; Kumar et al. 2008). There are not much work reported on the Sr 

substituted Ba(Zr0.1,Ti0.9)O3 electroceramics, because of its high dielectric constant and 

superior ferroelectric properties among the Ba (Zr,Ti)O3 based compounds (Yu et al. 

2002). In this Chapter, investigations of the structural, dielectric, piezoelectric and 

ferroelectric properties of the (Ba1-x,Srx)(Zr0.1,Ti0.9)O3 (x = 0, 0.05, 0.15, 0.25, 0.35, 

0.45) ceramics are reported. 

 

2.2 Fabrication of barium strontium zirconate titanate ceramics 

 

Four steps are used to fabricate BSZT ceramics, they include powder preparation, 

dry pressing, binder burnout and sintering.  

 

2.2.1 Preparation of BSZT ceramics 

 

Raw materials used in powder preparation are reagent grade carbonate powders, 

including BaCO3, SrCO3, ZrO2 and TiO2. The powders were weighted and mixed in 

ethanol using zirconia balls for 12h. Afterwards, the mixture was put in an oven to 

vaporize the ethanol. 

 

The dried powders were then calcined at 1250oC for 3h. Solid state reaction will 

happen to form a partially crystallize specimen. The samples were then cooled 

naturally to room temperature. After calcinations, the powders were ball milled again 

for 12h in ethanol and dried, to reduce the size of the powders. The powders must be 

calcined in an oxidizing ambient, otherwise, the amount of oxygen vacancies inside the 

sample will affect the measurement results. The calcined powders were mixed with 5 
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wt% polyvinyl alcohol (PVA) as binder for granulation. 

 

The powder was put into a stainless steel pressing mould to form disks of 15mm 

diameter and 1mm thickness under a pressure of 30MPa. It is important to make sure 

all the equipment is clean enough to avoid any contamination by impurities. 

 

Heat treatment is an essential and important procedure and it is usually carried out 

in a computer controlled furnace. The green ceramic discs were then put on an alumina 

plate with BSZT powders placed around the specimens.  

 

The PVA contained in the pressed discs were burned off at 650oC for 3h in a 

(Linberg/blue) furnace. The organic burnout process was carried out with a low 

heating rate of 3 oC /min. 

 

After the burnout process, the samples were covered by an alumina crucible. The 

samples were sintered at 1450oC for 4h in air using a high temperature furnace 

(Carbolite RHF1400). Sintering is used to densify the ceramics to change the size of 

the pores between the particles. 

 

Polishing is an essential step for ceramics fabrication since ceramics have 

shrinkage after the sintering process, and polishing can refine the surface roughness 

and ensures the two flat surfaces are parallel to each other. Wet abrasive papers were 

used to polish the ceramics disc until the thickness become uniform. After polishing, a 

thin layer of silver paste was applied and cured at 600oC for 15 min on both sides of 

the ceramics as electrodes for subsequent measurements. 
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2.2.2 Poling procedures 

 

The fabricated ceramic discs do not exhibit any piezoelectric properties without 

poling. The materials are isotropic and all the domains are randomly orientated. With 

the application of a DC electric field, the dipoles inside the ceramics are aligned during 

the poling process. The poling field, temperature and time must be carefully chosen, 

otherwise, it may damage the sample. After the poling process, the electric field is 

removed and a remnant polarization appears to make the sample piezoelectric. From 

the hysteresis loop, the poling field can be estimated. The sample was mounted on a 

holder and placed in a silicone oil bath during the poling process. 

 

After poling, a lot of surface charges were generated on the surfaces which 

induced stress on the samples. After a period of time, the piezoelectricity of the sample 

may be weakened by stress relaxation. To eliminate the surface charge, short circuit 

was required. The poled sample was wrapped in an aluminium foil and placed at room 

temperature for 24h. 

 

2.3 Characterization of BSZT ceramics 

2.3.1 Density measurement 

 

The density of the ceramics can be determined using the Archimedes principle. 

The density of the ceramics is an indicator of the quality of the ceramics. It reflects the 

amount of defects, such as pores. If the density of the ceramics is low compared with 

the theoretical value, the properties will be degraded. According to the Archimedes 

principle, dry mass of the sample in air (mdry) and the mass of the sample suspended in 
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water (mwet) are measured using an electronic balance. With those two parameters, 

density of the sample can be calculated by the following equation: 

ߩ ൌ
ೝ

ೝିೢ
·  ௪௧      (2.1)ߩ

where ߩ is the density of the sample and ߩ௪௧ is the density of water which is 

assumed to be 1000kg/m3. 

 

By the Archimedes principle, the measured density of BSZT ceramics is shown in 

Figure 2.1. The density of the sample is around 5500-5900 kg/m3, the density 

decreases with increase in Sr content. 
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Figure 2.1 Density measurement of the (Ba1-x,Srx)(Zr0.1,Ti0.9)O3 (x = 0, 0.05, 0.15, 0.25, 

0.35, 0.45) ceramics.  
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2.3.2 X-ray diffraction and microstructural analysis 

 

X-ray diffraction (XRD) is a non-destructive technique for analyzing a wide range 

of materials. XRD has now become an indispensable method for materials 

characterization and quality control. Areas of applications include qualitative and 

quantitative phase analysis, crystallography, structure, relaxation determination, 

texture and residual stress analysis. 

 

If an incident X-ray beam encounters a crystal lattice, scattering occurs. 

Diffractions occur in a certain direction when the scattered rays from specific planes 

are in phase. Under this condition the reflections combine to form new enhanced wave 

fronts (constructive interference). The angle ߠ at which diffraction occurs can be 

described by the Bragg’s law.(see Figure 2.2) 

 

Figure 2.2 Schematic diagram of X-ray diffraction in crystal. 

 

By varying the incidence angle, the Bragg conditions are satisfied by different d 

spacing in the polycrystals. Plotting the angular positions and intensities of the 

resultant diffracted peaks of radiation produces a pattern, which is the characteristic for 

the sample. For every material, it has its own diffractogram. 
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From the peaks obtained by the detector, computer can be used to find/match the 

unknown crystalline phase. A library called Powder Diffraction Files (PDF) can be 

used to find out the matched substance. 

 

The X-ray analysis was conducted with a Philips analytical X-ray diffractometer. 

The sample was scanned from 10o to 90o in a step size of 0.05o with the X-ray 

wavelength ܭఈ=1.54060Å. 

 

Good piezoelectric properties of the BSZT materials arise from the perovskite 

structure. It is important to make sure that the sintered ceramic samples possess a 

single perovskite phase. The X-ray diffraction (XRD) patterns of the BSZT ceramics 

with various (Ba/Sr) ratios are shown in Figure 2.3(a). It is seen that the ceramic 

samples have perovskite crystal structure and no other phases are observed in the 

spectra. Without the addition of Sr, the (110) peaks is detected at 31.42o(2θ). With the 

increase in Sr content, the (110) peak shifts monotonically to a higher 2θ angle, to 

31.92o(2θ). Figure 2.3(b) indicates that there is a reduction in lattice parameter with the 

increase in Sr content. As the ionic radius of Ba2+ (1.61Å) is larger than that of Sr2+ 

(1.44Å), more Sr2+ ions substituted for the Ba2+ ions as the Sr content increases, 

resulting in the decrease in lattice parameter. From Bragg’s law, the a- and c- axis 

lattice constants of BSZT ceramics have been calculated and listed in Table 2.1. With 

x = 0.35, 0.45, the a- and c- axis lattice constant are very close to each other, i.e c/a ≈1, 

this implies that the crystal structure is very close to cubic, different from the 

tetragonal structure when x<0.35, indicating a phase transition from tetragonal phase 

to cubic phase. The volume (a2c) of the unit cell decreases with the increase in Sr 

content. 
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Figure 2.3 (a) X-Ray diffraction pattern of BSZT ceramics with different amounts of Sr 

content and (b) X-Ray diffraction pattern of BSZT ceramics (110) peak with 

different amounts of Sr content. 
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Table 2.1 Lattice constants of BSZT ceramics. 

 x=0 x=0.05 x=0.15 x=0.25 x=0.35 x=0.45 

a(Å) 4.019(6) 4.004(4) 4.003(2) 3.991(0) 3.969(6) 3.968(1) 

c(Å) 4.040(6) 4.029(7) 4.002(8) 3.995(6) 3.968(8) 3.967(5) 

Volume of the 

unit cell(Å3) 
65.283 64.618 64.147 63.641 62.539 62.460 

 

Scanning electron microscopy (JSM 6700F) was used to observe the 

microstructure of the sintered samples. The top surface of the sample was observed 

after a thin layer of gold coating was deposited. 

 

Microstructures of the BSZT ceramics are shown in Figure 2.4 (a) – (c). The SEM 

micrographs indicate that dense samples are obtained, and it is noted that the grain size 

decreases with increase in Sr content. The smaller grains merge with each other at low 

Sr content and grow into larger ones thereby increasing the fraction of the larger grains 

in the overall microstructure.  

 

2.3.3 Dielectric properties 

 

Dielectric properties of the ceramic samples include the relative permittivity ߝ 

and dielectric loss tanδ. The temperature dependent dielectric properties were 

characterized with a multi-frequency LCR meter (Model SR720 of Stanford Research 

System) equipped with a temperature controlled chamber (Oxford). A computer 

equipped with IEEE control cards was used to control the equipment in the dielectric 

measurement. The dielectric constant was calculated using the equation: 
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Figure 2.4 (a) – (e) SEM micrographs of BSZT ceramics with different concentrations 

of Sr. (a) x = 0, (b) x = 0.15, (c) x = 0.25, (d) x = 0.35, (e) x =0.45. 
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ߝ ൌ ௗ

ఌబ
         (2.2) 

where C is the measured capacitance (F), d the thickness (m) of the ceramics, ߝ the 

permittivity of the free space (8.85×10-12 F/m) and A is the area of the electrode. 

 

Dielectric materials absorb electrical energy under an alternating electric field and 

thus have dielectric loss. The relative permittivity can be expressed in a complex form: 

 

ߝ ൌ ᇱߝ െ  ᇱᇱ           (2.3)ߝ

 

where ߝ ′ is the real part of permittivity and the ߝ ′′ is the imaginary part of the 

permittivity. The dielectric loss is given by the following equation 

ߜ݊ܽݐ ൌ ఌᇲᇲ

ఌᇲ
        (2.4) 

Figure 2.5 shows the temperature dependence of the dielectric constant in the 

BSZT ceramics measured at 1kHz. The Curie transition peaks are found in the range 

between -6 oC to 97 oC. Dielectric constant of the sample has a maximum at the Curie 

temperature. With the increase in Sr content, the Curie temperature decreases linearly. 

(inset of Figure 2.5(a)). A peak corresponding to this transition can also be observed in 

the dielectric loss against temperature diagram as shown in Figure 2.5(b). From the 

figure, a linear relation between the Curie temperature and the stoichiometric Sr 

content can be expressed using 

 

Tc = 97 – 230x         (2.5) 
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Figure 2.5 Temperature dependence of (a) relative permittivity and (b) dielectric loss 

measured at 1kHz. 
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The dielectric properties of this system at 1kHz is shown in Figure 2.6. The 

dielectic constant ranges from (1458 to 7032). The dielectric loss reaches the lowest 

values when the Sr content is 45mol%. 
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Figure 2.6 Dielectric constant and dielectric loss tanߜ of the BSZT ceramics measured 

at 1kHz. 

 

2.3.4 Ferroelectric hysteresis loop measurement 

 

The polarization-electric field (PE) hysteresis loop shows the ferroelectric 

characteristics of the ferroelectric materials. From the PE loop, the remnant 

polarization (Pr) and the coercive field (Ec) can be obtained. The loop not only exhibits 

the ferroelectric properties of the material, but also can provide some references for 

determining the required DC poling field. 

 

The ferroelectric hysteresis loops are measured using a Sawyer-Tower circuit 
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(Sawyer and Tower 1930). A typical Sawyer – Tower bridge circuit contains two 

capacitors Cf and Cref, which are the ferroelectric capacitor (the sample) and a 

reference capacitor, respectively. In the PE loop measurements, the value of Cref 

should be much larger than that of Cf (typically around 1000times). The resultant 

hysteresis loop cannot be formed if this requirement is not satisfied. The schematic 

experimental setup of the hysteresis loop measurement is shown in Figure 2.7.  

 

Figure 2.7 A schematic diagram of the Sawyer-Tower bridge for the hysteresis loop 

measurement (Sawyer and Tower 1930). 

 

The setup is controlled by a computer. During the measurement, the sample was 

placed in a silicone oil bath. An AC signal with designated amplitude was generated 

by the function generator (HP 8116A). The signal was amplified by a voltage amplifier 

(Trek 609D-6) before applied to the sample. The input and output signals from the 

Sawyer Tower circuit were recorded by a digital oscilloscope (HP 5465A). The 

recorded data were stored in the computer for further analysis. 
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The polarization-electric field hysteresis loops of the (Ba1-x,Srx)(Zr0.1,Ti0.9)O3 

ceramics were measured at room temperature. The hysteresis loops are shown in 

Figure. 2.8 and it is seen that for x ≤ 0.25, the sample is in ferroelectric phase, which is 

well consistent with the result from temperature dependence of the relativity 

permittivity and the XRD patterns. The Curie temperature, remnant polarization and 

coercive field with different compositions are listed in Table 2.2. 
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Figure 2.8 P-E hysteresis loops of the (Ba1-x,Srx)(Zr0.1,Ti0.9)O3 ceramics at room 

temperature measured at 100Hz. 

 

Clearly, the remnant polarization and coercive electric field decrease as the Sr 

content increases. The P-E loop becomes slimmer with increase in Sr content. The 

Curie temperature becomes lower than room temperature, and it transforms to 

paraelectric phase at room temperature when x<0.35. 
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Table 2.2 List of Curie temperature, remnant polarization, and coercive field of BSZT 

ceramics. 

Composition Tc(
oC) 

Remnant 

Polarization(μC/cm2) 
Coercive field(kV/cm)

x=0 97 11.63 2.57 

x=0.05 88 13.19 2.57 

x=0.15 62 8.56 1.18 

x=0.25 39 3.83 0.08 

x=0.35 8 2.06 0.02 

x=0.45 -6 Cannot be determined Cannot be determined 

2.3.5 Piezoelectric properties 

 

The piezoelectric constants related to the mechanical strain produced by an applied 

electric field are the ‘’d’’ coefficient. The unit of the ‘’d’’ coefficient can be expressed 

in meter per volt or coulomb per newton. The unit comes from the definition of the ‘’d’’ 

coefficient. 

d ൌ ୱ୲୰ୟ୧୬

ୟ୮୮୪୧ୣୢ ୣ୪ୣୡ୲୰୧ୡ f୧ୣ୪ୢ
ቀ୫
V
ቁ ൌ ୱ୦୭୰୲ ୡ୧୰ୡ୳୧୲ ୡ୦ୟ୰ୣ ୢୣ୬ୱ୧୲୷

ୟ୮୮୪୧ୣୢ ୫ୣୡ୦୬୧ୡୟ୪ ୱ୲୰ୣୱୱ
ሺC
N
ሻ   (2.6) 

The piezoelectric d coefficient is closely related to the mechanical displacement. 

Three axes are used to identify the direction in piezoelectric sample. The axes are 

defined similar to the Cartesian coordinate in which 1,2 and 3 representing the x,y and 

z directions. The 3-axis is used to indicate the direction parallel to the polarization 

direction of the sample. The first subscript of dij represents the direction of the 

polarization and the second subscript represents the direction of the mechanical stress. 
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Figure 2.9 Schematic diagram of a d33 meter. 

