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1. Introduction 

 
 
 
In this chapter, we discuss the basics of dielectrics and ferroelectrics and their related 

properties, and typical ferroelectric materials. In subsequent sections we give an overview of the 

experimental results of different researchers, and then are given some basics of radio-frequency 

(RF) magnetron sputtering and their mechanism, and structure zone model and finally the scope 

of the dissertation. 

 

1.1 Dielectrics: 
 (Source: Ref. 2) 
 

Dielectrics are insulating materials that do not conduct electric current due to the very 

low density of free charge carriers. Here the electrons are bound to microscopic regions within 

the material, i.e. the atoms, molecules, in contrast to being freely movable in and out of 

macroscopic system under consideration. They are used technically because of their property of 

polarization to modify the dielectric function of the vacuum, e.g. to increase the capacity of 

capacitors. Dielectrics exhibit an electric dipole structure, in which positive and negative 

electrically charged entities are separated on a molecular or atomic level by an applied electric 

field. This is called polarization. 

 
According to Poisson’s equation, each free charge acts as a source for the dielectric 

displacement D 

 

    freeDivD ρ=      (1.1) 

 

 Here ρfree defines the density of free carriers. Under the electric field (E), D is described 

by  

 

    PED += 0ε         (1.2) 

 



 17 

 

Fig. 1.1 Parallel plate capacitor filled with dielectric under short circuit condition (E = constant) [2] 

 

 The term ε0E describes the vacuum contribution to the displacement D caused by an 

electric field E and P represents the electrical polarization of the matter in the system (see in Fig. 

1.1). For many dielectric materials, P is proportional to the electric field strength E through the 

relationship: 

 

 EP eχε 0=      (1.3) 

 

This leads to   

 

EED re εεχε 00 )1( =+=      (1.4) 

 

Here  χe: electrical susceptibility 

 εr: relative permittivity (or dielectric constant) 

 

Dielectric materials are characterized by a high dielectric constant, which is always 

greater than unity and represents the increase in charge storing capacity by insertion of a 

dielectric medium between two plates of the capacitor. 

 The capacitance C of the capacitor is a measure of this charge and is defined by 

 

     
d

A
C 0ε

=      (1.5) 

where A is the area of the parallel plates and d is the distance of separation between them and ε0 

(8.854 X 10-12 F/m) is the permittivity of the free space. If a dielectric material is inserted 
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between the plates, the charge on the plates increase due to polarization in the material. The 

capacitance is now given by 

 

     
d

A
C r 0εε

=      (1.6) 

εr is a relative permittivity of the dielectric material. 

 In general, the polarization of dielectric material results from the four contributions 

shown in Fig. 1.2: 

 

 P = Pe + Pi + Po + Ps     (1.7) 

 

 

 

Fig. 1.2 Various polarization processes [1] (a) electronic polarization (b) ionic polarization, (c) orientation 

polarization, and (d) space charge polarization 

 

The first one is the electronic polarization, Pe, which arises from a displacement of the 

centre of the negatively charged electron cloud relative to the positive nucleus of an atom by the 

electric field. The resonance of the electronic polarization is around 1015 Hz, it can be 

investigated through optical methods. The second one is the ionic polarization, Pi, which 
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originates from the relative displacement or separation of cations and anions from each other in 

an ionic solid, and their resonance is in the infrared region of 1012-1013 Hz. The third 

contribution is the orientation polarization, Po, which is found only in materials with permanent 

dipole moments. This polarization is generated by a rotation of the permanent moment in the 

direction of the applied electric field. The polarization due to the orientation of electric dipoles 

takes place in the frequency range from mHz, in the case of reorientation of polar ligands of 

polymers up to a few GHz in liquids such as water. The last one, Ps, is the space charge 

polarization. This type of polarization results from the build-up of charges at interfaces of 

heterogeneous systems. Depending on the local conductivity, the space charge polarization might 

be occurring over a wide frequency range from mHz up to MHz. As shown in Fig. 1.3 the 

different polarization mechanisms not only take place on different time scales but also exhibit 

different frequency dependence. 

 
Fig.1.3 Frequency dependent relative dielectric constant [2] 

 

The relative dielectric permittivity is written as a complex function: 

 

     '''* rirr εεε −=       (1.8) 

 

the real part εr' characterizes the displacement of the charges, and the imaginary part εr" the 

dielectric losses.  
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The loss tangent is defined as 

 

     
'

"
tan

r

r

ε

ε
δ =      (1.9) 

   

The frequency-dependent contribution to the permittivity is schematically shown in Fig. 

1.3.  

For microwave ceramics frequently a quality factor Q is quoted: 

 

     
δtan

1
=Q       (1.10) 

 

Dielectric ceramics and polymers are used as insulators. Dielectric materials for 

capacitors must have a high dielectric constant, low dielectric loss, high electrical breakdown 

strength, low leakage currents, etc. 

The highest dielectric constants so far have been observed in some dielectrics as e.g. 

strontium titatate (SrTiO3, STO) and ferroelectric perovskite ceramics, among which typical 

examples are barium titanate (BaTiO3, BTO), barium strontium titanate ((Ba,Sr)TiO3, BST), lead 

titanate (PbTiO3, PT), lead zirconate titanate (Pb,(Zr,Ti)O3, PZT), strontium bismuth tantalite 

(SrBi2Ta2O9, SBT), strontium bismuth niobate (SrBi2Nb2O9, SBN), and anti-ferroelectric 

materials like lead zirconate (PZ). 

 

1.2 Ferroelectrics 

 

 Ferroelectric materials exhibit a wide variety of physical properties such as relative 

permittivity, piezoelectricity, pyroelectricity, electrostriction and electro-optical activity. These 

properties boost interest to study then in depth in science and technology, and they have an 

important commercial market. They have applications including multilayer capacitors, sensors 

and actuators, radiation detectors, optical waveguides and microwave devices [3,4]. Since 

miniaturization of electronic devices became more important in major applications, like 
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nonvolatile ferroelectric random access memories (NVFRAM) [5], dynamic random access 

memories (DRAM) [6], and micro electromechanical systems (MEMS) [7]. 

 

1.2.1 Ferroelectricity  
(Source: Ref. 2) 
 
Ferroelectric materials are dielectric materials characterized by a reversible spontaneous 

polarization, which exhibits an electric dipole moment even in the absence of an external electric 

field. In the ferroelectric state the center of the positive charge of the ferroelectric material unit 

cell does not coincide with the center of the negative charge. The polarization behavior in an 

electric field is highly non-linear and exhibits a hysteresis loop (P-E loop), as shown in Fig. 1.4. 

The hysteresis loop is characterized by two important parameters, including the coercive field Ec 

(or coercivity) and the remnant polarization Pr (or remanance). The coercivity is the field 

required to reduce the polarization P to zero, the remanance is the polarization at zero applied 

field. The value obtained by extrapolating the polarization in the high field region to zero is 

called the saturation polarization Ps. 

 

In the case of an ideal crystal, the polarization versus field behavior, P-E, can be 

explained by a simple superposition of two contributions: (a) the (non-ferroelectric) dielectric 

ionic and electronic polarization, (b) spontaneous polarization, which is reoriented when the 

electric field E applied opposite to the polarization exceeds the coercive field Ec leading to the 

unidirectional jumps in the P-E curve shown in Fig 1.4 in a dotted line.  