 

Among the d coefficients, only the d33 coefficient was measured in the present 

work. A ZJ-3D d33 meter from Beijing Institute of Acoustics is used to measure the d33 

values. The ceramic sample is placed in between the two probes in the meter and the 

magnitude of d33 can be obtained from the meter directly. 

 

It is important to know the impedance of a piezoelectric material in order to match 

the impedance between the driving circuit and the transducer. Most properties of the 

piezoelectric samples can be evaluated by using the impedance and phase versus 

frequency spectra, which are measured by an impedance/ gain phase analyzer (Agilent 

4294A). 

 

When a poled piezoelectric sample disc is subjected to an a.c signal, vibrational 

modes are excited. Two vibrational modes, the radial (frr) and thickness (frt) modes and 

their harmonics of a piezoelectric ceramics disc are observed from the impedance 

spectrum. The behaviour of the piezoelectric material can be characterized in terms of 

an equivalent circuit with corresponding resonant and anti-resonant frequency.  
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Radial mode f୰୰ ൌ
ଵ

ଶ୰
ට

ଵ

ୱభభ
E        (2.7) 

Thickness mode f୰୲ ൌ
ଵ

ଶ୲
ට

ଵ

ୱయయ
E       (2.8) 

where 2r and t are the diameter and the thickness of the ceramics disc, ? the density of 

ceramics and sଵଵ
E  and sଷଷ

E  are the elastic compliance of the ceramics material 

measured under a short circuit condition.  

 

By using the information obtained from the impedance/phase frequency spectra, 

including the resonance frequency, anti-resonance frequency, impedance at resonance 

frequency, etc at the corresponding resonance mode, the electromechanical coupling 

coefficient can be calculated by using the IEEE standard on Piezoelectricity (IEEE 

1996) . The planar electromechanical coupling coefficient kp can be calculated. 

 

The piezoelectric properties of the samples have been measured after DC poling. 

The poling field of the sample depends on its coercive field measured in PE loop. The 

poling field of the BSZT ceramics is 3kV/cm at room temperature for 30min. 

 

The piezoelectric constant d33 increases with increasing x = 0.15 to 215pC/N and 

then decreases rapidly, for ceramics with composition x = 0.35 and when x = 0.45, no 

piezoelectric properties were observed, as the ceramics are in paraelectric phase at 

room temperature. The planar electromechanical coupling factor kp changes as a 

function of x with a trend similar to the piezoelectric constant d33, with maximum 

value of 28.9% at x = 0.15. 
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Figure 2.10 Piezoelectric constant d33 and planar electromechanical coupling factor kp 

of the BSZT ceramics. 

 

2.3.6 Tunability measurements 

 

For microwave (MW) an important property in the ferroelectric circuit elements is 

the dependence of their dielectric permittivity (ε) on the applied biased electric field 

(E). This characteristic is commonly known as tunability (K) defined as below: 

ሺ%ሻܭ ൌ ሼ100  ൈ ቀఌሺሻିఌሺሻ
ఌሺሻ

ቁሽ%      (2.9) 

where ߝሺ0ሻ and ߝሺܸሻ represent the relative permittivity at zero and non-zero electric 

field. The dielectric loss in ferroelectrics is not as negligibly small as that of many 

common microwave dielectric ceramics. Dielectric loss tangent ሺߜ݊ܽݐሻ must be taken 

into account while designing a MW circuit using ferroelectric materials. The 

temperature dependence of the dielectric permittivity at the operation temperature 
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interval is another important issue. Usually there is a trade-off between tunability and 

loss tangent and the MW engineer has to judiciously choose the material with the 

optimal trade-off between these two parameters for a better device performance. This 

optimal trade off may be found by a parameter called the figure of merit (FOM) given 

by: 

FOM = (tunability/loss tangent)      (2.10) 

 

To obtain a high FOM, ferroelectric materials used in MW devices are in their 

paraelectric state close to the Curie temperature to ensure high dielectric permittivity, 

tunability and low loss tangent. One must realize, however, the figures of merit are of 

limited use when comparing materials because the figure of merit calculation may 

change dramatically depending on the application of interest. 

 

The capacitance was also measured under various DC bias by using the blocking 

circuit, shown in the Figure 2.11, to protect the equipment, including a multi-frequency 

LCR meter (Model SR720 Stanford Research System) and a DC power source 

(Keithley 6517A). All the measurements were performed at room temperature and 

with a small AC amplitude of 0.5V, while the electric field was swept from (20kV/cm) 

to (-20kV/cm). 

 

To further study the possible applications of BSZT ceramics in tunable capacitor, 

the dielectric constant as a function of biased electric field is studied. The curves in 

Figure 2.12 are measured at 100 kHz with a cycling of DC biased electric field range 

between 0 to ± 20kV/cm. With the application of electric field, the dielectric constant 

decreases gradually.  
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Figure 2.11 Schematic diagram of tunability measurements. 

 

The tunability and figure of merit (FOM) of the ceramics as defined in Equation 

(2.8) and (2.9) have been summarized in Table 2.3. 

 

Table 2.3 List of the tunability of BSZT ceramics under 20kV/cm. 

 x=0 x=0.05 x=0.15 x=0.25 x=0.35 x=0.45 

Tunability 58% 56% 68% 79% 51% 55% 

 Room@ ߜ݊ܽݐ

temperature 
0.02957 0.02755 0.01784 0.01733 0.01592 0.00247 

FOM 19.6 20.3 38.1 45.6 32.0 222.7 

 at room ߝ

temperature 
1458 1666 2544 3678 7032 3500 

 

The highest tunability of 79% was obtained from x = 0.25, however, due to the 

high dielectric loss of the ceramics, the FOM is low compared with x = 0.45. The 

result suggests that BSZT ceramics with x = 0.45 is a promising candidate for tunable 
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microwave tunable device applications. 
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Figure 2.12 Dielectric constant as a function of DC biased electric field of 

(Ba1-x,Srx)(Zr0.1,Ti0.9)O3 ceramics at room temperature measured at 100kHz. 

 

The mechanism of the relationship between relative permittivity and external DC 

biased field is not clear yet. To obtain a better insight into the problem, it is necessary 

to use the Johnson’s formula (Johnson 1962) to fit the ε-E curves. Since the ε-E 

dependence to the ferroelectric materials (when in the paraelectric state) is generally 

found to follow this equation. 

 

The explicit functional dependence of the relative permittivity on the applied 

electric field can be derived based on the phenomenological theory of Devonshire. In 

this treatment, for unstressed crystals, the free energy density is expanded in even 

powers of the polarization (P) developed by the electric field, i.e. 
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݃ሺܶ, ܲሻ ൌ ݃ሺܶ, 0ሻ  ሺ்ି బ்ሻ

ଶఌబ
ܲଶ  ଵ

ଵଶ
ሺܶሻܲସܤ (2.11)   ڮ 

where g(T,0) is the zero field free energy density. T is the absolute temperature, C and 

T0 are the Curie-Weiss constant and temperature, B(T) is a phenomenological constant, 

and ߝ is the permittivity of the vacuum. The electric field is given by 

ܧ ൌ ሺడ
డ
ሻ் ൌ

ሺ்ି బ்ሻ

ఌబ
ܲ  ଵ

ଷ
ሺܶሻܲଷܤ (2.12)    ڮ 

The incremental dielectric permittivity ߝሺܶ,   ሻ is approximately given byܧ

ଵ

ఌೝሺ்,ாሻ
؆ ሺߝ

డா

డ
ሻ் ൌ

ଵ

ఌೝሺ்,ሻ
 ሺܶሻܲଶܤߝ   (2.13)    ڮ

where ߝሺܶ, 0ሻ ൌ


ሺ்ି బ்ሻ
 is the dielectric permittivity in the absence of a DC electric 

field. In the equation, it is assumed that ߝሺܶ, ሻܧ ب 1, which is the case for most 

ferroelectric materials. For a second order phase transition, the decrease in dielectric 

permittivity as the electric field is increased in consistent with a positive value of the 

phenomenological coefficient B. Using the above equation, Johnson proposed an 

expression for the dielectric permittivity in terms of the electric field. First, considering 

the case of low field, then the terms in P4 or higher can be neglected. Assuming that 

ܲ ൌ  then the equation can be written as ,ܧߝߝ

ଵ

ఌೝሺ்,ாሻ
ൌ ଵ

ఌೝሺ்,ሻ
 ߝ

ଷߝଶܤሺܶሻܧଶ   (2.14)     ڮ

The equation can be further written as 

ቂሺఌೝሺሻ
ఌೝሺாሻ

ሻଷെሺఌೝሺሻ
ఌೝሺாሻ

ሻଶ  1ቃ ൌ ሾ1  ߝ
ଷߝଶܤሺܶሻܧଶ]    (2.15) 

ఌೝሺ்,ாሻ

ఌೝሺ்,ሻ
ൌ

ሺଵିഄೝ
ഄబ
ା
ഄೝ
య

ഄబ
యሻ
భ
య

ሾଵାሺఌబ ఌೝ ሺ்,ሻሻయሺ்ሻாమሿ
భ
య
     (2.16) 

We can further assume the numerator to be unity as 1 െ ఌೝ
ఌబ

 can be neglected 

compared to 
ఌೝ
య

ఌబ
య, therefore, the equation becomes,  
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,ሺܶߝ ሻܧ ൌ
ఌೝሺ்,ሻ

ሼଵାሾఌబఌೝሺ்,ሻሿయሺ்ሻாమሽ
భ
య
      (2.17) 

2.4 Summary 

 

The (Ba1-x,Srx)(Zr0.1,Ti0.9)O3 ceramics with x=0, 0.05, 0.15, 0.25 , 0.35 and 0.45 

were successfully prepared by a solid state reaction process, the average grain size of 

this ceramics ranged from 100μm to submicron size. The microstructure, ferroelectric 

and piezoelectric properties of the ceramics were investigated and the result were 

summarized in Table 2.4. 

 

The results show that all the BSZT ceramics have perovskite crystal structure. The 

lattice parameter decreases with increase in Sr content. With the increase in Sr content, 

the density decreases. The temperature dependent dielectric constant shows that the 

Curie temperature decreases with increase in Sr content and located between -6 oC to 

97 oC. The relationship of the Curie temperature can be fitted according to the equation 

Tc = 97 – 230x, where x is concentration of the Sr content.  

 

The piezoelectric properties of the BSZT ceramics were systematically 

characterized. The piezoelectric coefficient d33 (~215pC/N) and planar 

electromechanical coupling coefficient kp(~0.271) was measured for 

(Ba0.85Sr0.15)(Zr0.1Ti0.9)O3 ceramics. 

 

High tunability of the ceramics was obtained at 20kV/cm, which implies that 

BSZT ceramics is a promising candidate for microwave applications. 
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Table 2.4  Lattice parameter, Curie transition temperature, remnant polarization, 

coercive field, tunability, dielectric loss, figure of merit, d33 and planar 

electromechanical coefficient kp. 

Composition x=0 x=0.05 x=0.15 x=0.25 x=0.35 x=0.45 

Density(kg/cm3) 5862 5832 5809 5683 5590 5562 

a(Å) 4.019(6) 4.004(4) 4.003(2) 3.991(0) 3.969(6) 3.968(1) 

c(Å) 4.040(6) 4.029(7) 4.002(8) 3.995(6) 3.968(8) 3.967(5) 

Volume of the 

lattice(Å3) 
65.283 64.618 64.147 63.641 62.539 62.460 

Tc(
oC) 97 88 62 39 8 -6 

Remnant 

Polarization 

(μC/cm2) 

11.63 13.19 8.56 3.83 2.06 
Cannot be 

determined 

Coercive field 

(kV/cm) 
2.57 2.57 1.18 0.08 0.02 

Cannot be 

determined 

ε 1458 1666 2544 3678 7032 3500 

Tunability(at 

E=20kV/cm) 
58% 56% 68% 79% 51% 55% 

Dielectric loss 0.02957 0.02755 0.01784 0.01733 0.01592 0.00247 

FOM 19.6 20.3 38.1 45.6 32.0 222.7 

d33 
138 178 214 167 Cannot be 

determined 

Cannot be 

determined 

kp(%) 
13.3 27.1 29 24.6 Cannot be 

determined 

Cannot be 

determined 
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CHAPTER 3  

TECHNIQUES FOR DEPOSITION AND STRUCTURAL 

CHARACTERIZATION OF BSZT THIN FILMS 

3.1 Introduction 

 

BST and BZT thin films have been successfully grown on various substrates via 

different deposition techniques, including pulsed laser deposition (PLD) (Ying et al. 

2007; Zhu et al. 2007; Qin et al. 2008), RF magnetron sputtering (Xiao et al. 2009; Xu 

et al. 2009; Yang et al. 2010) and sol gel deposition. (Cheng et al. 2006; Gao et al. 

2008) Among them, PLD is the most extensively used technique for growing epitaxial 

BST and BZT thin films. 

 

PLD has some unique advantages over other deposition techniques. For example, 

PLD can be utilized to fabricate high quality epitaxial oxide films at a relatively low 

deposition temperature (500-600oC). Thin films of high Tc superconducting oxides 

(Cheung et al. 1993), nitride (Vispute et al. 1995), ferroelectric (Ramesh et al. 1991), 

metallic multilayers and various superlattices (Seong et al. 2006) have been realized by 

these methods. 

 

In the present work, (Ba1-x,Srx)(Zr0.1,Ti0.9)O3 (BSZT) thin film were deposited by 

pulsed laser deposition. By the X-ray diffraction technique, the structure and the 

crystalline quality were studied. In order to study the effect of lattice mismatch and 

thermal expansion mismatch, (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 thin film were also deposited 

on various substrates including (LaAlO3)0.3(Sr2AlTaO6)0.35 (001) [abbreviated as 
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LSAT(001)], LaAlO3 [abbreviated as LAO (001)] and MgO. 

 

An increase in the surface roughness cause poor electrode –film interface and give 

rise to high dielectric loss in thin film for microwave application. Therefore, the 

variation of the surface morphology, grain size and roughness of the 

(Ba1-x,Srx)(Zr0.1,Ti0.9)O3 thin film were studied using atomic force microscopy. 

 

3.2 Deposition of BSZT thin films  

3.2.1 PLD system and setup 

 

The use of a pulsed laser as a directed energy source for evaporative film growth 

has been explored since the discovery of laser (Ramsey 1969; Smith and Turner 1969). 

Initial activities were limited in scope and involved both continuous wave (cw) and 

pulsed lasers. The first experiments in pulsed laser deposition were carried out in the 

1960s; limited efforts continued into the 1970s and 1980s. Then, in the late 1980s, 

pulsed laser deposition was popularized as a fast and reproducible oxide film growth 

technique through its success in growing in situ epitaxial high temperature 

superconducting films(England et al. 1988).  

 

Pulsed laser deposition is a physical vapour deposition process, carried out in a 

vacuum system and a pulsed laser is focused onto a target of the material to be 

deposited. For sufficiently high laser energy density, each laser pulse vaporizes or 

ablates a small amount of the material creating a plasma plume. The ablated material is 

ejected from the target in a highly forward directed plume. The ablation plume 

provides the material flux for film growth. PLD has proven remarkably effective at 
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yielding epitaxial films. In this case, ablation conditions are chosen such that the 

ablation plume consists primarily of atomic, diatomic, and other low mass species. 

This is typically achieved by selecting an ultraviolet (UV) laser wavelength and 

nanosecond pulse width that is strongly absorbed by a small volume of the target 

material. Laser absorption by the ejected material creates plasma. 