 

In polydomain ferroelectric materials, initially there is a statistical distribution of domains 

before it is polarized for the first time. Then the relation between the polarization P and the 

electric field E is characterized by the graph AB in Fig 1.4 in full line, starting with polarization 

P=0, P increases with increasing field until it reaches saturation at point B. The saturation 

polarization Ps is obtained by extrapolating the graph BC to E=0. If after saturation one now 

reduces the electric field again then at E=0 a remnant polarization PR is found. PR relates to the 

domain structure in the material. In order to bring the polarization to zero, a negative electric 

field (the coercive field Ec) has to be applied. If the negative field is further increased, then the 

hysteresis loop is followed in the reverse sense. 
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Fig.1.4 Ferroelectric hysteresis: polarization, P, as a function of the Electric field, E, dashed line 

single domain single crystal, full line polycrystalline. 

 

In BaTiO3 the dipole moment is caused by the displacement of either the Ti4+ or Ba2+ 

cations relative to the centre of the oxygen octahedron around the cation. The two-stable off-

center positions correspond to the two different orientations of dipole moment. Adjacent dipoles 

tend to orient themselves in the same direction, which induces a spontaneous polarization. 

Regions of uniform polarization are called domains, separated by domain walls. In ferroelectric 

materials, the domain walls are extremely narrow, often not more than one or two lattice layers. 

In the absence of an electric field, the domains are randomly distributed, resulting in a net zero 

polarization. In an electric field, the domains tend to align in the field direction by movement of 

the domain walls and rotation of the dipoles and the polarization reaches the maximum value Ps. 

When the electric field is removed, domains cannot return to their original states, yielding a non-

zero polarization Pr. 

 

Different from normal dielectrics, in ferroelectrics the dielectric constant is a non-linear 

function of applied field, and can be evaluated from the derivative of the polarization to the 

applied field. Basically, there are two contributions to the dielectric constant: the intrinsic 
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component, which involves the switching of the dipole configurations, and the extrinsic 

component, which involves the domain wall motion [8,9]. 

 

 

 

Fig. 1.5 Barium titanate phase transition [2] 

 

A necessary condition for a crystal to exhibit ferroelectricity is that the crystal structure is 

non-centrosymmetric. The ferroelectric state is usually a low temperature condition, associated 

with the non-centrosymmetric phase. A structural phase transition from non-centrosymmetric to 

centrosymmetric upon heating induces a transition from the ferroelectric to the paraelectric state. 

The temperature at which this transition takes place is called the Curie temperature, denoted by 

Tc. At Tc dielectric constant (εr) exhibits a maximum, can be seen in Fig.1.5.  

 

Above Tc (in cubic), the relationship between ε and the temperature follows the Curie-Weiss 

law: 

 

      
Θ−

=
T

C
ε      (1.11) 

 

Where C is the Curie constant and Θ is the Curie-Weiss temperature, which in most cases 

equal to or slightly different from Tc. 
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1.2.1.1 Barium Titanate (BaTiO3, BTO): 

 

Among the different ferroelectrics, oxides showing a perovskite structure or a related 

structure are of particular interest. Fig. 1.6 (a) displays the crystal structure of barium titanate, often 

regarded as the archetypical structure of the ferroelectric. In the cubic high temperature phase this 

material does not show any spontaneous polarization and, hence the system is paraelectric. Upon 

cooling below the Curie temperature (Tc<120°C), a phase transition occurs during which positive and 

negative metal ions displace with respect to each other, leading to a tetragonal deformation. Due to 

the asymmetry in the unit cell by the displacement, a spontaneous polarization in the direction of the 

axis of tetragonal appears. The abrupt change of spontaneous polarization of ∆Ps=0.18 C/m2 [Waser 

et al.] at the cubic to tetragonal phase transition (T<Tc) clearly demonstrate the first order phase 

transition.   

(a)          (b) 

 

Fig. 1.6 (a) Barium titanate crystal structure with octahedral (b) BTO phase transitions with 
respective to temperature and their other properties [2]. 

 

BTO has another two phase transitions, the second phase transition transforms from 

tetragonal to orthorhombic structure at 5°C, and then finally, at -90°C the orthorhombic deforms into 

rhombohedral structure, can be seen all BaTiO3 structural changes and their properties in Fig. 1.6 (b).   
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From the crystal chemical perspective, this series of phase transitions can be viewed as a 

consequence of the Ti +4 ions being somewhat too small to occupy the interstice created by the Ba-O 

framework. As a result, the series of phase transforms takes place to reduce the Ti cavity size, in Fig. 

1.7 can see the experimental results of the phase transitions of the BaTiO3 ceramic.  

 

 

Fig. 1.7 Relative dielectric constant (εr) and dielectric loss (Tan δ) of BaTiO3 ceramic [10] 

 

 

Certainly, the radii of the ions involved impact the propensity for forming ferroelectric 

phases; thus both PbTiO3 and BaTiO3 have ferroelectric phases, while CaTiO3 and SrTiO3 do not. 

 

1.2.1.2 Strontium Titanate (SrTiO3, STO): 

 

STO is the best characterized complex oxide. It is a prototypical soft-mode incipient 

ferroelectric [11] with a perovskite structure. At low temperatures, STO shows a non-linear, electric 

field tunable dielectric permittivity, which is of interest for the tunable microwave devices operating 

at cryogenic temperatures. In addition to their practical importance, STO film that represent a good 

model system for paraelectric, tunable dielectric thin films. 
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 Bulk STO has cubic symmetry between room temperature and ~ 150 K. Below this ~ 150 K, 

it undergoes a structural (but not a ferroelectric) transition to a tetragonal phase. Above the transition 

temperature, the temperature (T) dependence of the dielectric susceptibility χ of bulk STO follows 

the classical Curie-Weiss type behavior described by the equation (1.11). 

 

1.2.1.3 Barium Strontium Titanate ( (Bax, Sr1-x)TiO3, BST): 

 

 Ferroelectric films for tunable microwave devices are used in their paraelectric phase, 

because of the high dielectric losses and hysteresis in the ferroelectric phase due to the motion of 

domain walls. One of such widely studying material is BST. 

 

    

Fig. 1.8 Phase diagram of BaxSr1-xTiO3 [12] 

 

BST is a mixed oxide of the perovskite with ABO3 type structure and is one of the most 

promising candidates with different compositional grades of BTO and STO. With higher Sr+2 

composition in BST films, Tc can go to cryogenic temperatures as the Sr+2 has very small atomic 

radius, and then ultimately the unit cell shrinks in Fig. 1.8 shown the phase diagram of the BaxSr1-

xTiO3. It does not show ferroelectric hysteresis as a thin film on a Si substrate because (a) the solid 

solution of Sr+2 the A site of the Ba+2 shifts the Curie point to lower temperatures and (b) its stress 

condition also influence the BST properties, if its thermal expansion is larger than that of Si. The 

properties of the BST films depend on the concentration of the Ba+2 and Sr+2 ratio and conditions of 
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the deposition and recrystallization treatment. Phase transitions of the different compositional BaxSr1-

xTiO3 films can be seen in Fig. 1.9. 