 

Compared with conventional film deposition techniques, e.g. thermal evaporation, 

molecular beam epitaxy (MBE), sputtering, metalorganic chemical vapour deposition 

(MOCVD), etc, laser ablation has the following characteristics (Glocker et al. 1995). 

(i) Materials with high melting points can also be deposited if the materials 

absorb the laser light 

(ii) It is possible to prepare films in an oxidation environment with relatively 

high pressure because of the absence of a heater or filament in the deposition 

chamber. 

(iii) The target composition is transferred to the film, leading to stoichiometric 

deposition. 

(iv) A large number of droplets of submicron size are often seen on the surface of 

the deposited film 

 

Atoms and clusters are ejected from the target due to focused laser irradiation and 

deposited onto substrates. Features of film deposition are governed by the laser 

employed for the ablation. 

 

During deposition, the target is often rotated to eliminate changes in composition. 

In order to guide the laser light into the deposition chamber, an incident window 
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should always be transparent to the incoming laser light. If an KrF excimer laser is 

used for ablation, synthesized quartz is the preferred window material. Occasionally 

the window material is turned opaque or luminous by the UV laser irradiation. To 

avoid a reduction of laser fluence onto the target, special care is required. 

 

Introducing oxygen or an inert gas from the window is preferred for eliminating 

unintentional deposition on the window. In the preparation of the film by laser ablation 

it is important to control the plume in order to obtain high quality films. The optimum 

laser fluence for film preparation depends on the substrate target spacing and the 

ambient gas pressure. The substrate-target spacing is, typically, around 2 -5 cm, 

depending on the laboratory set up. The crucial point for laser ablation is how the 

plume interacts with the substrate. 

 

At present, compared with conventional film preparation technique, the 

homogeneity of the film thickness is not good enough to allow the use of a large area 

substrate. Small area substrates are preferred for laser ablation. The substrate 

temperatures are often calibrated by a thermocouple attached to the substrate by silver 

paste. 

 

Target preparation is also important for the film growth. The target morphology 

affects the surface morphology of the films. A fresh target surface is preferred because 

after prolonged irradiation of the target its composition at the ablated surface often 

deviates from the original stoichiometric one, especially in ablation with a low fluence. 

A high density target is also required for high quality film without a large amount of 

droplets.  
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A schematic diagram of the PLD system used in our laboratory is shown in Figure 

3.1. The laser used is a KrF excimer laser with a wavelength of 248nm and pulse 

duration of 25ns (Lambda Physik COMPex 205). The laser pulse repetition rate is 

fixed at 10Hz. The laser energy is around 250mJ (energy density of 2-3 J/cm2 on the 

target surface) per pulse. During deposition, the target is rotated so that successive 

pulses do not hit the same point on the target surface. 

 

Figure 3.1 Schematic diagram of the pulsed laser deposition system. 

 

Before the deposition, the quartz window was cleaned using abrasive powders. It is 

a critical step to ensure the entire laser beam enters the chamber with less reflection. 

After mounting the substrates on the sample holder, the chamber is pumped down to a 

pressure of 10-5 to 10-6 Torr using rotary pump and turbo molecular pump. Oxygen 

(processing gas) pressure is controlled by the pumping valve. The laser beam enters 

the chamber through the quartz window, by adjusting the position of the convex lens, 

the pulsed laser beam interacts with the solid target, producing a plume. The plume 

contains energetic neutral atoms, ions and molecules, which are subsequently 
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transported towards the substrate. Since sufficient ionic mobility is needed for the 

growth of epitaxial oxide thin films, the substrate is kept at a high temperature (700oC) 

during the deposition. 

 

3.2.2 Thin film growth modes 

 

A lattice mismatch and surface energy between substrate and film materials is a 

key parameter to determine the growth mode. Generally in heteroepitaxy, growth mode 

can be classified into three categories, as shown in Figure 3.2.  

 

Figure 3.2 Thin film growth mode: (i) Volumer-Weber growth, (ii) Frank-van der 

Merme mode and (iii) Stranski-Krastinov growth mode (Waser 2005). 

 

Different growth modes of the thin films were shown in Figure 3.2. (i) 

Volumer-Weber growth or 3D island growth mode involves the film materials being 

formed as isolated islands on the substrates. (ii) Frank-van der Merme or 

ii) 

i) 

iii) 
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layer-by-layer growth mode involves the interatomic interactions between substrate 

and the film materials are stronger than those between the different atomic species of 

the film. Monolayer growth is preferred and excellent epitaxy can be obtained; (iii) 

Stranski-Krastinov growth mode involve a combination of layer by layer mode and 3D 

island growth modes as described in (i) and (ii). This growth mode is dominated in the 

early stage. 

 

3.2.3 Deposition of BSZT thin films 

  

In Chapter 2, the dielectric, ferroelectric and structural properties of the BSZT 

ceramics were studied. The BSZT ceramics were used as target materials for 

depositing thin films. Different PLD target with diameter 2cm were fabricated by the 

parameters introduced in Chapter 2. In this work, (Ba1-x,Srx)(Zr0.1,Ti0.9)O3 thin film 

with composition (0≤x≤0.45) were deposited on LSAT substrates by PLD. For 

(Ba0.55Sr0.45)(Zr0.1,Ti0.9)O3 ceramics, this ceramics has a cubic structure and is in 

paraelectric phase at room temperature. The figure of merit for this ceramics is high 

compared with other compositions, which implies this composition is a potential 

material for microwave devices application. The (Ba0.55Sr0.45)(Zr0.1,Ti0.9)O3 thin films 

were deposited on various substrates (LSAT, MgO and LAO). The polished single 

crystal substrates were supplied by Heifei Kejing Materials Technology Co. Ltd. 

Before deposition, the surface of the substrate was cleaned properly using acetone and 

ethanol in an ultrasonic bath. The deposition conditions were optimized and the details 

of the deposition parameters are summarized in Table 3.1.  
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Table 3.1 Deposition conditions of (Ba1-x,Srx)(Zr0.1,Ti0.9)O3 thin films by pulsed laser 

deposition. 

 

Target to substrate distance 50mm 

Laser Energy 250mJ 

Repetition rate of the laser 10Hz 

Deposition temperature 700℃ 

Oxygen partial pressure 200mTorr 

Target Materials Substrate 

Ba(Zr0.1,Ti0.9)O3 LSAT(001) 

(Ba0.95,Sr0.05)(Zr0.1,Ti0.9)O3 LSAT(001) 

(Ba0.85,Sr0.15)(Zr0.1,Ti0.9)O3 LSAT(001) 

(Ba0.75,Sr0.25)(Zr0.1,Ti0.9)O3 LSAT(001) 

(Ba0.65,Sr0.35)(Zr0.1,Ti0.9)O3 LSAT(001) 

 

(Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 

 

LSAT(001) 

MgO(001) 

LAO(001) 

 

3.3  Structural characterization of BSZT thin films by X-Ray diffraction 

3.3.1  X-Ray diffraction 

 

X-ray diffraction (XRD) is a common non-destructive method for obtaining the 

crystalline structure of single crystals, ceramics and thin film. As discussed in Chapter 

2, the structural properties of BSZT ceramics can be studied using XRD. 
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If an incident X-ray beam encounters a crystal lattice, scattering occurs. 

Diffractions occur in a certain direction when the scattered rays are in phases from 

specific planes. Under this condition the reflections combine to form new enhanced 

wave fronts (constructive interference). By varying the incidence angle, the Bragg’s 

law conditions are satisfied by different d spacing’s in the polycrystals. 

By Bragg’s law 

ߠ݊݅ݏ2݀ ൌ  (3.1)        ߣ݊

 

where d is the distance between the lattice planes and ߣ is the wavelength of the 

X-Ray beam. The integer number n is the order of diffraction. 

 

Rewriting Bragg’s law we get: 

2݀ߠ݊݅ݏ ൌ  (3.2)      ߣ

 

where dhkl is the interplanar spacing of the planes (hkl) and h,k,l are the Miller indices. 

 

Constructive interference exists only for the planes perpendicular to the surface. 

The illuminated area and the penetration depth depend on the angle of incidence. 

 

Figure 3.3 Layout of the X-ray diffractometer. 
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For a tetragonal crystal structure, dhkl is related to lattice parameters a and c , it can 

be determined by the following equation: 

ଵ

ௗೖ
మ ൌ మାమ

మ
 మ

మ
        (3.3) 

The X-ray diffraction measurements on all thin films mentioned in Table 3.1 were 

carried out in Bruker AXD D8 Discover X-ray diffractometer operating at 40kV and 

40mA, and equipped with Cu Kα radiation at a wavelength λ=1.540562 Å. Figure 3.3 

shows the schematic diagram of the X-ray diffraction measurement.  

 

The most common mode is called θ-2θ scan, as shown in Figure 3.4, the sample is 

rotated by θ and the detector rotated by 2θ.  

 

Figure 3.4 Schematic of Bragg- Brentano diffractometer (Cullity 1956). 

 

For example, the θ-2θ scan for (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 thin film deposited on 

LSAT is shown in Figure 3.5. 
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Figure 3.5 XRD θ-2θ scan pattern of (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 thin film grown on 

LSAT(001) at 700oC under an oxygen partial pressure of 200mTorr. 

 

Apart from the reflection of the substrate, only (00l) peaks of the thin film appear 

in the XRD pattern. Therefore, the c-axes of the crystallites in the film are highly 

oriented along the film normal. 

 

Using the θ-2θ scan pattern and the Nelson-Riley extrapolation function(Cullity 

1956), the out of plane lattice parameter can be determined with high accuracy. The 

Nelson- Riley function is given by: 

ܿ ൌ ܿ െ ܿ݇ሺ
ୡ୭ୱ ఏమ

ୱ୧୬ఏ


ୡ୭ୱ ఏమ

ఏ
ሻ      (3.4) 

where c is the lattice parameter calculated from the position of the Bragg peak, co the 

‘true’ fitted lattice parameter and k is a fitting parameter. The equation yields c=co at 

θ=90o, thus in practice c is plotted versus ሺ
ୡ୭ୱ ఏమ

ୱ୧୬ఏ


ୡ୭ୱ ఏమ

ఏ
ሻ and linearly extrapolated 
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to θ = 90o to obtain c=co. The major errors in the determination of lattice parameter 

arise from the misalignment of the instrument, surface shape of the sample, absorption 

of the sample, displacement of the sample from the diffractometer axis (usually the 

largest single source of error) and vertical divergence of the incident beam. The use of 

the Nelson-Riley function can effectively reduce the above systematic errors. 

 

The out of plane lattice parameters c was calculated from the position of the (00l) 

peaks (݈=1-4) using 

ܿ ൌ ݈ · ݀       (3.5) 

The out of plane lattice parameters c is plotted against the function ሺ
ୡ୭ୱ ఏమ

ୱ୧୬ఏ


ୡ୭ୱ ఏమ

ఏ
ሻ as shown in Figure 3.6. The data points are least squares fitted to a straight line 

and the true out of plane lattice parameter co of the thin film can be fitted, obtained 

from the y intercept, is 3.979 Å. 
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Figure 3.6 The out-of-plane lattice parameter of (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 thin film 

grown on LSAT(001) substrate fitted to the Nelson-Riley function. 
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A θ-2θ scan at χ=0 is only useful for investigating planes parallel to the film 

surface. To study other lattice planes, it is necessary to incline the sample at an angle χ, 

these planes are often called oblique planes and we have to estimate the value of χ and 

then adjust the diffractometer accordingly. By investigating different oblique planes, 

the in plane lattice parameter can be calculated. e.g. from the θ-2θ scan pattern of the 

oblique (202) plane for the thin film grown on LSAT(001) substrate by tilting the 

sample at an angle of χ=45o. Since the thin films usually having tetragonal structure 

with symmetry axis along the film normal, the in plane lattice parameter a can be 

calculated using  

 

ܽ ൌ ଶ

ටௗሺమబమሻ
షమ ିሺ

మ
ሻషమ

ൌ ଶ

ටௗሺమబమሻ
షమ ିௗሺబబమሻ

షమ
      (3.6) 

 

In ω scan, the sample is fixed at angle θ and the sample is rocked about the ω axis 

which is in the same direction as the incident X-ray beam.  As the angle ω rocks, 

strong diffraction only occurs when Bragg’s law is matched. The full width at half 

maximum (FWHM) of the diffraction curve can thus be used to determine the quality 

of the film orientation. The rocking curve can give the degree of random orientation of 

the crystal grains with each other in the film. Films having better aligned grains give 

narrow diffraction peaks. 

 

In φ scan, the sample is fixed at angle θ and rotates 45o about the ω axis. The 

sample is turned about the φ axis through 360o. Since strong signal is detected only 

when Bragg’s law is matched, this scanning mode can reveal the spatial distribution of 

the atom inside the material. 
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The full width at half maximum (FWHM) of the ω scan peaks for the (002) 

reflections were determined. These indicate the films are strongly aligned out of plane. 

 

The off axis φ scans of (202) diffraction of the thin films were performed to 

understand the quality of the epitaxy and to determine the in plane relationship 

between the film and the substrate. The four fold symmetric (202) diffraction of the 

films are very sharp and coincide well with those LSAT (001) substrate. Suggesting all 

the films have a high degree of in plane orientation and exhibit an epitaxial growth on 

the LSAT substrate.  

 

3.3.2 Compositional dependence 

 

(Ba1-x,Srx)(Zr0.1,Ti0.9)O3 thin films with (0≤ x ≤0.45) were deposited according to 

the condition in Table 3.1. Using XRD, the structural properties of the thin films were 

characterized. Figure 3.7(a)-(f) shows the XRD θ-2θ scan patterns for the BSZT thin 

films on LSAT substrate. As revealed from the Figure, only (00l) peaks are observed, 

which implies the BSZT films on LSAT substrates have a perovskite phase and highly 

c-axis oriented.  

 

From the inset of each figure, the full width at half maximum (FWHM) of the 

߱-scan peaks of BSZT (002) reflection is shown. The grain orientation is a key factor to 

determine the quality of the thin films. The FWHM values of the BSZT thin films are 

below 0.25o, which indicates that all thin films are having high degrees of grain 

orientation. 



  CHAPTER 3 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

 

CHAN Ngai Yui  93 

20 40 60 80 100 120

21.8 22.0 22.2 22.4 22.6 22.8 23.0

x = 0

 

 

 

 

0.19
o

In
te

ns
ity

 (
a

.u
.)

B
S

Z
T

(0
0

2)

B
S

Z
T

(0
0

3
)

B
S

Z
T

(0
0

4)

L
S

A
T

(0
0

4
)

LS
A

T
(0

02
)

L
S

A
T

(0
0

1)

L
S

A
T

(0
0

3
)

B
S

Z
T

(0
0

1
)

(a) x = 0

 

 

2deg)

20 40 60 80 100 120

22.1 22.2 22.3 22.4 22.5 22.6 22.7 22.8 22.9

x = 0.05

 

 

0.11o

In
te

ns
ity

 (
a.

u
.)

B
S

Z
T

(0
04

)

B
S

Z
T

(0
0

3)

B
S

Z
T

(0
02

)

L
S

A
T

(0
0

4
)

LS
A

T
(0

03
)

L
S

A
T

(0
02

)

L
S

A
T

(0
0

1
)

B
S

Z
T

(0
0

1
)

(b) x = 0.05

 

 

2deg)



  CHAPTER 3 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

 

CHAN Ngai Yui  94 

20 40 60 80 100 120

22.5 22.6 22.7 22.8 22.9 23.0 23.1 23.2 23.3 23.4

x = 0.15

 

 

 

 

0.13
o

In
te

n
si

ty
 (

a
.u

.)