                 

Fig. 1.9 Phase transitions for different compositional BaxSr1-xTiO3 [13] 

 

1.2.2 Other important properties of ferroelectrics 

 

 Anti-ferroelectricity: Anti-ferroelectric materials belong to one class of deformation in the 

ferroelectric crystals, which has neighboring lines of ions displaced in opposite directions. The 

energy difference between anti-ferroelectric and ferroelectric states are very small, therefore a large 

applied field can switch the crystal from the former to the latter. 

  

Electro-optic effect:  By varying the ferroelectric polarization with an electric field, 

one produces a change in the optical properties of the ferroelectrics. The most important effect 

are the quadratic electro-optic (E-O) effect and the biased quadratic electro-optic (E-O) effect [14]. 

 

Pyroelectricity: This property relates to the ability to produce electric charges 

perpendicularly to the polar axis on the crystal faces as a result of a temperature change. However, 

since the spontaneous polarization, PS, is temperature dependent, any temperature change ∆T at rate 

larger than the screening process will lead to uncompensated polarization charges 

 

    TPP PY∆=∆      (1.12) 
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Where PPY is the pyroelectric coefficient 

 

Piezoelectricity: All polar crystals shows piezoelectricity, since any stress T will result in a 

strain S because of the elastic properties of the material. Strain will affect the polarization; for 

polarization is caused by a displacement of the charge centers of the anions and cations. For small 

changes of the stress T, the relation 

  

    TdP ⋅=      (1.13) 

 

Where P is called direct piezoelectric effect, d is called piezoelectric coefficient. 

 

Ferroelasticity: A crystal that has two or more stable orientational states and can be 

switched from one to the other with an external mechanical stress is called ferroelastic. 

 

 

Fig. 1.10 Applications of ferroelectric materials [15] 

   

Various potential applications of ferroelectric materials in commercial devices, exploiting 

their special properties are presented in Fig. 1.10. These include high-dielectric constant storage 

capacitors, piezoelectric micro-actuators, infrared sensors, electro-optic light valves and thin film 

memories. 
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1.2.3 Alternative structural oxides 

 

An alternative structure that has also been widely investigated both for high temperature 

piezoelectric, as well as for ferroelectric memory applications is the bismuth layer structure family.  

Such materials as SrBi2Ta2O9, SrBi2NbTaO9 and SrBi2Ti4O15, have been explored [16]. Their general 

chemical formulas are represented as ABi2B2O9 and ABi2B4O15, where A is a divalent metal such as 

Sr, Ba or Pb, B a metal of valence +5, usually Nb for the former, and of valence +4, usually Ti, for 

the latter. The layered structure of this kind of material is shown in Fig. 1.11. These materials have 

demonstrated a high endurance during electrical cycling with excellent improved fatigue-free 

properties up to 1012 switching cycles. This very good fatigue behavior is believed to be due to the 

oxygen-rich bismuth layer preventing degradation of the polarization. 

 

 
Fig. 1.11 Bismuth layer structure SrBi2Ta2O9 [2] 

 

Pb(MgNb)O3 (PMN) is best known as a “relaxor” ferroelectric with a partially ordered 

perovskite structure [17]. Very large dielectric constants (> 25000) and electrostriction coefficients 

are observed in a broad range of temperature. The dielectric constant drops rapidly with frequency 

(hence, it is named a “relaxor”) because it takes time for the polarization fluctuations to respond. As 
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“relaxaor” ferroelectrics, PMN-based materials have found to be the most successful application as 

high-strain electrostrictive actuators and high dielectric constant capacitors. However, PMN ceramics 

are somewhat difficult to prepare. In Table 1.1 important ferroelectric materials are listed. 

 

 

Material                                             Chemical formula                          Tc [K] 

 

 

Ammonium dihydrogen phosphate (KDP) NH4H2PO4                                                       148 

Barium titanate                                            BaTiO3                                                                                393 

Boracite                                                       Mg3B7O13Cl                                          538 

Germanium tellurium                                  GeTe                                                      673 

Lead titanate                                                PbTiO3                                                                                763 

Lead zirconate                                             PbZrO3                                                                                503 

Lead zermanate                                           Pb5Ge3O11                                                                          453 

Lithium niobate                                           LiNbO3                                                                                1473 

Lithium tantalate                                         LiTaO3                                                                                  938 

Potassium dihydrogen phosphate (KDP)    KH2PO4                                                                               123 

Rochelle salt                                                NaKC4H4O6. 4H2O                                255, 297 

Strontium bismuth tantalite                        SrBi2Ta2O9                                                                         843 

Sodium Niobate                                          NaNbO3                                                                               73, 627         

                                             

Sodium nitrite                                             NaNO2                                                                                   437 

Triglycine sulfate (TGS)                            (NH2CH2COOH)3.H2SO4                                      322 

 

 

Table 1.1 Important ferroelectric materials 

 

1.3 Literature review of thin films  

 

It is interesting to review the literature on deposition techniques and the properties of the thin 

films which depend on the deposition parameters. There are several deposition techniques being 

exploited for the growth of ferroelectric and RuO2 thin films.  
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1.3.1 Perovskite materials  

 

 It is interesting to review the literature on deposition techniques and the properties of the 

perovskite materials which depend on the deposition parameters. There are several deposition 

techniques being exploited for the growth of ferroelectric thin films. The ferroelectric thin films 

are used in electronic, electro-optic, and microwave device applications due to high permittivity 

and larger polarization associated with ferroelectric phenomena. For these applications it is 

important to have high-quality epitaxial thin films with smooth surfaces. Many chemical (no 

bombardment with energy ions), electrochemical, and physical methods (bombardment with low 

energy ions) were used for the deposition and growth of ferroelectric thin films.  

 

 The growth process with low energy ion bombardment includes magnetron sputtering 

[18], ion-beam sputtering [19], excimer laser ablation [20], electron cyclotron resonance (ECR) 

plasma assisted growth [21] and plasma- enhanced chemical vapor deposition (PECVD) [22]. 

The techniques that do not involve bombardment include sol-gel [23], metal-organic 

decomposition (MOD) [24], thermal and e-beam evaporations [25], flash evaporation [26], 

chemical vapor deposition (CVD) [27], metal-organic chemical vapor deposition (MOCVD) [28] 

and molecular beam epitaxy (MBE) [29]. 

 

 Some results regarding the correlation between the deposition parameters and the 

properties of BTO film were presented by some researchers. For e.g., Kim et al. [30] and Ukino 

et al. [31] described the dependence of amorphous, cubic, and tetragonal phase transitions on the 

substrate and annealing temperatures of BTO thin films prepared by rf magnetron sputtering and 

they observed that on MgO and Si substrates, BTO films deposited below 450 and 500°C were 

amorphous, respectively. Above these temperatures the films were crystalline with the cubic 

phase. Mansingh et al. [32] studied the effect of the target on the structure of the BTO thin films. 

Desu et al. [33,34] studied the relationship between the film deposition process, stress, and the 

ferroelectric properties of BTO thin films by rf magnetron sputtering.  
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Taylor et al. [35] reported that oxygen partial pressure and total chamber pressure 

influence the dielectric permittivity, dielectric quality factor, and lattice parameters of STO films 

deposited by rf magnetron sputtering. The dielectric constant is very high and largest quality 

factor observed at 3.3 Pa pressure. With increasing the total pressure lattice constant was 

increasing from a = 3.929 Å at 3.3 Pa to a = 3.933 Å at 10 Pa. 

 

Wang et al. [36] deposited nano-crystalline STO and observed that increasing with film 

thickness the crystallite size increases. The dielectric constant of STO films decreases with 

decreasing film thickness by changing the temperature, frequency and the bias voltage. 

 

The efforts by researchers continue to achieve ferroelectric thin films of good quality 

from a single target oxide target, and the recent activity was related to the solid solution of BTO-

STO. Good quality of BST thin films were reported by single target sputtering. For example, 

Hwang et al. [37] and Zafar et al. [38] reported on sputter-deposited stoichiometric BST thin 

films that posses useful device-related electrical property.  

 

Rf magnetron sputtering technique always been the first growth attempted for the growth 

of ferroelectric thin films, as it has respected industrial track record and is characterized by high 

producibility in the chemical composition, easy process control, and compositional change of the 

film by using the multiple elemental target (Ba, Sr, Ti etc.,) or multiple components (BaTiO3 

and/or SrTiO3). 

 

 Nakata et al. [39] observed interesting properties of deposition parameters and film 

properties of BTO thin films. They deposited BTO thin films on MgO substrates by pulsed laser 

deposition (PLD) in an oxygen atmosphere of 0 to 66.66 Pa and at higher substrate temperatures 

of 800 and 850°C, they observed that at higher oxygen pressures the lattice parameters 

decreased. Similar results were observed for BaxSr1-xTiO3 thin films by Tseng et al. [40] by PLD 

on Si substrates. The surface morphology was also greatly influenced by the oxygen partial 

pressure. The BTO thin films surface was relatively smoother at 1.33 Pa and also the grain sizes 

were larger at higher oxygen pressures. 
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 Epitaxial BTO thin films were deposited by PLD on MgO (001) substrates by Norton et 

al. [41,42], they observed that BTO thin films were c-axis oriented and perpendicular to the 

substrate interface plane. It has been shown that the microstructure of the films can be varied by 

changing the deposition parameters. Optimizing these parameters permits the formation of thin 

films with controlled microstructures and properties. 

 

Kim et al. [43] observed the relationship between the structure and microwave properties 

of Ba0.5Sr0.5TiO3 thin films deposited by PLD onto MgO (100) substrate.  The dielectric constant 

of BST thin films at 10 GHz increases after a post-deposition annealing. For annealing 

temperatures above 900°C, the dielectric constant of the annealed films increases with increasing 

tetragonal distortion. This result indicates that the larger in-plane lattice parameter provides the 

larger ionic displacement along the in-plane direction, resulting in a larger dielectric constant. 

 

PLD technique offers many advantages for film growth, including epitaxial or crystalline 

growth at low substrate temperatures, congruent deposition of materials with complex 

stoichiometric and deposition of materials with high melting points and ability to form meta-

stable micro-structures. 

 

Ren et al. [44] grew BaxSr1-xTiO3 thin films by the sol-gel method by using barium 

acetate (Ba(C2H3O2)2), strontium acetate (Sr(C2H3O2)212H2O) and titanium isopropoxide 

(Ti(C3H7O)4) in acetic acid (CH3COOH) and ethylene glycol (HOCH2CH2OH) with appropriate 

stoichiometric, and obtained good crystalline and smooth films by rapid thermal annealing 

(RTA). They observed that microstructure and electrical properties of the BST thin films can be 

affected by the substrate and the annealing process. Dielectric constant and dielectric loss of the 

BST films at 100 kHz are 230 and 0.02, respectively. Leakage current density of the BST 

capacitors was 1.6X10-7 Acm-2 at 3 V. 

 

Sharma et al. [45] prepared BTO thin films by the sol-gel process, using barium acetate 

and titanium (IV) isopropoxide precursors. The as-deposited films were amorphous. After 

annealing at 700°C in air for one hour, the films became crystallized and had tetragonal phase. 

The dielectric constant of BTO thin films at 1 kHz was 370 and Tc was observed at 125°C. 
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Sol-gel growth technology is used as a method for depositing high quality multi-

component oxide thin film, where the processing technology needs to be rapid and inexpensive. 

 

 A good discussion of precursor preparation and subsequent delivery in a reaction zone of 

a MOCVD reactor has been detailed in a recent review [Ann. Rev. Mat. Sci. 25-525], which 

describes the growth of BTO, STO, and BST thin films. CVD and MOCVD techniques have 

potential advantages, including the ability to deposit high-quality, ultra-thin layers on three 

dimensional (3D) complex geometries, excellent composition control, and amenability to large-

scale processing 

 

1.3.2 Properties of RuO2  

 

 Ruthenium dioxide (RuO2) is the most investigated and well known oxide electrode 

candidate for capacitor applications. RuO2 belongs to the family of transition-metal oxide 

compounds with tetragonal rutile structure (can be see in Fig. 1.12) with P42/mnm symmetry, 

space group number 136, a = b = 4.4902 Å, c = 3.1059 Å, the unit cell volume is 62.62 Å3, with 

various interesting properties such as low resistivity, high thermal and chemical stability, and 

high chemical corrosion resistivity. RuO2 thin films are promising electrode for high dielectric 

ferroelectric materials, as it reduce the fatigue property in the electronic devices. Because RuO2 

reduces the lattice mismatch and work function difference at the electrode and ferroelectric film 

interface, therefore, defect entrapment and the loss of polarization reduced, ultimately the fatigue 

life is improved. 
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Fig. 1.12 Rutile structure of RuO2 [46] 

 

 RuO2 thin films have been successfully prepared to date by rf sputtering, metal organic 

chemical vapor deposition (MOCVD), pulsed laser deposition (PLD), and solution technique. 

 

 Kang et al. [47] deposited RuO2 films on Si substrates by rf magnetron sputtering, and 

observed that RuO2 films deposited at the low substrate temperature (100°C) showed (110) 

closed packed oriented grains with relatively low internal strain (0.8%), on the other hand films 

deposited at 300°C and annealed to 800°C in air showed randomly oriented grains with high 

internal strain (1.4%) and the grains transformed to mountain like, three dimensional islands. It is 

very clear that annealing transform the films from closed packed to the three dimensional 

islands, with the effect of high internal strain and high surface energy. 