B
S

Z
T

(0
02

)

B
S

Z
T

(0
03

)

B
S

Z
T

(0
0

4
) L
S

A
T

(0
0

4
)

L
S

A
T

(0
0

3
)

L
S

A
T

(0
0

2
)

L
S

A
T

(0
0

1
)

B
S

Z
T

(0
0

1)

(c) x = 0.15

 

 

2deg)

20 40 60 80 100 120

21.9 22.0 22.1 22.2 22.3 22.4 22.5 22.6 22.7 22.8

x = 0.25

 

 

0.09o

L
S

A
T

(0
0

4
)

L
S

A
T

(0
0

3
)

L
S

A
T

(0
0

2
)

B
S

Z
T

(0
0

4)

B
S

Z
T

(0
0

3
)

B
S

Z
T

(0
0

2
)

In
te

n
si

ty
 (

a
.u

.)

L
S

A
T

(0
01

)
B

S
Z

T
(0

0
1)

(d) x = 0.25

2deg)

 



  CHAPTER 3 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

 

CHAN Ngai Yui  95 

20 40 60 80 100 120

22.5 22.6 22.7 22.8 22.9 23.0 23.1 23.2 23.3 23.4 23.5

 

 

x = 0.35

0.10o

In
te

n
si

ty
 (

a.
u

.)

LS
A

T
(0

04
)

LS
A

T
(0

0
3

)

LS
A

T
(0

02
)

B
S

Z
T

(0
04

)

B
S

Z
T

(0
03

)

B
S

Z
T

(0
02

)

LS
A

T
(0

01
)

B
S

Z
T

(0
01

)

(e) x = 0.35

2deg)

20 40 60 80 100 120

22.9 23.0 23.1 23.2 23.3 23.4

  

 

 

0.08o

x = 0.45

B
S

Z
T

(0
0

4
)

B
S

Z
T

(0
0

3)

B
S

Z
T

(0
0

2
)

L
S

A
T

(0
0

4
)

L
S

A
T

(0
0

3
)

LS
A

T
(0

02
)

LS
A

T
(0

0
1

)
B

S
Z

T
(0

01
)

In
te

n
si

ty
 (

a
.u

.)

2deg)

(f) x = 0.45

 

Figure 3.7 XRD θ-2θ scan pattern of (Ba1-x,Srx)(Zr0.1,Ti0.9)O3 thin film grown on 

LSAT(001) under the conditions listed in Table 4.1. (a) x = 0, (b) x = 0.05, 

(c) x = 0.15, (d) x = 0.25, (e) x = 0.35, (f) x = 0.45 (inset: ω- scan of the thin 

films).
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From Figure 3.8, the XRD patterns for all BSZT thin films deposited on LSAT are 

shown in the range of 44o to 48o. Within this range, the peaks for BSZT(002) and 

LSAT(002) can be observed clearly. It is noted that, with the increase in Sr content, the 

diffraction peaks of BSZT (002) shifts to higher angles. It indicates that the lattice 

parameter along the c – axis decreases. The lattice parameter c can be calculated using 

the Nelson-Riley extrapolation function. 

44 45 46 47 48

x = 0.25

x = 0.35

 

 

 x = 0.45

 
 

x = 0

x = 0.05

x = 0.15 
 

2deg)

 

BSZT(002) LSAT(002)

 

Figure 3.8 XRD θ-2θ scan patterns of (Ba1-x,Srx)(Zr0.1,Ti0.9)O3 thin film grown on 

LSAT(001) substrates.  

 

To determine all the lattice parameters of the thin film, it is necessary to determine 

the θ-2θ scan patterns for χ=45o. From Figure 3.9, the BSZT (202) diffraction peaks 

shifts to the higher angle, having the same trend as mentioned for BSZT (002) peaks. 

Indicates that the lattice parameters a and b decreases with the increase in Sr content. 
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Figure 3.9 XRD θ-2θ scan pattern of (Ba1-x,Srx)(Zr0.1,Ti0.9)O3 thin film grown on 

LSAT(001) substrates with χ=45o. 

 

The lattice parameters of the thin films were determined from the XRD results 

θ-2θ scan patterns and θ-2θ scan with χ= 45o, the results of the lattice parameter are 

summarized in Table 3.2  

 

All the thin films show tetragonally distorted lattice structure, which is different 

from the lattice parameters calculated for the constituent ceramics, indicating that 

structure of the films have been modified by the substrates. The out-of-plane and in 

plane lattice parameter decreases with the increase in Sr content, which is in agreement 

with the trend we found in Chapter 2, since the ionic radius of Ba2+ (1.61Å) is larger 

than that of Sr2+ (1.44Å), more Sr2+ ions substituted for the Ba2+ ions as the Sr content 

increases, resulting in the decrease in lattice parameter. 
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Table 3.2 Lattice parameters of the (Ba1-x,Srx)(Zr0.1,Ti0.9)O3 thin film grown on 

LSAT(001) substrates (with ߯ ൌ 45o). 

Composition Lattice parameter(Å) 

 Out-of-plane c In-plane-a 

x = 0 4.0118 4.0366 

x = 0.05 4.0113 4.0248 

x = 0.15 4.0021 4.0115 

x = 0.25 3.9980 3.9952 

x = 0.35 3.9881 3.9861 

x = 0.45 3.9799 3.9770 

 

Figure 3.10 shows the tetragonality a/c and unit cell volume a2c of BSZT thin film 

deposited on LSAT(001) substrates as a function of Sr content x. The a/c ratio 

indicates the tetragonal distortion of the films, it decreases monotonically with the 

increase in Sr content. Oriented Ba1-xSrxTiO3 thin films deposited by PLD on (001) 

single crystal substrates with cubic structure show deviations from the expected cubic 

structure (Canedy et al. 2000; Chen et al. 2002; Navi et al. 2003). These deviations are 

caused by the strain generated as a result of the difference between the lattice 

parameters and difference between the thermal expansion coefficients of the film and 

the substrate, and the presence of oxygen vacancies. 
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Figure 3.10 Tetragonality a/c and unit cell volume a2c of BSZT thin films deposited on 

LSAT(001) substrates as a function of Sr content x. 

 

The off axis phi scan of the (202) diffraction of BSZT thin film, as shown in 

Figure 3.11, has been performed to determine the in-plane crystallographic relationship 

between the film and the substrate. The specimen is first tilted 45° along the axis 

relative to the normal plane, and angles are set to the particular angles for specific 

planes.  Then a 360° scan is performed to investigate the peaks appeared and 

identifies its four-fold symmetric feature, peaks of all the BSZT thin film coincide well 

with those of LSAT substrates. The peaks are separated by 90o, which shows the 

four-fold symmetric features. The in-plane orientation relationship has been 

determined to be <100>BSZT//<100>LSAT. 
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Figure 3.11 Off axis φ scan of the (202) diffraction of BSZT thin films deposited 

LSAT(001) substrates. 
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3.3.3 Effect of different substrates 

 

Ferroelectric thin films have been deposited on different substrates such as MgO 

(Chen et al. 2001; Moon et al. 2005), LAO (Majumder et al. 2001), STO (Vendik et al. 

1999) and LSAT (Zhou et al. 2007)for microwave applications. The dielectric, 

electrical and microwave properties were influenced strongly by the substrates. The 

deviations area caused by the strain generated as a result of the difference between the 

lattice parameters. In this Section, the crystal structure of (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 

thin film were deposited on MgO (001), LAO (001) and LSAT (001) substrates under 

the conditions as shown in Table 3.1. (Figure 3.12 to 3.17) 

 

All the films were found to have a pure perovskite phase with (00l) orientation as 

shown in Figure 3.12, 3.14 and 3.16. The in plane alignment of the (100) crystal axis 

of the single crystal substrate was also confirmed by the XRD off-axis φ scans of the 

(202) diffraction of the (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 (BSZT45) film and the substrate as 

shown in Figure 3.13, 3.15 and 3.17, indicating epitaxial growth of 

(Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 thin films. 

 

The lattice parameters of (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 films were determined from 

the XRD θ-2θ scan pattern and are listed in Table 3.3. The out-of-plane lattice 

parameters of the films are slightly larger than those of the bulk ceramics, which 

indicates that the films have more oxygen vacancies than the bulk ceramics.  

 

If we assume that the tetragonal structure of the films arises from the distortion 

from the cubic structure of the bulk ceramic, then the in-plane strain x’’ is: 



  CHAPTER 3 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

 

CHAN Ngai Yui  102 

ᇱᇱݔ ൌ ᇲᇲିబ
బ

        (3.7) 

where ܽ" is the in-plane lattice parameter of (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 film and ܽ 

is the lattice parameter of bulk ceramics. On the other hand, the ideal in-plane strain 

induced by lattice mismatch is given by: 

ݔ ൌ ೞିబ
బ

        (3.8) 

where ܽ௦ is the lattice parameter of the substrate (also see Table 3.3) 

 

Table 3.3 shows that the ideal in-plane strain ݔ of film grown on LAO, LSAT 

and substrates have negative values, indicating that the films are under in-plane 

compression. While for thin films on MgO substrate, the in-plane strain ݔ of film 

have positive value, indicating that the films having in plane elongation. From the 

XRD patterns, the lattice parameters of the (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 film on different 

substrates can be calculated, i.e. ݔᇱᇱ can also be calculated. From Table 3.3, the ݔᇱᇱ 

have positive values, indicates that the films are under in-plane elongation. 

 

As the film thickness has greatly exceeded the critical value, the internal stress 

may be relaxed towards a zero-strain state by the formation of misfit dislocations. The 

large lattice mismatch energy induced by the lattice mismatch at the interface can be 

released by creating a number of edge dislocations at the interface between the film 

and the substrate. It is noted that the strain induced by thermal expansion difference is 

one order of magnitude smaller than that induced by lattice mismatch, implying that 

the thermal expansion mismatch could not be the dominant factor in this case. 
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Figure 3.12 XRD θ-2θ scan pattern of (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 grown on LAO(001) 

substrate. 

 

Figure 3.13 Off axis φ scan of the (202) diffraction of (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 thin 

films deposited on LAO(001) substrate. 
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Figure 3.14 XRD θ-2θ scan pattern of (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 grown on LSAT(001) 

substrate. 

 

Figure 3.15 Off axis φ scan of the (202) diffraction of (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 thin 

films deposited on LSAT(001) substrate. 
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Figure 3.16 XRD θ-2θ scan pattern of (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 grown on MgO(001) 

substrate. 

 

Figure 3.17 Off axis φ scan of the (202) diffraction of (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 thin 

films deposited on MgO(001) substrate. 
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Table 3.3 Lattice parameters of thin films, un-relaxed lattice misfit and actual in-plane 

lattice misfit strain on various substrates at room temperature. 
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3.4 Investigation of surface morphology by atomic force microscopy 

3.4.1 Atomic force microscopy 

 

Scanning Probe Microscopy (SPM): 

The SPM is one kind of microscopy that forms images of surfaces using a physical 

probe that scan over the specimen. The images of the surface were obtained from the 

interaction between the probe and the surface. The probe is moving mechanically in a 

raster scan across the specimen, line by line. The interaction of probe and surfaces is 

recorded as a function of position.  

Atomic Force Microscopy (AFM):  

 

 

Figure 3.18 Experimental setup of AFM (wikipedia). 

 

The AFM (Morris et al. 1999) works by scanning a fine ceramic or semiconductor 

tip over a surface much the same way as a phonograph needle scanning a record. The tip 

is positioned at the end of a cantilever beam shaped much like a diving board. As the tip 

is repelled by or attracted to the surface, the cantilever beam deflects. The magnitude of 

the deflection is captured by a laser that reflects at an oblique angle from the very end of 

the cantilever. A plot of the laser deflection versus tip position on the sample surface 

provides the resolution of the hills and valleys that constitute the topography of the 



  CHAPTER 3 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

 

CHAN Ngai Yui  108 

surface. The AFM can work with the tip touching the sample (contact mode), or the tip 

can tap across the surface (tapping mode), or non-contact mode. 

The following shows the differences of contact mode, non-contact mode and 

tapping mode.  

 

Contact mode: Probe scanning across a sample surface, monitor the change in cantilever 

defection with the split photodiode detector. A feedback loop maintains a constant 

cantilever deflection (constant force) by vertically moving the scanner to maintain a 

constant photodetector signal. This feedback loop maintains a constant force during 

imaging, ranging between 0.1-100mN. The distance the scanner moves vertically at 

each x or y direction. The data point is stored by the computer to form the topographic 

image of the sample surface. 

 

Non-contact mode: The tip on the sample surface with 5-20nm distance without contact 

with the sample. It can eliminate tip contamination problem due to the contact of tip 

with sample surface. The force between sample and tip is weak long distance for van 

der Waals attraction force. A small oscillation is applied on the tip, so that AC 

measurement can be used to determine the weak interaction. But the resolution is poor. 

This movement forms the photographic image. 

 

Tapping mode: Larger oscillation in the cantilever occurs at its resonant frequency 

(~100kHz) and lightly trapping on the surface during scanning (discontinuous contact 

with sample surface). The deflection of laser is used to detect root mean square 

amplitude of cantilever oscillation. A feedback loop maintains constant oscillation 

amplitude by moving the scanner vertically at every point. 
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In this Section, the surface morphology, surface roughness and grain size of the 

BSZT thin film were studied using a Digital Instruments Nanoscope II atomic force 

microscope (AFM) operating in the tapping mode. All images were fitted using the 

flattening and plane fit functions provided with the AFM software. The root mean 

square (rms) roughness of the film surface and the grain size were determined also by 

using the software included in the instrument. 

 

3.4.2 Compositional dependence 

 

In the BSZT thin films, the surface morphology of the films may be influenced by 

the compositional dependence of the strontium content x. In Chapter 2, we have found 

that the addition of Sr into the ceramics influence the grain size strongly. The surface 

morphology of the thin film was studied by AFM. Figure 3.19 shows the surface 

morphology of the thin films. Through the analysis of these AFM images, we found that 

the surface morphological features of the thin film were sensitive to the amount of Sr 

contents. The grain size of the thin films decreases with the increase in Sr content. On 

the other hand, a smooth surface with no microcracks and pinholes, and a dense 

morphology were observed in all the investigated BSZT thin film compositions.  

 

Table 3.4 lists average grain size of the BSZT thin films evaluated from the AFM 

results.  

Table 3.4 Average grain size of the (Ba1-x,Srx)(Zr0.1,Ti0.9)O3 thin film grown on LSAT 

substrates. 

Composition x = 0 x = 0.25 x = 0.45 

Average grain size(nm) 110-130 60-80 20-40 
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Figure 3.19 Surface morphology of BSZT thin film deposited on LSAT (001) single 

crystal substrate. (a) x = 0, (b) x = 0.15, (c) x = 0.45. 

 

3.4.3 Effect of different substrates 

 

From the AFM study performed on the different samples, we can see that the 

surface morphology is similar for all the films with the existence of a granular like 

surface with rounded grains. The similarity in the growth morphology on different 

substrates, showing an island like growth mode, is surprising. This means that during 

the ablation process, the BSZT accommodates the strains, leading to strong distortion of 

(c) x = 0.45 (b) x = 0.15 

(a) x = 0 
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the perovskite cell.  