  

 Kaga et al. [48] deposited RuO2 thin films by rf reactive sputtering, and studied the effect 

of substrate temperature and reactive gases (Ar+O2) and O2. They observed that, in the 18-28% 

O2 flow region, the deposition rate was around 28 nm/min, and it was good crystalline and with 

(110) oriented grains. At 32% flow region, the deposition rate was decreased to 8 nm/min and 

the films were (101) oriented. Above 32% O2 region films were almost amorphous. Resistivity of 

the RuO2 films decreased with increase of the substrate temperature and a minimum resistivity of 

42 µΩcm was obtained at 500°C with 20% O2 flow. 
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1.4 The radio-frequency (rf) magnetron sputtering method 

 

The sputtering technique is the most versatile method for perovskite materials, to deposit thin 

films up to the atomic scale. It is always been the first growth attempted for the deposition of 

ferroelectric thin films, as it has a respected industrial record. In this work, we used to deposit our 

perovskite and electrode thin film materials by rf magnetron sputtering. It is worthy to discuss the 

mechanism of rf magnetron sputtering. 

 

1.4.1 Sputtering process mechanism 

 

The sputter process mechanism is illustrated clearly in Fig 1.13. The incident ion, which has 

been accelerated within the chamber with nearly the full voltage applied of 50 to 1000 V, hits the 

surface atoms (target material). The following collision cascade leads to a heating of the target and 

finally some of sputtered atoms which can leave the surface. The threshold energy for sputtering is 

much higher than the surface binding energy, Wb, of the atoms which is of the order of 4 to 8 eV. 

This difference can be directly understood as several collisions are necessary in order to obtain an 

atom in the backward direction. Hence, the threshold is observed at 4 Wb to 8 Wb corresponding to 

threshold energy of 20 to 50 eV. A linear increase is observed for many conditions up to voltages of 

1000 eV. At higher energies the ions penetrate too deeply into the target and the sputter yield 

decreases again.    

 

 

Fig. 1.13 Sputtering mechanism 

 

1.4.2 Magnetron sputtering 

 

 An ionization degree of less than 1% of the atoms is characteristic of plasma and 

consequently a rather low sputter rate. To improve the ionization rate magnetic fields can be used 
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which force the electron onto helical paths close to the cathode and yield a much higher ionization 

probability [49,50]. This magnetron arrangement additionally allows a lower gas pressure. However, 

it has the disadvantage of more inhomogeneous target erosion than a simple planar geometry. 

 

1.4.3 Radio frequency (rf) magnetron sputtering  

 

 Direct current (DC) sputtering works very well for conductive target materials. For insulating 

target materials, DC sputtering does not work, because of the charge accumulation of electric load at 

the target surface. To overcome this problem, a high-frequency plasma discharge must be applied in 

order to avoid the charge accumulation at the target surface. A typical frequency of 13.56 MHz is 

capacitively coupled to the target and there is only small voltage decay across the electrode as shown 

in Fig. 1.14.  

 

 

 

   

Fig. 1.14 Capacitively coupled rf magnetron sputter target 

 

As the electrons are much faster than the ions, a negative potential at the electrodes as compared to 

the plasma potential evolves during each cycle. With a symmetrical arrangement of cathode and 

anode we would obtain similar re-sputtering rates and no film growth. However, non-symmetries, 

which yield some bias voltages, are introduced by the coupling of the rf and by differences in the 

geometry, i.e., different sizes of target and substrate, and especially by the generally applied 
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grounding of the substrate and the deposition chamber. However, deposition rates are much lower 

than DC sputtering. 

 

1.5 Structure zone model 

 

The pressure of the sputtering gas plays crucial role in film growth, and it is an additional and 

important process parameter which must be considered and optimized. The sputter gas pressure 

influences the mean free path of the atoms and therefore their energy, angular distribution and finally 

also their incorporation in the film. For metals, the famous zone model for the film growth has been 

developed by Thornton [51], which shows some systematic influences of the following parameters, 

can be seen in Fig. 1.15. 

  

 

 

Fig. 1.15 Structure zone model diagram for sputter deposited metals [51] 

 

Zone 1: Ts < 0.2 T/Tm: at lower temperatures no bulk diffusion and only very limited surface 

diffusion is observed which would allow for crystallite rearrangement. The size of the fibers 

increases with temperature mainly following temperature dependence of the nucleation density. 

 

 Zone Ts: (0.2-0.3 T/Tm): In this transition zone, surface diffusion becomes effective and small 

crystals of energetically unfavorable orientation are eliminated, i.e., competitive texture is observed 

and grains are poorly defined fibrous grains without grossly voided boundaries. 
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 Zone 2: (0.3-0.5 T/Tm): In this region, the growth process is dominated by adatom surface 

diffusion. The structure consists of columnar grains separated by distinct dense inter-crystalline 

boundaries. 

 

 Zone 3: (> 0.5 T/Tm): In this region, the bulk diffusion has a dominant influence on the 

texture of the crystal. Texture is determined by the lowest free energy surface of the crystal. Finally, 

the influence of the Ar pressure decreases. 

 

1.6 Experimental equipment 

 

In this work, all experiments were carried out in the sophisticated von Ardenne LS 500 S 

DC/RF magnetron sputtering machine (as shown in Fig. 1.16). Thin films of BaTiO3 and RuO2 single 

layers and BaTiO3, SrTiO3, BaTiO3/SrTiO3, BaTiO3 /Ba0.75Sr0.25TiO3 capacitor structure 

(Si/SiO2/RuO2/dielectric/RuO2) were deposited by rf magnetron sputtering with the radio- frequency 

of 13.56 MHz. The generator power can be use up to the maximum of 600 W. The substrates can be 

heated up to 750°C with carbon radiator heaters with the help of a Eurotherm thermal controller. 

Inside the chamber there are two cathodes with the diameter of 150 and 90 mm, instead of 150 mm, 

another 90 mm cathode can be used (shown in Fig 1.15 (b)). Initially for all experiments we pump 

down the base pressure up to 3.5 X 10-5 mbar (3.5 mPa), we used pure Ar (99.999%), O2 (99.999%) 

for sputtering, and N2 (99.999%) for annealing and have separate gas controllers to control each gas 

flow. The whole system is connected through RS 232 S interface and controlled by computer. It is 

easy to execute the deposition procedure. 
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 (a)   (b) 

 

Fig. 1.16 (a) von Ardenne LS 500 S DC/RF magnetron sputter machine, (b) inside the sputter chamber 

and two sputter cathodes 

 

1.7 Thin film capacitor structure 

 

 The capacitors were fabricated on Si/SiO2 wafers, which were the diameter of 25 mm and 1 

mm thick. The bottom RuO2 electrodes were deposited on Si/SiO2 wafers at 540°C and the top 

electrodes were deposited at room temperature in Ar (50 sccm) atmosphere with using stoichiometric 

RuO2 target (90 mm). The dielectric films were deposited at different parameters, i.e. temperature, 

Ar/O2, thickness etc., with different material stoichiometric targets of BaTiO3, SrTiO3 and 

Ba0.75Sr0.25TiO3 with the diameter of 90 mm. The schematic diagram of the capacitor is illustrated in 

Fig. 1.17 

 

 

a 
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Fig. 1.17 Our capacitor structure. 

1.8 Film characterization 

 

 The analytical techniques used for the characterization of thin films in this work are 

summarized in Table 1.2. More detailed information about the instrumentation details and the 

measurements can be found in the following chapters.  