 

As a result, the films of oxide will grow in the same way since its cell is highly 

distorted. However, some differences exist in the mean grains diameter, the mean 

surface roughness (rms), and the maximum peak to valley roughness values depending 

on the choice of substrate. On LSAT and LAO, the rms values are about the same (40Å), 

but lower that those obtained from MgO (rms:100Å). Concerning the mean grains 

diameter values, we found that they are in the same order.  Indeed, the mean grains 

diameter of films grown on MgO is larger than in others. This is probably due to the 

large lattice mismatch between the BSZT films and the MgO substrates. The strain 

energy will generate a strain induced roughening on the surface by the dynamically 

stable growth mode.  

 

Figure 3.20 Surface morphology of (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 thin film deposited on 

LSAT substrate.  

x = 0.5 μm/div 

z = 60nm/div 

(a) LSAT
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Figure 3.21 Surface morphology of (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 thin film deposited on 

LAO substrate.  

 

 

Figure 3.22 Surface morphology of (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 thin film deposited on 

MgO substrate.  

x = 1 μm/div 

z = 150nm/div 

(c)MgO 

x = 1 μm/div 

z = 80nm/div 

(b)LAO 
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Table 3.5 Average grain size and roughness of the (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 thin film 

grown on different substrates. 

Substrate LSAT LAO MgO 

Average grain size(nm) 20-40 20-40 20-40 

Roughness 3.2 3.3 9.4 

 

3.5  Summary 

 

Epitaxial BSZT thin films were produced by using pulsed laser deposition. The 

mircostructure of the thin film were analyzed by the X – ray diffraction. It is found that, 

the lattice parameter decreases with the increase in Sr content. The surface morphology 

of the films was observed using an atomic force microscope. The grain size of the thin 

film decreases with the increase in Sr content. (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 films were 

also deposited on LSAT, LAO and MgO substrates. By considering the crystalline 

quality, epitaixy of the films and the surface roughness and grain size, the optimum 

conditions for depositing BSZT thin films were found. 
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CHAPTER 4  

BARIUM STRONTIUM ZIRCONATE TITANATE 

THIN FILM CHARACTERIZATION 

4.1 Introduction 

 

In Chapter 2, we found that for BSZT ceramics the dielectric, ferroelectric and 

structural properties are greatly depended on the Sr contents. At the Curie temperature, 

the system transform from ferroelectric state to paraeletric state, at which the structural 

changes from tetragonal to cubic. For tunable microwave application, it is preferable to 

use system in the paraelectric state as there is absent of hysteresis, and the tunability of 

the sample could be larger than 50% for typically applications. To determine the 

potential applications of the BSZT in thin films form, we have conducted relative 

permittivity measurement as a function of temperature, voltage and hysteresis 

measurements. 

 

Generally, in thin films, the dielectric and ferroelectric behaviours are much more 

complicated in comparison with bulk ceramics because of the size effect. Many 

reasons for the size effect have been proposed, including local polar regions near the 

charged defects like oxygen vacancies, a dead layer near the interface and residual 

stress from the lattice mismatch or the different thermal expansion coefficients 

between the substrate and the film. 

 

Interdigital capacitor (IDC) is a useful component in integrated microwave circuit 

because of its simplicity of fabrication, low capacitance values and ease of integration 
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into microwave devices. In this Chapter, properties of the thin film are characterized 

by IDC with Gevorgian model. 

 

4.2 Electrode pattering of the BSZT thin films 

4.2.1 Electrode deposition, photolithography, IDC geometry and extraction of 

relative permittivity of the film 

 

Before deposition of gold as electrode, the thicknesses of the thin films are 

measured using a Metricon Model 2010 prism coupler. The thickness of the 

(Ba1-xSrx)(Zr0.1Ti0.9)O3 (x = 0, 0.05, 0.15, 0.25, 0.35, 0.45) thin films are measured to 

be around 400 nm. 

 

4.2.1.1 Electrode deposition 

 

The material used in magnetron sputtering has almost no restriction. The target can 

be either conducting or non – conducting. However, to sputter different materials, the 

source has to be chosen carefully. The DC sputtering works very well if the target 

shows some electrical conductivity. For insulating targets, a high frequency plasma 

discharge must be applied in order to avoid the accumulation of electric charges. 

Figure 4.1 shows the schematics of the magnetron sputtering setup. 

 

The DC magnetron sputtering system was used to deposit the Au film on the 

samples. Before deposition, the samples were cleaned by the use of acetone, IPA and 

deionised water in the ultrasonic bath. 
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Table 4.1 shows the parameters used for Au sputtering. 

 

Figure 4.1 Schematic diagram of magnetron sputtering setup. In this system, the power 

supply can be either RF or DC. The cooling system is to prevent the target 

from overheating. 

Table 4.1 Deposition conditions for Au sputtering. 

Target material Gold (Au) 

Sputtering power: 70W 

Ar gas pressure: 1.5Pa 

Gas flow rate of Ar: 80sccm 

Deposition time: 10min 

Thickness of Au 

(measured by surface profiler) 

500nm 

Substrate temperature Room temperature 

 

4.2.1.2 Photolithography 

After the deposition of Au electrode, the next step is photolithography. 

Photolithography is the basic technique used to define the shape of micro machined 

structure. The techniques are essentially the same as that used in the microelectronics 

industry. For a photolithographic process, many steps are involved. The following 
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section discusses the step involved in fabricating the micropatterns. Figure 4.2 shows 

the flow for the photolithographic technique. 

(i) Photomasks 

A photomask with chromium pattern on glass was fabricated by Microelectronic 

Fabrication Facility in HKUST. The smallest size of the mask pattern was 2μm. For 

even higher resolution, the single crystal Quartz can be used as a mask. 

(ii) Positive and negative photoresists 

Photoresist is a kind of polymer which is sensitive to ultraviolet light. The 

photoresist can be classified into two groups, termed positive resists and negative 

resists. Once the ultraviolet light strikes on a positive photoresist, the bonds between 

the polymers get weakened and become soluble to the photoresist developer. 

Conversely, if the ultraviolet light strikes on a negative photoresist, the bonds 

between the polymers get strengthened and become insoluble to the photoresist 

developer. The photoresist was spin coated on the thin films 

(iii) Baking of the photoresist 

After the spin coating, the photoresist-coated thin film is then "soft-baked" to drive 

off excess solvent. The baking makes the photoresist sensitive to UV light. 

Because of the solvent is mostly removed, the thickness of the photoresist usually 

decreases almost 25%.  

(iv) Exposure of UV light by the use of optical aligner 

An optical aligner was used to align the mask and the sample. It also provides the 

UV light source for exposure. There are many types of exposure methods, for 

example, for the mask aligner (OAI MDL 800 Series, the one inside PolyU class 

1000 cleanroom), there are two types of exposure method, namely, hard contact 

mode and proximity mode. 
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Hard contact mode: 

The photoresist on the substrates is brought in contact with the photomask. For this 

mode of exposure, very high resolution of the pattern can be made. However, for 

hard contact mode, it may be easy to damage the mask and causes defect in the 

pattern. 

Proximity mode: 

For proximity mode, there is a small gap between the photomask and the substrates, 

which is typically around 10 to 25 microns. Because there is a little gap in between 

the sample and the mask, the UV light diffract accordingly, the resolution of the 

produced pattern is not as high compared with the hard contact mode.  

 

To fabricate IDC with 2um resolution, hard contact mode was used in our experiment 

to make sure the contact between the thin film surface and the photomask is good 

enough. 

(v) Development and etching 

Positive photoresist, the most common type, becomes soluble in the basic developer 

when exposed, negative photoresist becomes insoluble in the (organic) developer. 

This chemical change allows some of the photoresist to be removed by a special 

solution, called "developer" by analogy with photographic developer. In our 

experiment, positive photoresist AZ5214 and AZ400K developer with deionized 

water ratio 1:4 were used. 

After the development process, the pattern is formed; the solution for etching the gold 

is a combination of the chemicals of KI, I2 and H2O. The samples were put into the 

etchant for gold etching.  

(vi) Cleaning of the residual photoresist by O2 plasma. 
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Figure 4.2 Process flow of the photolithographic technique. 

 

 

 

Figure 4.3 Steps for fabricating pattern by photolithography. 
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4.2.1.3  IDC geometry 

 

Figure 4.4 Schematic diagram showing the interdigitial capacitor (IDC) used for 

dielectric and hysteresis measurement. 

 

As shown in Figure 4.4. The electrode pattern used for dielectric and ferroelectric 

characterization consists of interdigital electrodes (IDC). The IDE had a total of 21 

fingers with finger length of 925μm, and finger width of 5μm. The finger gap spacing 

with is 2μm. The fingers of the IDC are arranged to lie along the in-plane <010> or 

<100> crystallographic directions. The IDC was wire bonded to a piece of PCB for 

easy handling and better electrical contact during subsequent measurement process. 

 

4.2.1.4 Capacitor configurations: parallel plate vs coplanar 

 

Typically there are two choices for capacitor configurations used for microwave 

devices as shown in Figure 4.5, a parallel plate capacitor, where the dielectric is 

sandwiched between two metal electrodes, and a coplanar capacitor, where the 

electrode lies on the surface of the dielectric. 
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Figure 4.5 (a) Parallel plate capacitor, and (b) coplanar capacitor. 

 

Both configurations have been used for microwave devices. Coplanar capacitor are 

preferred for obtaining sub-picofarad capacitance values, as only a portion of the 

electric field probes the dielectric and substrate. The capacitance values of the parallel 

capacitor are much higher than the coplanar one. For coplanar configuration, the 

tunability is much lower compared to parallel capacitors since the capacitance from the 

air and substrates are not tunable.  

 

In terms of fabrication, coplanar capacitors typically require a single 

photolithography step. As for the disadvantage, in addition to low tunability, coplanar 

capacitors require higher handling voltages. Parallel configuration capacitor typically 

exhibits higher tunability at lower applied voltages. Extraction of the electrical 

characterization result using IDC is much more complicated. The interdigitial varactor 

lends itself to single layer processing and high Q values.  

 

The calculation of the relative permittivity from the IDC data was conducted using 

a MATHMATICA program we developed based on Gevorgian’s model, which gives 

the relationship among the capacitance, the electrode sizes and the material properties 

(Gevorgian et al. 1996),(Wang et al. 2003) The reported dielectric constant was 
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extracted from the capacitance using conformal mapping technique originally 

developed by Gevorgian. By considering the capacitance between the fingers and the 

capacitance due to the finger ends, the relative permittivity of the thin film can be 

calculated by a set of mathematical formulas. 

 

4.3 Measurement of relative permittivity of BSZT thin films  

4.3.1 Permittivity as a function of temperature 

 

The relative permittivity ε  of the film was measured using an HP4194A 

impedance analyzer connected to a temperature controller (Oxford) (-190oC to 150oC). 

The impedance analyzer can be used in the frequency range of 1kHz – 1MHz with 

special fixture connected. 

 

4.3.1.1 Effect of compositions 

 

The phase transition temperature in the (Ba1-xSrx)(Zr0.1Ti0.9)O3 (x = 0, 0.05, 0.15, 

0.25, 0.35, 0.45) thin films have been investigated. Figures 4.6 shows the temperature 

dependence of the relative permittivity of the BSZT thin films measured using IDC in 

the frequency range of 1kHz to 100kHz. As shown in Figure 4.6, the Curie temperature 

decreases with the increase in the Sr content. While, compared with the Curie 

temperature measured in bulk form, the Curie temperature is higher than the bulk 

ceramics. It is noted that, the Curie temperature of the Ba(Zr0.1Ti0.9)O3 and 

(Ba0.95Sr0.05)(Zr0.1Ti0.9)O3 thin films is higher than 150oC. However, the transition 

peaks cannot be measured due to the device limitations. Frequency dispersion 

mechanism have been observed in the measurements, as the frequency increases, the 
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phase transition peak is depressed continuously, the relative permittivity decreases, and 

Tc shifts to higher temperature. It is noted that the shape of the peaks are much broader 

than the BSZT bulk ceramics. As reported in the literature, the broadening of the 

transition peaks in the films is attributed to the small grain size. The broadening of the 

transition peak have also been observed in other ferroelectric thin films such as BaTiO3 

(Udayakumar et al. 1995) and Pb(Zr,Ti)O3 (TrolierMcKinstry et al. 1996), which have 

grain size in the nanometer range.  
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Figure 4.6 Temperature dependence of the relative permittivity of BSZT thin films on 

LSAT measured using IDC. 
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For better analysis, Figure 4.7 show the plots of the relative permittivity against 

temperature for all compositions measured at 1kHz. The Curie temperature of the thin 

film is much higher than the corresponding bulk ceramics, the upward shift of the 

Curie temperature is believed to arise from the in-plane tensile strain induced by the 

lattice misfit on LSAT. 
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Figure 4.7 Temperature dependence of the relative permittivity of BSZT thin film on 

LSAT. 

Table 4.2 Transition temperature of (Ba1-xSrx)(Zr0.1Ti0.9)O3 (x = 0, 0.05, 0.15, 0.25, 0.35, 

0.45) thin films and bulk ceramics measured at 1kHz. 

 x=0 x=0.05 x=0.15 x=0.25 x=0.35 x=0.45

Bulk (oC) 97 88 62 39 8 -6 

Thin film(oC) --- --- 97 80 23 10 

 

The upward shift of Tc of the BSZT thin film is believed to be due to the 

contribution of in-plane lattice elongation as confirmed by XRD measurements, which 

is analogous to that reported in the literature (Lin et al. 2005; Wang et al. 2005). In 
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general, if there is a tensile stress along the in-plane direction, then the Curie 

temperature of the thin films is likely to shift toward the high temperature direction. 

Conversely, a compressive stress may lower the Curie temperature of the films. It has 

been reported that a biaxial tensile strain of order of 1% in ferroelectric thin films is 

enough to push the Curie temperature Tc to a value much higher than its inherent value. 

(Choi et al. 2004; Haeni et al. 2004) 

 

For example, the ε െ T curve for (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 thin films exhibits a 

maximum at 10oC. The upshift of Tc in our tensile stressed BSZT thin film is not so 

significant as expected because the film thickness has greatly exceeded its critical 

values, resulting in a relaxation towards a zero-strain state by introduction of 

dislocations. The large lattice misfit energy at the interface can only be released by 

creating lots of edge dislocations at the interface between the BSZT film and the 

substrate. (Canedy et al. 2000; Chen et al. 2002) 

 

In thin film form the relative permittivity of the BSZT is low as compared to its 

bulk. Decrease in the dielectric constant can be attributed to reduction of crystallite 

size due to incorporation of Sr in the BZT lattice. The lower permittivity value results 

from lack of long range ordering in the material, which is effectively caused by the 

smaller crystallite size. 

 

4.3.1.2 Effect of substrates 

 

The BSZT thin films exhibit different dielectric behaviour when grown on 

different substrates. The physical properties of the thin film can be altered by the 
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substrates. Strain can be induced by the lattice mismatch or difference in thermal 

expansion coefficient between the film and the substrate. As a result, the properties of 

the thin films can be markedly different to the intrinsic properties of the corresponding 

unstrained bulk materials. 

 

Although such strain sometimes leads to degraded film properties, if judicious use 

is made of substrates and growth parameters, strain offers the opportunity to enhance 

particular properties of a chosen material in thin film form and, this is called ‘ lattice or 

strain engineering’.  

 

Strain engineering is a very hot topic in state of the art thin film studies, since 

strain is an effective way to adjust the Curie temperature of ferroelectric thin film. In 

this Section, the temperature dependence of relative permittivity of 

(Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 BSZT45 thin films deposited LAO(001), LSAT(001) and 

MgO(001) substrates are presented. 