 

Technique Characterization 

IR spectrophotometer Optical and thickness 

X-ray diffraction (XRD) Crystallinity and structure 

AFM and SEM Morphology and cross-section 

RBS Chemical composition 

Impedance spectroscopy Dielectric and electrical 

Four-point probe Resistivity 

XRR Density and thickness 

Balance Mass and density 

Raman Spectroscopy Structural and optical modes 

Profilometer Thickness 

SCOUT 2 optical simulations Optical constants 

RBxN Analyzing RBS spectra 

 

Table 1.2 Analytical techniques and characterization of the thin films 
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 Mass of the films is measured by weighing the film before and after the deposition in order 

to determine the film density and mass equivalent thickness with the balance. In order to obtain the 

optical properties (band gap, refractive index, etc.,) and thickness of the thin films, we measured UV-

IR spectroscopy in the range of 200 to 2000 nm wavelength and simulated with SCOUT 2 simulation 

software. Thickness is measured with profilometer. Crystallinity and phase analysis was detected by 

X-ray diffraction (XRD) and for many films we normalized XRD raw data with respect to thickness, 

in order to understand the true nature of the film structure. Atomic force microscopy (AFM) and 

scanning electron microscopy (SEM) used to study the surface morphology and cross-section of the 

films. Resistivity is measured by using four-point probe method. X-ray reflectivity (XRR) is used to 

determine the thickness and density of the film for few samples in order to cross-check with other 

techniques results. Chemical composition of the films is determined by Rutherford Back Scattering 

(RBS) and the spectra were simulated by the RBxN simulation software. In order to correlate the 

structural results of the films with XRD, we measured the Raman spectroscopy. Depth profile is 

studied by means of Secondary Ion Mass Spectroscopy (SIMS). Impedance spectroscopy is 

employed to understand the dielectric and electrical properties of the thin film capacitors and 

discussed in detail in Appendix A.  

 

 

1.9 Scope of the dissertation 

 

 In this dissertation, BaTiO3 and SrTiO3 thin film properties are systematically investigated. It 

concentrates on effects of substrate temperature, chamber pressure and film thickness. The basic idea 

of this study is to enhance the dielectric permittivity of BaTiO3 and SrTiO3 thin films by using RuO2 

as an electrode material, as these materials are promising candidates for many electronic applications.  

 

 This dissertation consists of eight chapters. Introduction of basic material properties 

(dielectric and ferroelectric), literature review and deposition methods are presented in Chapter 1.  

 

In Chapter 2, optical and structural properties of BaTiO3 thin films investigated by means of 

optical spectroscopy and x-ray diffraction methods are presented. The correlation of structural and 

optical properties is presented. These properties are very important in opto-electronic applications. 
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In Chapter 3, structural and electrical properties of the RuO2 thin films are described. We 

attempted to understand the correlation of deposition and annealing effects with the electrical 

properties of RuO2 thin films.  

 

In Chapter 4 and 5, respectively, thin film capacitors of SrTiO3 and BaTiO3 with RuO2 as an 

electrode material are investigated by means of impedance spectroscopy. Film thickness, deposition 

temperature and oxygen partial pressure has been varied in order to study their effects on dielectric 

properties. The impedance spectra are simulated with equivalent electrical circuits with parallel RCp 

and RQp elements.  

 

In Chapter 6, annealing effects on Ba0.75Sr0.25TiO3 thin film capacitors are described. 

 

In Chapter 7, heterostructures of BaTiO3/SrTiO3 and BaTiO3/ Ba0.75Sr0.25TiO3 thin film 

capacitors are described. These heterostructures have been deposited by changing the individual layer 

thickness. Their dielectric properties have been analyzed by means of impedance spectroscopy. 

 

In Chapter 8, Summary is presented. 
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2. Structural and optical properties of BaTiO3 thin films prepared 

by radio-frequency magnetron sputtering at various substrate 

temperatures1 
 
 

 

 

 

 

 

 

Abstract 

 

Thin films of BaTiO3 were prepared by radio-frequency magnetron sputtering at substrate 

temperatures from 450 to 750°C and analyzed by x-ray diffraction, optical transmittance and 

Raman spectroscopy. The packing density of the films relative to the crystalline density increases 

from 0.75 at 450°C to about 1 at 750°C. At a substrate temperature of 450°C, the film is 

nanocrystalline (5 to 20 nm) with big lattice expansion, large band gap and pronounced 

hexagonal Raman lines. This film is homogeneous in the thickness direction. Films prepared at 

higher temperatures exhibit perovskite peaks in the Raman spectrum and an optical band gap of 

3.38 eV. At 600 °C, the film exhibits a pronounced two-phase growth with a porous nucleation 

layer of initial packing density of 0.78, a preferred (100)-orientation of the grains and minimum 

micro-strain. At 750°C, the films are again homogeneous in the thickness direction, have nearly 

crystalline packing density and preferably (110)-oriented grains.  

 

 

 

 

 

 

                                                 
1 This chapter was published in  J. Phys. D: Appl. Phys. 39 1161 by Y. K. Vayunandana Reddy, D. Mergel,  
S. Reuter, V. Buck and M. Sulkowski. 
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2.1 Introduction: 

 

Large dielectric constant materials with perovskite structure have attracted great interest 

for potential applications in non-volatile, high speed ferroelectric random access memories 

(FeRAM) and dynamic random access memories (DRAM) [1,2], in microwave devices 

especially like high speed microelectronics,  radar, communication systems [3], humidity-

sensitive sensors [4], and electro-optical devices [5], because of their high dielectric constant, 

low leakage current density, and high dielectric breakdown strength. Such high dielectric 

constant ferroelectric thin films are SrBi2Ta2O9 (SBT), PbTiO3 (PTO), PbxZr1-xTO3 (PZT), and 

BaTiO3 (Barium titanate, BTO), these materials are extensively studied for above mentioned 

applications. Among these materials, BTO thin films are one of the most promising candidates. 

 

BTO thin films have been deposited by several methods like metal-organic chemical 

vapor deposition (MOCVD) [6], sol-gel method [7,8], chemical solution deposition [9] and 

radio-frequency (rf) sputtering [10]. Among the various methods, sputtering is an excellent 

method to produce thin films on various substrates with good stoichiometry that can easily be 

upscaled for industrial applications. 

 

Properties of thin films are dependent on various deposition parameters like deposition 

technique, substrate temperature, total pressure and composition of the operating gas. The 

substrate temperature plays a pivotal role in BTO thin film properties like orientation, 

crystallinity and surface morphology [11]. 

 

The function of BTO thin films in opto-electronic devices depends on structural and 

optical properties like grain size, lattice distortion, micro-strain, band gap, refractive index and 

absorption. It is important to study how these properties depend on deposition parameters. 

Several studies suggest that a strong correlation between the optical properties and the crystalline 

structure of the perovskite thin films exists. The band gap is the best example: with increasing 

crystallinity of the films the band gap decreases [12]. 

 

In this paper, we investigate BTO thin films prepared by radio frequency (rf) magnetron 

sputtering at various substrate temperatures and study their structural and optical properties, and 
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their surface morphology. There are some papers where a giant dielectric constant in oxygen-

deficient hexagonal BTO single crystals are reported [33,34]. Therefore, we prepared oxygen-

deficient BTO thin films in order to study their structural and optical properties relevant for 

optoelectronic applications [5]. The samples were prepared at substrate temperatures from 450°C 

to 750°C covering the range reported in the literature [10, 35]. We have used quartz substrates 

because they withstand the high deposition temperatures and allow optical transmittance 

spectroscopy in a wide spectral range. 