 

Figure 4.8 shows the temperature dependence of the relative permittivity of 

BSZT45 thin film deposited on different substrates under the optimum conditions. The 

film grown on LAO (Tc ~ 26oC), LSAT (Tc ~ 10oC) and MgO (Tc ~ 20oC) shows 

increased phase transition temperature compared with the bulk BSZT45 ceramics (Tc ~ 

-6oC). The shift of the Tc is believed to be due to the elongation of the in-plane lattice 

parameters. The shift of Tc for BSZT45 thin film in LAO and MgO are more 

significant compared with LSAT. Which is probably due to the in-plane strain for 

BSZT45 thin film on MgO and LAO are much higher than that on LSAT. 
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Figure 4.8 Relative permittivity as a function of temperature of 

(Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 thin films deposited at 700oC on LAO and MgO 

substrates. 

 

4.3.2 Permittivity as a function of frequency 

 

The room-temperature relative permittivity of the BSZT thin films as a function of 

frequency was measured using an HP4294A impedance analyzer (measured frequency: 

1kHz – 1MHz) and an HP4291B RF impedance analyzer (measured frequency: 

1MHz – 100MHz). The HP4291B RF impedance analyzer was calibrated before the 

measurement in order to remove the parasitic of the testing probe and the connecting 

wire. 
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4.3.2.1 Effect of compositions 

 

Figure 4.9 shows the relativity permittivity ε and dissipation factor of BSZT films 

as a function of frequency. The relative permittivity of the films shows slight 

dispersion. 
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Figure 4.9 Frequency dependence of the relative permittivity ε and loss tangent of 

(Ba1-xSrx)(Zr0.1Ti0.9)O3 (x = 0, 0.05, 0.15, 0.25, 0.35, 0.45) thin films. 

 

The slow decrease of the permittivity and the less than linear increase of the loss 

tangent could indicate a broad distribution of relaxation frequencies instead of a 

constant series resistance of the electrode.  

 

Ferroelectric theory predicts decreasing loss tangent as measurement are made 

closer to Tc approaching from the low temperature ferroelectric side of the phase 
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transition. For (Ba0.75Sr0.25)(Zr0.1Ti0.9)O3 thin film, the Curie transition temperature  is 

close to room temperature. The (Ba0.75Sr0.25)(Zr0.1Ti0.9)O3 thin film shows highest 

relative permittivity and highest loss tangent, which is consistent with the prediction.  

 

However, at higher frequency, the loss tangent rises rapidly. This dispersion is 

probably due to parasitic capacitance not accounted for the circuit model for in 

determining the loss of DUT. 

 

The dispersion can be strongly linked to the microstructure of the film. The low 

frequency dielectric dispersion in ferroelectric films can arise due to domain wall 

fluctuations, hopping conduction or space charge dispersion. But, as the frequency 

increases, parameter like wires, ferroelectric domains, and electrodes influenced the 

dielectric dispersion. 

 

Therefore, for better understanding, we consider an equivalent circuit model of the 

measurement system. (Nath et al. 2004) 

 

The equivalent circuit model of the measurement system with wire inductance Ls, 

wire/electrode contact resistance Rs and dielectric resistance of the sample Rp, 

capacitance Cp. The capacitance Cm and loss tangent tanδ୫ can be measured. From 

the measured result, Cm and tanδ୫ have contribution from the wire inductance Ls, 

wire/electrode contact resistance Rs between the measuring tools and the samples. 

From the equivalent circuit, tanδ୫and Cm can be written as equation (4.1) and (4.2) 

tanδ୫ ൌ
னC౦R౩ା୲ୟ୬ஔౚ
ሺଵିனమL౩C౦ሻ

       (4.1) 
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C୫ ൌ
C౦

ሺଵା୲ୟ୬మஔౣሻሺଵିனమL౩C౦ሻ
       (4.2) 

As the frequency of the measurements increases, tanδ୫ increases with the wire 

inductance Ls and resistance Rs, while the measured capacitance decreases. From this 

mathematical model, the dielectric behaviour of the BSZT thin film can be understood. 

 

4.3.2.2 Effect of substrates 

 

From Figure 4.10, the frequency dependence of the relative permittivity and loss 

tangent of (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 thin films on different substrates. It can be seen 

that, there is a very small dispersion in ߝ characteristics for BSZT45 thin film on 

different substrates. Variations in the relative permittivity have been reported different 

the crystallinity (Mohammed et al. 1996; Park et al. 2001), grain size (Detalle et al. 

2008; Ohki and Miyata 2009) and stress (Hu et al. 2004). The variation of the relative 

permittivity can be attributed to different grain size and stress in the films. 

 

4.3.3 Dielectric tunability of the BSZT thin films 

 

The electric field dependence of the relative permittivity of the BSZT thin films 

were also characterized using HP4294A impedance analyzer (measured frequency : 

1kHz-1MHz) and HP4291B RF impedance analyzer (measured frequency 

1MHz-100MHz). The measurement was performed by applying a small AC signal of 

0.5V amplitude. The DC bias voltage was swept from 0V to positive (+40V) to 

negative (-40V) and back again. The room temperature tunability K (%) and the figure 

of merit are defined as Eqs (4.3) and (4.4) 
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ܭ ൌ ఌሺሻିఌሺாೌೣሻ

ఌሺሻ
ൈ 100%      (4.3) 

FOM=tunability(%)/loss tangent      (4.4) 
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Figure 4.10 Frequency dependence of the in-plane relative permittivity and loss tangent 

of (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 thin films on different substrates 

 

4.3.3.1 Effect of compositions 

 

Figure 4.11 shows the DC bias electric field dependence of the relative permittivity 

of the BSZT thin film measured at room temperature. The curves are measured at 

10kHz, 100kHz, 1MHz and 100MHz, respectively. The relative permittivity – E-field 

characteristics of the BSZT thin films were determined over these selected frequencies. 

A strong dependence of the relative permittivity on the applied DC bias is found. The 

curves are in the shape of butterfly, which is consistent with the room temperature 

ferroelectric state observed in the relative permittivity –temperature measurements. 
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Furthermore, with the increasing in the bias electric field, the dielectric constant 

and dielectric loss decreases. Such decrease in dielectric loss with increasing electric 

field is related to the pinning effect of domain or movable charge defects. The 

characterization of dielectric constant depending on the bias DC voltage provides a 

useful foreground in tunable devices. A high tunabiliy near the transition temperature 

is expected. The decrease in tunability with the increase in Sr content indicates the 

decreasing nonlinearity due to the lower proportion of ferroelectric range.  

 

For a capacitor with a planar structure, the total capacitance is composed of three 

components: air, BSZT and substrate. In this configuration, tunability only comes from 

BSZT since the substrate show no observable tunability in such small electric field. 

Therefore, if we increase the contribution of the BSZT capacitor by depositing a 

thicker BSZT film, we should be able to increase the tunability value. 

 

It is known that, due to the non-uniform distribution of electrical fields, coplanar 

designs generally require a higher driving voltage and offer lower apparent tunability 

in comparison to the parallel plate capacitor. The mechanism of the relationship 

between relative permittivity and external DC biased field is not clear yet. To obtain a 

better insight into the problem, it is necessary to use the Johnson’s formula (Johnson 

1962) to study the behaviour of the ε-E curves. Since the ε-E dependence to the 

ferroelectric materials (when in the paraelectric state) is generally found to follow this 

equation. 
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Figure 4.11 Relative permittivity as a function of electric field for 

(Ba1-xSrx)(Zr0.1Ti0.9)O3 (x = 0, 0.05, 0.15, 0.25, 0.35, 0.45) grown on LSAT. 
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According to the Johnson’s formula, 

,ሺܶߝ ሻܧ ൌ
ఌೝሺ்,ሻ

ሼଵାሾఌబఌೝሺ்,ሻሿయሺ்ሻாమሽ
భ
య
      (4.3) 

where ߝሺܶ, 0ሻ and the ߝ  are the relative permittivity and vacuum permittivity 

respectivity, and B(T) is a phenomenological constant, which provides information on 

the degree of anharmonic contributions of the polarization to the Helmhotz free energy. 

However, Eq(4.3) is only suitable for the case in paraelectric state. 

 

For thin film in ferroelectric state, it was found that a polar cluster contribution 

(Langevin-type polar cluster contribution) term should be taken into account. Thus, the 

DC bias dependence of relative permittivity should be described with a modified 

Devonshire relation including a term of local polar clusters or regions(Yang et al. 

2007), the so called multipolarization mechanism model proposed by Chen et al.(Ang 

et al. 2000), 

,ሺܶߝ ሻܧ ൌ
ఌೝሺ்,ሻ

ሼଵାሾఌబఌೝሺ்,ሻሿయሺ்ሻாమሽ
భ
య
 ቀೝఞ

ఌబ
ቁ ሾcosh ሺ߯ܧሻሿିଶ   (4.4) 

Where ߯ ൌ ೝయ

ଶಳ்
 with the cluster polarization ܲ and size L. 

 

Figure 4.12 shows the frequency dependence of the dielectric tunability K of 

(Ba1-x,Srx) (Zr0.1,Ti0.9)O3 (x = 0, 0.05, 0.15, 0.25, 0.35, 0.45) thin films under 20MV/m 

biased field. The largest tunability is obtained for x = 0.25 and x = 0.35. The relative 

permittivity of x = 0.25 and x = 0.35 is the largest compared with other thin films, 

from the calculation in Chapter 1, it concludes that the tunability increases with the 

relative permittivity. 
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Figure 4.12 The frequency dependence of dielectric tunability K(%) of the BSZT thin 

films under 20MV/m. 

 

Table 4.3 Tunability, loss tangent and figure of merit for (Ba1-xSrx)(Zr0.1Ti0.9)O3 (x = 0, 

0.05, 0.15, 0.25, 0.35, 0.45) grown on LSAT. 

 x = 0 x = 0.05 x = 0.15 x = 0.25 x = 0.35 x = 0.45 

K at 1MHz(%) 47 57 47 68 67 47 

Loss at 1MHz 0.0533 0.0531 0.0445 0.1043 0.0690 0.0338 

FOM 881.8 1073.4 1056.1 651.96 971.01 1390.53 
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Figure 4.13 Figure of merit (FOM) as a function of compositions in 

(Ba1-xSrx)(Zr0.1Ti0.9)O3 (x = 0, 0.05, 0.15, 0.25, 0.35, 0.45) thin films. 

 

In (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film, the high figure of merit is due to the lowest 

loss tangent. The loss tangent decreases, and hence the figure of merit (K) increases. 

From the AFM result, the reduction in grain size could lead to the decrease in 

dielectric loss and an increase in the figure of merit (FOM). 

 

4.3.3.2 Effect of substrates 

 

The tunability of the (Ba0.55,Sr0.45)(Zr0.1,Ti0.9)O3 thin films grown on LAO and 

MgO have also been characterized. The tunability of the thin films on LAO and MgO 

are calculated to be 52% and 43% at 100MHz under electric field of the 20(V/݉ߤሻ. 

The tunability is a very important indicator for microwave device applications. 
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Figure 4.14 Dielectric tunability as a function of electric field for 

(Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin films grown on LAO and MgO. 

 

4.3.4 Hysteresis measurements 

 

The ferroelectric hysteresis loops was measured using a TF analyzer 2000 

equipped with a FE-Module (HV) (aixACCT) at room temperature. 
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4.3.4.1 Effect of compositions 

 

The variation of electric polarization with applied field is shown in Figure 4.15. It 

is observed that the saturation polarization decreases with increasing Sr content in the 

films. The decrease in Pr can be attributed to two reasons, smaller grain size in Sr 

modified BZT thin film inhibited the formation of large ferroelectric domains, which 

reduced the effective contribution to total polarization. With increasing amount in Sr 

content, the Curie transition temperature decreases, which made the thin film exhibit 

parelectric behaviour at room temperature. Thus, the polarization becomes weaker.  

 

A linear PE curve arises due to paraelectric nature of the material. Here, with 

increasing Sr content in (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3, the Curie point moves to below 

room temperature, and hence paraelectric behaviour dominates. Table 4.4 shows the 

summary of the remnant polarization and the coercive field of the thin films. 
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Figure 4.15 Hysteresis loops of (Ba1-xSrx)(Zr0.1Ti0.9)O3 (x = 0, 0.05, 0.15, 0.25, 0.35, 

0.45) thin films. 
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Table 4.4 The remnant polarization Pr and coercive field Ec of (Ba1-xSrx)(Zr0.1Ti0.9)O3 

with (x = 0, 0.05, 0.15, 0.25, 0.35, 0.45) thin films. 

 x=0 x=0.05 x=0.15 x=0.25 x=0.35 x=0.45 

Pr 

 (ଶ݉ܿ/ܥߤ)

7.73 7.10 7.10 3.16 2.32 --- 

Ec (V/݉ߤሻ 2.59 1.79 2.79 1.59 1.19 --- 

4.3.4.2 Effect of substrates 

 

A bulk (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 ceramics have a cubic structure and do not show 

obvious hysteresis loop. Normally, the substrates will affect the measurement results in 

the coplanar configuration since the electric field may penetrate into the substrate. The 

low dielectric constant of MgO, LSAT and LAO substrate can reduce the field 

penetration in the substrate and the applied field can be more effective in exciting 

in-plane ferroelectricity of the BSZT thin films. 

 

The hysteresis loops for (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin films have been grown on 

different substrates under the same condition as described previously. Figure 4.16 

shows the hysteresis loop. Well defined hysteresis loops were observed in thin films 

grown on LAO and MgO substrates and remnant polarization Pr are 4.22 μC/cm2 and 

3.30μC/cm2, respectively. In comparison with the (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 ceramics, 

Pr of the films grown on LAO and MgO are significantly enhanced, which can be 

attributed to the increase of tetragonality. A very slim hysteresis loop was obtained for 

the film grown on LSAT substrate. The Pr of the film along the in-plane direction has 

been noticeable enhanced. As seen from the relative permittivity against temperature 

curve, therefore, the ferroelectric – paraelectric phase transition has already started, 
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and the film has lost most of its ferroelectric activity. 
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Figure 4.16 Hysteresis loop of (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin films on LSAT, MgO and 

LAO substrates. 

 

Table 4.5 Remnant polarization Pr and coercive field Ec of the (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 

on different substrates. 

 LSAT LAO MgO 

Pr (ܥߤ/ܿ݉ଶ) --- 4.22 3.30 

Ec (V/݉ߤሻ --- 1.58 1.39 

4.3.5 Summary 

 

The dielectric and hysteresis properties of the (Ba1-xSrx)(Zr0.1Ti0.9)O3 (x = 0, 0.05, 

0.15, 0.25, 0.35, 0.45) thin films were studied. The relative permittivity versus 

temperature and the PE loop measurement were performed in order to determine 
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whether the thin films were ferroelectric and paraelectric at room temperature. The 

dielectric tunabilities were also measured for these thin films. For 

(Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film deposited on LSAT substrate, the Curie 

temperature is lower than room temperature (Tc~10oC) and it is in paraelectric state. 

The tunability of the (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film is measured to be 51% (10kHz) 

and 37% (100MHz), the dielectric loss (0.0338), giving a FOM of 1390, suggesting 

that it is a promising candidate for tunable microwave application. 