 

2.2  Experimental details 

 

Thin films of BTO were deposited on quartz substrates in a von Ardenne Laboratory 

System LS 500 S by radio-frequency (rf) magnetron sputtering with a stoichiometric BTO target 

with a purity of 99.99% with 150 mm diameter (FMR Anlagenbau GmbH). The substrate-to-

target distance was 5 cm. Circular quartz substrates with a diameter of 25 mm were used. They 

are homogeneously coated as has been checked with thickness profilometry. 

 

We used 500W rf power and 15 sccm argon flux and kept the Ar sputter chamber 

pressure constant at 6.5x10-3 mbar for all experiments. The substrates were ultrasonically cleaned 

for 15 minutes and then cleaned with acetone and diethyl ether prior to BTO film deposition. The 

substrate temperature was varied from 450 to 750°C in order to investigate the influence of 

processing temperature on various film properties. The thickness of the films is about 950 ± 50 

nm, except for those deposited at 750°C where it is about 670 nm. 

 

 The geometrical thickness was determined at a film edge by the stylus method with a 

Tencor P10 profilometer. In order to produce the edge, a line was marked on a substrate with a 

felt pen before coating and removed after coating together with the material deposited on top of 

it. The mass of the films was estimated by weighing the substrates before and after deposition 

with a comparator balance (Sartorious C50) with a nominal resolution of 1 µg. 

 In order to investigate the structural properties, we have used a Siemens D5000 θ – 2θ 

X-ray diffractometer using Cu Kα radiation at 1.5046 Å. The surface morphology was examined 

by atomic force microscopy in contact mode (Auto-Probe CP Research). Optical transmission 
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spectra measurements were carried out in the wavelength range of 200 to 2000 nm by using a 

Perkin – Elmer Lambda-9 spectrometer. To evaluate the optical properties from transmittance 

spectra, we used the SCOUT 2 commercial software to fit transmittance spectra derived from 

physical model to the experimental data (dielectric modeling) for dielectric simulation [13]. This 

program was already used in our group for the dielectric modeling of transmittance and 

reflectance spectra of In2O3:Sn, SiO2, HfO2 and ZrO2 thin films [14,15]. The film thickness d 

was also determined by fitting the spectra. 

 

Micro-Raman measurements were performed at room temperature with a Jobin Yvon’s 

LabSpec spectrometer with a magnification of 100 and a resolution of 2 cm-1, using the 514.5 nm 

line of an argon ion laser as the excitation source with a laser output power of 45 mW. 

 

A cross sectional micrograph was obtained by scanning electron microscopy (SEM) with 

a FEI Quanta 400 FEG. Rutherford Backscattering (RBS) was performed with 2 MeV He-ions, 

in order to obtain the chemical composition. 

 

The error in weighing is about 5%, that in measuring the film thickness about 3.5%. The 

position of an XRD peak can be determined with an uncertainty of about ±0.05° to 0.1°. The 

uncertainty of the width of an XRD peak (full width at half maximum) is about ±0.01° to 0.04° 

depending on the shape of the peak. 

 

2. 3. Results and discussion 

 

2.3.1 Deposition rate, packing density and composition 

 

Fig. 2.1 shows that the mass density of the BTO thin films increases with increasing 

substrate temperature. At lower substrate temperature (450°C), the packing density is about 0.75 

and at 750°C it reached the crystalline density (5.85 g/cm3). It shows very clearly that at higher 

substrate temperatures the films are uniform and compact. The deposition rate does not depend 

much on the temperature: at 450°C it was 0.21± .01nm/s and at higher substrate temperatures it 

was 0.28 ± .01nm/s. 
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Fig. 2.1 Density and deposition rate of BTO thin films deposited at various temperatures. The deposition 
rate was calculated from the measured mass per area and the crystalline density of BaTiO3 (5.85 g/cm³, 

dashed line). 
 

In order to determine the composition of the films, Rutherford Backscattering (RBS) was 

performed with 2 MeV He-ions. The resulting spectra were fitted with a simulation program by 

varying the parameters manually. The composition of three representative samples was found to 

be: Ba0.98Ti1.01O2.8, Ba0.94Ti1.03O2.80, and Ba0.95Ti1.02O2.95 for a sample prepared at 450°C, 600°C, 

and 750°C, respectively. The errors in the coefficients are ± 0.02 for Ba,  ± 0.05 for Ti and O. 

They were determined by varying the parameters in the simulation until a deviation of the 

simulated from the measured spectra became visible. The size of the coefficients was chosen 

such that O3 is expected for a mixture of BaO and TiO2. We see that our films seem to contain 

more Ti than Ba ([Ti]/[Ba] = 1.05(5)) and are O-deficient (about 2% for 750°C and about 7% for 

600°C and 450°C). 
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2.3.2 Structural properties from XRD 

 

From x-ray diffractometry we would like to identify the crystalline phases (cubic or 

hexagonal) in the thin films and to estimate the texture of crystalline orientations, i. e. the 

preferred orientation of the grains. 

Fig. 2.2 Fig.2.3 

Fig. 2.2 XRD spectra of the BTO thin film 
deposited at 450°C. The intensity has been 
normalized in order to account for the finite 
thickness of the thin film [16]. The vertical 
dotted lines represent the position of the reflexes 
of the cubic structure. The PDF intensities of the 
cubic and the hexagonal phase are indicated by 
the diamond and the cross symbols, respectively. 
The vertical bold lines represent the position of 
some hexagonal reflexes that are clearly distinct 
from the cubic ones. 

 
 
Fig. 2.3 Normalized XRD spectra of the BTO 
thin film deposited at various temperatures. The 
reflexes of the cubic phase are marked with 
vertical dotted lines. The powder diffractogram 
of the hexagonal powder is represented by the 
bold vertical lines close to the x-axis. From 
bottom to top: 450°C, 600°C, and 750°C, 
respectively. 

 

Fig. 2.2 shows the x-ray diffractogram of a sample deposited at 450°C together with the 

cubic and hexagonal peaks obtained with crystalline powders (PDF 31-174 and 34-129 for the 

cubic and hexagonal phase, respectively). The ordinate values of the PDF data correspond to the 

reported PDF intensities. In order to compare the experimental data with the PDF intensities we 

have to correct for the final thickness of our films. This was done in the way described in Ref. 

[16]. 

Most of the peak positions of the cubic and the hexagonal phases are practically 

indistinguishable. There are only five hexagonal peaks that are isolated from the cubic peaks. We 

have then plotted them in Fig. 2 with bold vertical lines. We see that there is a considerable 
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measured intensity at the positions of four of these lines indicating the presence of the hexagonal 

phase. The strong peaks at 2θ =21.3 and 2θ =30.24 are shifted with respect to the crystalline 

positions of c-(100) or h-(102) and c-(110) or h-(104) to smaller angles indicating bigger lattice 

constants. We shall see later that the Raman spectra of the sample prepared at 450°C is distinct 

from the spectra of the other samples. 