 

(Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin films were also grown on different substrates under 

the optimum conditions, and it exhibits different ferroelectric behaviour at room 

temperature. The thin film grown in LAO and MgO shows significant ferroelectric 

activity at room temperature as the Curie temperature shifted higher (Tc~26oC for 

LAO),(Tc~20oC for MgO). Knowledge of the dielectric properties of 

(Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film on different substrates may help us to understand its 

properties in the microwave regions. 
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CHAPTER 5  

BARIUM STRONTIUM ZIRCONATE TITANATE 

THIN FILMS BASED MICROWAVE DEVICES 

 

5.1 Introduction 

 

Tunable devices based on ferroelectric varactor provide the potential for MW 

device fabrication. In this Chapter, BSZT thin film based ring resonator and phase 

shifters have been fabricated and characterized. Typically, tunable phase shifters are 

devices where the potential of ferroelectric is demonstrated. Ideally, phase shifter 

provides a frequency independent differential phase shift in a specific frequency range. 

As discussed in Chapter 1, for some application, the loss, tuning speed, cost and the 

selectivity are very stringent. Dielectric properties of the ferroelectrics in MW range 

define the performance of the phase shifter. BSZT thin film based ring resonators have 

been studied also in order to characterize the dielectric properties in MW range. 

 

Ring resonators have been fabricated to determine the dielectric properties of the 

(Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin films on different substrates at high frequency. Instead, 

ring resonators are versatile wavelength selective elements that can be used to 

synthesize a wide class of filter functions. The structure of the ring resonator is simple 

and has many other attractive features such as, small size, no cutoff frequency, no 

critical machining, good reproducibility and repeatability and low fabrication cost. 

 

Compared with ferrite based phase shifters, ferroelectric based phase shifters have 
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low power requirement and also, the dielectric loss at microwave frequency is much 

lower as compared to semiconductor based phase shifters. 

 

This Chapter deals with the characterization of the phase shifter based on the 

optimized (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film grown on different substrates at MW 

frequencies.  

 

5.2 S-parameters 

 

In microwave design, Scattering parameters (S-parameters) are important to 

characterize the high frequency network. It is a set of parameters describing the 

scattering and reflection of travelling waves when a network is inserted into the 

transmission line. S-parameters are conceptually simple, analytically convenient, and 

capable of providing a great insight into a measurement or design problem. Instead, S- 

parameters are powerful in describing an electrical network. S-parameters are normally 

measured as a function of frequency, so when looking at the formulae for S-parameter, 

it is important to note what frequency is implied and that the complex gain (i.e. gain 

and phase) is also assumed. For this reason, S-parameters are often called complex 

scattering parameters. 

 

S-parameters can be described using a scattering matrix, the matrix is a 

mathematical expression that quantifies how RF energy propagates through a 

multi-port network. The scattering matrix can be defined as: 

ሺSଵଵሻ one-port network 
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൬
Sଵଵ Sଵଶ
Sଶଵ Sଶଶ

൰ two-port network 

 

൭
Sଵଵ Sଵଶ Sଵଷ
Sଶଵ Sଶଶ Sଶଷ
Sଷଵ Sଵଷ Sଷଷ

൱ three-port network 

 

When the incident wave travels through the network, the value is multiplied by the 

scattering parameter, giving the resulting output value. A port is a terminal of a pair of 

lines. The subscripts denote the port numbers. Power, voltage and current can be 

considered as the form of waves travelling in both directions. The signal of the output 

of port 2 to the incident wave on port 1 is designated as S21. For reflected waves, the 

signal comes in and out of the same port, hence, the S parameters for the input 

reflection is designated as S11. Figure 5.1 shows a two port networks: 

 

Figure 5.1 Two port electrical network. 

For a two ports network,  

S11: reflection coefficient of the input (input match), S11=b1/a1 

S22: reflection coefficient of the output (output match), S22=b2/a2 

S21: forward transmission gain (gain or loss), S21=b2/a1 

S12: reverse transmission gain (isolation), S12=b1/a2 

 

Figure 5.2 Information of S-parameters. 



  CHAPTER 5 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

 

CHAN Ngai Yui  145 

S-parameters are complex, they have magnitude and angles. The unit of the S 

parameter is dB or ratio. The unit of phases is degree or radian. 

 

In Figure 5.1, the black box can contain anything, like resistor, transmission or an 

integrated circuit. S-parameter depends on the network and the characteristic 

impedances of the source and the load and the frequency measured at. The S parameter 

can be converted to impedance by taking the ratio of (1+S11) to (1-S11) and 

mulitiplying the result by the characteristic impedance (often 50 or 75Ω) 

 

5.3 Issues of microwave measurements 

 

The characterization of device at microwave frequencies was performed by using a 

network analyzer 8720ES (Agilent, USA) equipped with a standard probe station 

Microtech RF-1 (Cascade,USA). The probe should be selected according to the device 

structure. In our laboratory, air coplanar Cascade ground-signal-ground (GSG) 

microprobes and air coplanar Cascade ground signal (GS) microprobe can be used. 

The tips of the microprobe is made of beryllium copper (BeCu), which are preferable 

to use with gold pad or copper pad as the contact substrate. Before the mounting of the 

probe to the probe station, the GS, GSG probes tip was cleaned using isopropyl alcohol 

(IPA) and air stream was blown from the probe body to the tip. After cleaning, the 

probe can be mounted to the probe station. Planarization of tips is to make sure all 

contacts are at the same height. A contact substrate (provided by the manufacturer) 

was used to adjust the height of the tips. The planarity positioned on the probe station 

was adjusted until all tops made even contact on the contact substrate. Figures 5.3 

shows the photograph of the GSG probes. 
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Figure 5.3 Photographs of (a) GSG probe tips, (b) GSG probes, (c) Schematic of GSG 

probes (C.Doan). 

 

5.3.1 Calibration of the system 

 

Before the measurement each time, a calibration is a must to remove the parasitic 

of the probes and the connection wires of the measurement system. The calibration can 

be divided into two parts, one port calibration or two ports calibrations. The impedance 

standard substrate (ISS) with “short”, “50 Ω load”, “open” and “thru”(used for two 

port calibration) calibration kit provided from the manufacturer was used for 

calibrations. In the calibrations, the automatic Cascade Mircotech calibration software 

“WincCal” was used. Figure 5.4 shows the calibration steps (openloadshortthru) 

individually. 

 

 

Figure 5.4 Different calibration steps: Microprobes placed on different ISS (C.Doan). 
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After the calibration, it is important to verify the performance by the following 

steps provided from the manufacturer. 

 

There are two methods to verify the calibrations. 

1) Verify the calibration on the open. 

Using the open standard and leave it open in air. S11 or S22 should be within +/- 0.1dB 

or smaller. 

2) Verify the calibration on 50 Ω load.  

Place the probe on 50 ohm load, on the Smith chart, the impedance terminates at 50 Ω 

(centre of Smith chart) 

 

5.4 Microwave characterization of the (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film on 

different substrates 

 

The microwave properties of (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film on different 

substrates were characterized using IDC in one port network. 

 

There is a host of sources that can contribute to insertion losses. These include the 

substrate, the dielectrics, and the metal electrodes. For high frequencies the insertion 

loss is mostly dominated by the contribution from the metal electrodes elements due to 

the finite resistance, and an effectively fixed and frequency independent dielectric loss 

tangent of the substrates. The quality factor for a device is given as the sum of the 

contributions from the substrate, dielectric layer, and are given by the inverse of the 

loss tangent, and have been experimentally shown to vary slightly with 

frequency(C.Doan). For the metal electrodes the quality factor is given by the inverse 
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of the product of frequency, capacitance and resistance of the electrode layer, that is, 

overall reduction in insertion loss can occur by reducing the overall device resistance. 

 

ଵ

ொೌ
ൌ ଵ

ொೞೠ್ೞ
 ଵ

ொಳೄೋ
 ଵ

ொೌ
      (5.1) 

ଵ

ொೌ
ൌ ௦௨௦ߜ݊ܽݐ  ௌ்ߜ݊ܽݐ   ܴ௦     (5.2)ܥ߱

 

Equation (5.2) shows the contribution of the quality factor from the substrate, 

dielectric layer and the metal electrode, where Qt is the total device quality factor, 

QBSZT the dielectric quality factor, Qm the quality factor contribution from the 

metallization, ௦௨௦ߜ݊ܽݐ   the substrate loss, ߜ݊ܽݐௌ்  the dielectric loss, ߱  the 

angular frequency, ܥ the capacitance values and ܴ௦ is the series resistance.  

 

For better understanding of the phenomenon, values of ܥ=1pF, ߜ݊ܽݐ௦௨௦ ൌ 1.7 ൈ

10ିସ, ߜ݊ܽݐௌ்=0.02, ܴ௦=0.1Ω are assumed. It can be assumed the QBSZT remains 

constant over the frequency range of interest as the quality factor is independent of the 

frequency. From Figure 5.5, it is clear that the metallization Q, i.e. Qtotal dominates at 

high frequencies and has a greater effect on the overall device Q. To increase the total 

Q of the MW device, the resistance of the electrode should decrease by increasing the 

electrode thickness, however, from the microfabrication point of view, the etching of 

the Au electrode becomes a challenging task as thick Au layer will be detached easily. 

Instead of using Au as the electrodes, F.M.Vaulus (Keuls et al. 1999)uses 

superconduting YBCO thin film as the top electrode, in theory, the superconducting 

electrode give zero resistance below the transition temperature. 
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Figure 5.5 Quality factor contributions from substrate, metal and dielectrics as a 

function of frequency. 

 

To further investigate this mechanisms, Figure 5.6 shows the quality factor of the 

(Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film on LAO, LSAT and MgO substrates are studied 

based on the IDC configuration. All three curves give the same trends, the devices 

shows high Q values (30-50) at low frequency, the quality factor decreases with 

frequency, when the frequency reaches 108 Hz, the quality factor decreases to around 8. 

It is believed that, the decrease in the Q factor comes from the resistivity of the Au 

electrodes.  
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Figure 5.6 Quality factor of the (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film on different 

substrates. 

 

5.5 (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film based ring resonators on different 

substrates 

 

The frequency dependence of the effective dielectric constant can easily be 

accomplished by the use of a microstrip resonator in the form of a straight open or 

short ended microstrip line or a ring. 

 

The microstrip ring resonance technique has been applied to determine the 

dielectric properties of (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin films at high frequency in this 

study. The microstrip ring resonator is simple and has many other attractive features, 

such as small size, no critical machining, no cut off frequencies, good repeatability and 
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reproducibility and low fabrication cost.  

 

5.5.1 Theory 

 

The microstrip ring resonator was first proposed by P.Troughton in 1969 for 

measurements of the phase velocity and dispersive characteristics of a microstrip 

transmission line, which is composed of a strip conductor and a ground plane separated 

by a dielectric substrate.  

 

Ring resonators also are useful for measurement of dispersion and wavelength in 

microstrip transmission lines. They do not include any discontinuity effect of either 

open or short circuit terminations. The ring resonator is merely a transmission line 

formed in a closed loop, and hence it does not suffer from open ended effects as 

existed in the microstrip linear resonator.  

 

When an integral multiple of the wavelength ߣ of a guided wave equals to the 

mean circumference of the ring structure, resonance (maximum transmission signal) 

occurs. This may be expressed as: 

ݎߨ2 ൌ   for n = 1,2,3….      (5.3)ߣ݊

Or  

ݎߨ2 ൌ ௩

ೝ
        (5.4) 

where r is the mean radius of the ring, n the mode number, v the wave velocity and fr  

the resonance frequency. Therefore, by the measurement of fr, the dielectric properties 

of the thin films can be determined. Figure 5.7 shows the configuration of the ring 

resonators, it composes of grounded plane, feed line and the resonators. 
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Figure 5.7 Schematic diagram of a ring resonator. 

 

However, since the electric and magnetic field lines between the strip and the 

ground plate are not contained entirely in the substrate, the electric and magnetic field 

distribution can be viewed in Figure 5.8. 

 

Figure 5.8 Electric field distribution on the ring resonator (Liu et al. 2004). 

 

The propagating mode along the strip is not purely transverse electromagnetic 

(TEM) but quasi TEM. As a result, v is not simply inversely proportional to the square 

root of ߝ. Instead, it is related to the so called effective relative permittivity ߝ, and 

then the equation becomes 

ݎߨ2 ൌ 

ೝඥఌ
        (5.5) 

where c is the speed of light, and ߝ is a measure of the field confined in the region 
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underneath the strip.  

The ߝvalues can be calculated using the observed fr and 

ݎߨ2 ൌ 

ೝඥఌ
        (5.6) 

A closed form expression relating ߝ to ߝ has been derived by Hammerstad 

(Hammerstad 1975)for low permittivity materials as : 

ߝ ൌ
ఌାଵ

ଶ
 ఌିଵ

ଶ
ሾሺ1  ଵଶ

ௐ
ሻି

భ
మ  0.04ሺ1 െ ௐ


ሻଶሿ    (5.7) 

where W is the width of the microstrip and h is the thickness of the substrate.  

 

5.5.2 Ring resonators on different substrates 

 

(Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film rings were deposited on LSAT, MgO and LAO 

substrates by PLD. The thicknesses of the film are measured to be around 400nm. The 

ring resonator pattern was created by sputtering a layer of Au and then patterned by 

photolithography (details are shown in Chapter 4). Properties under microwave regime 

were measured by an Agilent 8720ES network analyzer with a pair of 150μm pitch 

GSG microprobe. The transmission coefficients S21 were measured for the dielectric 

characterization. Table 5.1 shows the dimensions of the ring resonators. 

 

Table 5.1 Dimensions of the ring resonators 

Outer diameter 5mm 

Inner diameter 4.6mm 

Feed line strips 0.15mm x 1mm 

Coupling gaps 0.015mm 
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For the sample with structure Au/BSZT/substrates/Au(grounding), the overall 

relative permittivity of the sample depends on the thin film only as the relative 

permittivity of the substrates are independent of frequency. Figures 5.9 – 5.11, show 

the transmission coefficient S21 as a function of frequency for the ring resonators on 

different substrates. 
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Figure 5.9 Transmission coefficient S21 as a function of frequency for the ring resonator 

on LAO substrate. 
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Figure 5.10 Transmission coefficient S21 as a function of frequency for the ring 

resonator on LSAT substrate.  
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Figure 5.11 Transmission coefficient S21 as a function of frequency for the ring 

resonator on MgO substrate.  

 

From these Figures, the resonant frequency of the ring resonator on different 

substrates can be obtained from the peak. For LSAT and LAO, the first resonance 

peaks are found to be 5.05GHz and 4.95GHz, while for MgO, the first resonance peak 

locates at 7.35GHz. The shape of the curves for LSAT and LAO looks similar, while 

the shape of the curve for MgO looks completely different compared to the other two. 

Since the thickness of the thin film is the same, we conclude that the difference in the 

shape arises from the difference in relative permittivity of the substrates. 

 

A commercial electromagnetic simulator, Sonnet’s em® was used to perform the 

full wave electromagnetic simulation. The relative permittivity of the thin film was 

determined by fitting the observed S21 spectra of the ring resonator to the simulated 

spectra. The software provides an open environment for many design and layout under 

the microwave frequency. 
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Table 5.2 Resonant frequencies on different substrates.  

Mode number Resonant frequency (GHz) 

 LSAT LAO MgO 

1 5.05 4.95 7.35 

2 9.85 9.65 14.45 

3 14.65 14.35 ----- 

4 20.5 18.85 ----- 

 

The electromagnetic analysis uses a modified method of moment analysis based on 

Maxwell’s equations to perform a true three dimensional current analysis of 

predominantly planar structure to computes S, Y or Z parameters, transmission line 

parameters (Z0, εୣ and tanδ). To simulate our device performance, S11 and S21 

spectra of the ring resonators were simulated. The simulated result was used to fit the 

experimental results in order to obtain the relative permittivity of the thin film on 

different substrates. 

 

The layout of the ring resonator is drawn by AutoCAD and the files were 

translated to Sonnet project editor geometry format. With specific frequency range of 

analysis, the dielectric properties of each layer were input into the program. The circuit 

was subdivided into different parts to increase the speed of simulation.  

 

From the simulation, the shape of the curves was found to be dependent on many 

factors, such as the relative permittivity of the thin film and substrates. The relative 

permittivities of the BSZT thin film on different substrates are assumed to be 350. By 

changing the relative permittivity of the substrates, different simulation results are 
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obtained as shown in Figures 5.11 – 5.13. 

0 2 4 6 8 10 12 14 16 18

-80

-70

-60

-50

-40

-30

-20

-10

 Experimental data
 Simulation data

 

 

S
21

(d
B

)

Frequency(GHz)

LAO substrate

 

Figure 5.12 Simulation and measured result for BSZT thin film on LAO substrates. 
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Figure 5.13 Simulation and measured result for BSZT thin film on LSAT substrates. 
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Figure 5.14 Simulation and measured result for BSZT thin film on MgO substrates. 

 

5.6 (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film based phase shifters on different 

substrates 

 

5.6.1 Introduction 

 

Modern electronic scan phase array antenna can steer transmitted and received 

signals without mechanically rotating the antenna. Ferroelectric phase shifters have 

low power requirement as compared to the ferrite based phase shifters and also, they 

exhibit low loss at microwave frequencies as compared to semiconductor based phase 

shifters.  

 

Phase shifters are essential in phased array antenna, radars and other microwave 

system. They are used for controlling the phase of the signals in microwave systems. 

Frequency independent phase shift in a wide frequency band, low microwave losses 
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and power consumption, high power handling capability, high tuning speed and low 

cost. Phase shifters with stepwise (digital), continuous (analog) and mixed digital 

analog tuning of the phase are considered.  

 

Ferroelectrics based phase shifters are basically analog devices. The losses and the 

differential phase shift are the main parameters of the phase shifters. (Ba1-xSrx)TiO3 

(BST) thin films, which is in paraelectric phase at room temperature (x>0.3) are 

attractive candidates for tunable dielectric devices such as voltage-controlled oscillator 

(VCO), tunable filters, phase shifters, tunable matching network and frequency 

multipliers. High dielectric tunability and low dielectric loss at GHz frequency are 

required for microwave applications. Moreover, for impedance matching purposes the 

dielectric constants of the film should be low with low leakage current densities. 

Fabrication of phase shifter utilizing bulk BST remains unsuccessful due to high 

voltage requirement as well as higher relative permittivity. As discussed in Chapter 4, 

in thin film form the relative permittivity of the BST is low as compared to its bulk 

counterpart due to finer grain size as well as presence of interfacial layers. Elimination 

of the hysteresis in phase shift is essential in many practical microwave applications 

since voltage controlled oscillators and electronically steerable phase array antenna 

rely on accurate phase shift versus tuning voltage profiles.  

 

To meet the low cost, energy efficient beam steering requirements, NASA in 

Glenn Research Centre developed phase shifters based on ferroelectrics (Miranda et al 

2008, Romanofsky 2007). One of the phase shifters use coupled microstrip lines on top 

of about 0.4μm thick ferroelectric BST thin film. At room temperature, using Au 

electrodes a figure of merit 70o/dB is demonstrated (Keuls et al. 1999). With 
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YBa2Cu3O7-x electrodes and 2.0μm thick SrTiO3 films, this phase shifter produces a 

figure of merit approaching 120o/dB at 40K (Van Keuls et al 1997). The use of YBCO 

instead of gold resulted in higher phase shift for the same thickness of the ferroelectric. 

 

Most phased array antenna systems rely on ferrite. Ferrite phase shifters are slow 

to respond to control signals and cannot be used in applications where rapid beam 

scanning is required. MEMS (micro-electro-mechanical-systems) phase shifters have 

much faster response speeds (measure in milliseconds). However, their major 

drawbacks are that they have high losses at microwave frequency. Other disadvantages 

with MEMS phase shifters is that they have limited power handling capability (perhaps 

100mW) and they may need expensive packaging to protect the movable MEMS 

bridges against the environment. Ferroelectric materials have the potential to overcome 

all the limitations of MEMS ferrite phase shifters. These circuits rely on the principle 

that because part or all of the microwave fields pass through the ferroelectric layer, the 

phase velocity of waves propagating on these structures can be altered by changing the 

permittivity of the ferroelectric layer. 

 

5.6.2 Device structures and basic principle  

 

Figure 5.14 shows the schematic representation of the eight element phase shifters. 

Distributed coplanar plate varactors in the form of coupled microstrp lines and Lange 

couplers are used in phase shifters. These devices have single pole passband filter 

response and provide dispersion less (flat) differential phase shift with frequency. A 

biasing network is also shown in the figure to apply bias voltage to each section. By 

applying a bias voltage between the coupled lines, one can reach large electric field 
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between the lines to effectively tune the relative permittivity of the ferroelectric thin 

film. 

 

The propagation constant of an electromagnetic wave is a measure of the change 

undergone by the amplitude of the wave as it propagates in a given direction. A sketch 

of the coupled microstrip cross section is shown in Figure 5.15. 

 

The propagation constant can be given by 

ߚ ൌ ఠ

௩
ൌ ቀ గ

ఒబ
ቁ ሼሾߝ௩ሺ ܸሻሿ.ହ  ሾߝௗௗሺ ܸሻሿ.ହሽ    (5.8) 

 

Figure 5.15 Schematic diagram of eight elements phase shifter. (W=25μm:s=8μm) 

(Keuls et al. 1999). 

 

Figure 5.16 Cross section of the coupled microstripline phase shifter showing the odd 

mode configuration. The thickness of the ferroelectric layer is h1, while the 

host substrate has thickness h2. 
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where ߣ is the free space wavelength and ݒ is the phase velocity 

௩ߝ  ൌ


షೌೝ
         (5.9) 

ௗௗߝ  ൌ


షೌೝ
        (5.10) 

ିܥ  and ܥି  are obtained by replacing all dielectrics with air.  The 

ferroelectric film is most effective when the phase velocity ݒ is dominated by the 

odd mode fields. By concentrating the field in the odd mode, the phase shift per unit 

length is maximized and by using the film in thin film form, the amount of phase shift 

can be increased by cascading coupled line sections (Romanofsky 2000). 

 

Phase shifters are used to change the transmission phase angle (phase of S21) of a 

network. Ideally phase shifters provide low insertion loss, high power handling, 

instantaneous phase change response, and approximately equal loss in all phase states. 

While the loss of a phase shifter is often overcome using an amplifier stage, the less 

the loss is, the less power that is needed to overcome it. Most phase shifters are 

reciprocal networks, meaning that they work effectively on signals passing in either 

direction. 

 

The ferroelectric layer thickness is crucial to performance. The thicker films give 

greater phase shifts. However, maintaining the crystalline quality of the pulsed laser 

ablated film has proven to be difficult.(Romanofsky 2000) The electrode gap 

separation determines the degree of electromagnetic coupling and the DC potential 

required to tune the film.  

 

 



  CHAPTER 5 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

 

CHAN Ngai Yui  163 

5.6.3 Phase shifters on different substrates 

 

The performance of the devices is measured using a HP8720ES network analyzer. 

The power supply 6629A Agilent with biasing voltage of 0V to 100V was used as the 

DC bias power source. The performance of the phase shifter was evaluated using a pair 

of GSG 150μmicroprobes. The performances of the phase shifter on different 

substrates at frequency ranges from 14GHz to 20GHz are shown in Figure 5.16 – 5.18. 

 

The increase (decrease) of the relative permittivity of the ferroelectric layer will 

shift the centre frequency of the phase shifter to lower (higher) frequencies, allowing 

tuning of the filter. 
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Figure 5.17 Measured S21 phase of the BSZT thin film based phase shifters on LSAT as 

a function of frequency, with two different applied biased voltages. 
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Figure 5.18 Measured S21 phase of the BSZT thin film based phase shifters on LAO as a 

function of frequency, with two different applied biased voltages. 
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Figure 5.19 Measured S21 phase of the BSZT thin film based phase shifters on MgO as a 

function of frequency, with two different applied biased voltages. 
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The figure of merit (FOM) of the phase shifter can be defined as the quotient of 

differential phase shift (ΔԄሻ and the insertion loss  by the following equation: 

FOM ൌ ம


       (5.11) 

Table 5.3 List of operating frequency, phase shift and insertion loss of the phase shifters 

on different substrates. 

Substrate Operating frequency 

(GHz) 

Differential  

phase shift 

Insertion loss 

(dB) 

LSAT 17.94 54o 25.1 

LAO 17.25 50o 19.2 

MgO 18.64 32o 20.2 

 

Conductor losses are high in this structure due to the high dielectric constant of the 

ferroelectric film on which the transmission lines are fabricated. 

 

It is noted that, the higher phase shifts in the phase shifters can be achieved by 

rising the DC bias voltage. Because higher electric field applied across the varactor can 

increase the tuning effect. However, the measurements have to be done in vacuum to 

protect from dielectric breakdown of the air in the large DC electric field (more than 

400V) between the coupled microstrip sections. 

 

5.7 Conclusion 

 

In this Chapter, the IDC and ring resonator were used to investigate the dielectric 

properties of the (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film on different substrates. The 
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performances of the ring resonator were investigated with the aid of the commercial 

simulation software. The (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film based phase shifter under 

different DC bias were studied also. The prototype demonstrations of these 

components, such as small size, light weight, and low loss, as well as their 

demonstrated performance suggest that BSZT thin film is a potential candidate of 

tunable microwave applications. 
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CHAPTER 6  

CONCLUSIONS AND SUGGESTIONS 

FOR FUTURE WORK 

6.1 Conclusions 

 

The present research addresses materials engineering issues related to the 

integration of ferroelectric thin film into tunable microwave devices applications. In 

this thesis, the dielectric, ferroelectric and structural properties of 

(Ba1-xSrx)(Zr0.1Ti0.9)O3 (BSZT) system in ceramics and thin film forms were studied.  

 

BSZT ceramics were fabricated by a solid state reaction method. The structure, 

surface morphology, dielectric and ferroelectric properties of these ceramics were 

investigated. With the increase in Sr content, the following effects were observed: (1) 

The Curie temperature decreases linearly. (2) From the X-ray diffraction (XRD) 

analysis, the lattice parameter reduces. (3) Scanning electron microscopy (SEM) was 

used to reveal the microstructure and it was observed that the grain size decreases. (4) 

The polarization-electric field loop (P-E loop) shows a decrease in the remnant 

polarization. The piezeoelectric coefficient d33 (~215pC/N) and planar 

electromechanical coupling coefficient kp(~0.271) was measured for 

(Ba0.85Sr0.15)(Zr0.1Ti0.9)O3 ceramics in ferroelectric state. The BSZT ceramics has 

substantial tunability (more than 50% under 20kV/cm DC electric field), For 

(Ba0.55Sr0.45)(Zr0.1Ti0.9)O3, figure of merit around 222.7 were calculated, which implies 

BSZT ceramics is a promising material for tunable microwave device applications. 
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Epitaxial BSZT thin films were deposited on single crystal substrates using pulsed 

laser deposition. Microstructures of the thin film were studied with regard to the 

compositional dependence by the X – ray diffraction. The thin films were grown 

epitaxially on the substrates. The lattice parameter of the substrate has a significant 

effect on the lattice parameter of the BSZT thin films. It is also found that, the lattice 

parameter decreases with the increase in Sr content. The a/c ratio indicates the 

tetragonal distortion of the films, it decreases monotonically with the increase in Sr 

content. As the ionic radius of Ba2+ (1.61Å) is larger than that of Sr2+ (1.44Å), more 

Sr2+ ions substituted for the Ba2+ ions as the Sr content increases, resulting in the 

decrease in lattice parameter. 

 

The surface morphology of the films was observed using an atomic force 

microscope. The grain size of the thin film decreases with the increase in Sr content. 

(Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 films were also deposited on LSAT, LAO and MgO 

substrates. The roughness of the thin films on LSAT and LAO was of same order, 

however, the mean grains diameter of films grown on MgO is larger than that in others. 

This is probably due to the large lattice mismatch between the BSZT films and the 

MgO substrates. 

 

The dielectric and ferroelectric properties of the BSZT thin films at room 

temperature were found to significantly depend on the Sr content. The Curie 

temperature of the thin films was measured. The Curie temperature of the thin films 

decreases with the increase in Sr content. PE loop measurements were performed in 

order to determine whether the thin films were ferroelectric and paraelectric at room 

temperature. In (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film deposited on LSAT substrate, the 
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Curie temperature is lower than room temperature (Tc~2oC) and it is in the paraelectric 

state. 

 

The tunability of the (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film is measured to be 51% 

(10kHz) and 37% (100MHz), the dielectric loss (0.0338), resulting a FOM of 1390. 

For optimal performance of the tunable devices it is important to grow a material with 

high dielectric tunability, low dielectric losses and low voltage hysteresis, suggesting 

that it is a promising candidate for tunable microwave application. Beside growing 

(Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin films on LSAT substrate, (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin 

films were also grown on MgO and LAO and the thin films exhibits different 

ferroelectric behaviour at room temperature. The films showed significant ferroelectric 

activity as the Curie temperature shifted higher. 

 

The IDC and ring resonator were used to investigate the dielectric properties of the 

(Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film on different substrates at microwave frequencies. 

The ring resonators were characterized by measuring the scattering parameter S21 and 

resonance peaks. The performance of the BSZT thin film based ring resonator on 

different substrates were studied with the aid of the commercial simulation Sonnet’s 

em® software. Based on the S-parameter measurements and electromagnetic 

simulation, it was found that microwave dielectric constant of the BSZT thin film on 

LSAT, LAO and MgO thin films is around 350.  

 

The (Ba0.55Sr0.45)(Zr0.1Ti0.9)O3 thin film based phase shifter under DC bias 100V 

were studied also. The prototype demonstrations of these components, such as small 

size, light weight, and low loss, as well as their demonstrated performance suggest that 
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BSZT thin film is a potential candidate for tunable microwave applications. 

 

6.2 Suggestions for Future Work 

 

The ferroelectric thin films show great promise for microwave applications. In this 

work, dielectric, ferroelectric and structural properties of the BSZT thin film were 

studied. However, there are some suggested experiments for the future research. 

   

(i) An immediate attention should be given to fabricate 

(Ba0.45Sr0.55)(Zr0.1Ti0.9)O3 and (Ba0.35Sr0.65)(Zr0.1Ti0.9)O3 thin films on LSAT 

substrates. Investigations on these two thin films will confirm whether they 

can provide better tunability and lower dielectric loss. 

 

The loss in the ferroelectric film is another important issue, especially for tunable 

microwave device applications. Decreasing the dielectric loss of the ferroelectric 

film is of crucial importance for microwave applications. 

 

(ii) Doping effect -- as indicated by Cui (Cui et al. 2009), in order to suppress the 

dielectric constant and dielectric loss of the BST ceramics, some 

non-ferroelectric oxides (Al2O3, ZrO2, ZnO, MgO) may be mixed with the 

ceramics. The material can be also optimized by doping Mn into the 

ceramics to lower the dielectric loss at high frequency. 

 

(iii) Fabricating BSZT thin films on high-resistivity silicon substrate will be the 

most essential part of integration to the IC technology. 
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(iv) To optimize the design of the phase shifter, e.g small electrode gap in the 

phase shifter to obtain higher electric field or apply higher electric bias 

(~400V) in vacuum to the phase shifter to avoid electric breakdown, which 

provide higher differential phase shifts.
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