 

In order to estimate the texture of crystalline orientations, the measured x-ray intensities 

have been normalized with the powder diffraction intensities in the way described in Ref. [16] in 

detail. Essentially, the measured peak intensities are divided by the corresponding PDF 

intensities. For the curves in Fig. 2.3 we used the BTO cubic powder diffraction data (JCPDS-

ICDD 31-174).  For a random texture, i.e. when all grain orientations are equally probable, all 

peaks should have the same height after this normalization.  

 

Fig. 2.3 shows XRD patterns of the BTO thin films deposited on quartz at various 

substrate temperatures after peak height normalization. It is evident that in our films there is no 

random orientation of the grains.  

 

At a substrate temperature of 600 °C, the film shows polycrystalline nature with 

predominant (100) orientation together with its second-order (200). At substrate temperature 

750°C, the predominant peak is (110) together with its second-order (220) and the remaining 

peaks exhibit only a very low intensity. The diffractograms at 650 and 700°C look similar to 

those at 600°C and 750°C, respectively. Finally we can say that with increasing the substrate 

temperature above 650°C, the films became more dense and crystallized with (110) as the most 

pronounced grain orientation. 

 

The second order reflexes (200) and (220) exhibit the same intensity as the first orders, 

(100) and (110), respectively. This shows that the normalization with the powder intensities of 

the cubic crystals is reasonable. 

 

 These diffractograms reveal that (110) is the dominant orientation of grains in films 

prepared at higher substrate temperatures. The peak intensity (110) increases with increasing 
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substrate temperature up to 750°C. These results are in good agreement with those reported in 

the literature: Sharma et al. (films prepared by sol-gel method) [7], Hu et al. (films prepared by 

modified sol-gel method) [8] and Ring et al. (PVD) [17], Zhang et al. (hydrothermal technique) 

[18] and Wang et al. (rf magnetron sputtering) [19] also observe that. 

 

The deposition temperature plays a pivotal role in determining the structural properties of 

the films. As observed by Jia et al. [10], BTO films are amorphous in nature at substrate 

temperatures below 450°C. The diffractogram of our sample prepared at 450°C shows strongly 

shifted peaks, close to cubic (100) and (110). Between 2θ = 50° to 70°, the maxima are closer to 

hexagonal peaks. However, in the region of 2θ = 27° no hexagonal peak is observed. The grain 

diameter for our film is about 5 to 20 nm, as inferred from AFM pictures as will be seen below.  

 

We therefore draw the preliminary conclusion that our film prepared at 450°C consists of 

nano-crystals. This is well consistent with the literature. Thin films prepared at 500°C by rf 

magnetron sputtering are composed of granular crystallites of about 45 nm size for a film 

thickness of 450 nm observed by His et al. [32] and of about 30 nm size for a film thickness of 

45 nm observed by Wang et al. [31]. For samples prepared at higher temperatures, the position of 

the (110) peak shifts to higher 2θ values indicating a smaller lattice constant. 

 

The lattice distortion as a function of substrate temperature is shown in Fig. 2.4.   

It is calculated as: 

hkl

hkl

d

dd −
=δ                                                     (2.1) 

where d is the lattice spacing calculated from the measured 2θ  value of the XRD peak and dhkl is 

the ideal lattice spacing of the single crystal. This parameter is sometimes called “uniform 

strain”. For our samples, always a lattice expansion is observed. 

 

At lower substrate temperature (450°C), the films have bigger lattice distortion for both 

(100) and (110) oriented grains, and with increasing substrate temperature, the calculated lattice 

distortion is very low compared with that at lower temperatures. It is a good indication that the 
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films are well orientated with predominant orientation of (100) and (110) for lower and higher 

substrate temperatures, respectively. 

 

A shift of the (111)-reflex with respect to an ideal lattice was observed for nano-

crystalline BTO powder [20]. With decreasing crystallite size the 2θ  values of the (111) – peak 

were shifted towards smaller values. However, for a crystallite size of 15 nm, the lattice 

distortion was only 0.0074, a factor of five smaller than for our film prepared at 450°C. 

 

 

 

 

 

 

 

 

Fig. 2.4 Lattice distortion of 
BTO thin films deposited at 
various temperatures.  
Calculated from Eq. (1). 
 

Fig. 2.5 Plot of ∆(2θ) (full 
width at half maximum) for 
some reflexes with first and 
second order peaks vs. sinθ . 
 

Fig. 2.6 Micro-strain 
(statistical strain) of the BTO 
thin films evaluated 
according to Eq. (3). 

                 The width of the peaks is more difficult to interpret because in polycrystalline 

materials there are two sources of angular line broadening ∆2θ: finite crystallite size and non-

uniform strain [21]. The corresponding formulas for the evaluation are: 

 

(1) Finite crystallite size C, described by the Scherrer formula: 

 

θ

λ
θ

cos
)2(

⋅

⋅
=∆

C

K x
                       (2.2) 

 

Where K is the Scherrer constant (K=0.9 for spherical particles), λx is the x-ray wavelength.  

 

(2) Local variations of the lattice spacing (average non-uniform strain) εvar = ∆ dvar/do 

described by: 
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                           θεθ tan2)2( var=∆                   (2.3)     

 
    
  In thin films, the two effects generally superimpose. To determine C and εvar from the 

line width when high order reflexes are present, an easy method was developed by Vook et al. 

[22]. The observed broadening was treated as a sum of Eqs. (2.2) and (2.3). In order to 

distinguish between the two mechanisms, ∆(2θ) has to be plotted as a function of sinθ for several 

reflections of the same crystallite orientation. A straight line is fitted to the data. C is then 

obtained from the intercept at sinθ = 0 and εvar from the slope. Fig. 2.5 shows that the main effect 

on the width is due to the micro-strain. The intercept is nearly zero. This situation is similar to 

that found for thin films of In2O3:Sn prepared by dc-magnetron sputtering [23]. We therefore 

evaluate the width of the XRD peaks by means of Eq. (2.3) to get the micro-strain εvar.  

 

The “microstrain” or “average non-uniform strain” or “statistical strain” (all these terms 

are used in the literature) is isotropic. Its origin is defects, e.g. point defects or dislocations that 

cause a statistical variation of the lattice constant and therefore limit the coherence length of the 

lattice for the x-rays. 

 

The micro-strain is shown in Fig. 2.6 as a function of the deposition temperature of the 

films. When prepared at lower substrate temperatures, the films exhibit a high statistical (non-

uniform) strain indicating a higher defect density. This may be due to lower mobility of the 

adatoms on the growing film. At about 600°C, the micro-strain is minimum. 

 

2.3.3 Optical properties from the transmittance 

 

Fig. 2.7 depicts the measured optical transmittance spectrum of a BTO thin film 

deposited at 600°C substrate temperature, together with two other curves representing the results 

of fits based on dielectric modeling with two different layer stacks. The films were highly 

transparent in the visible region with about 85% transmittance. The ondulated shape is the result 

of interference between light reflected at the air-film and film-substrate interfaces. With 

increasing optical film thickness (= nd) , more interference fringes occur.  
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Fig. 2.7 Transmittance and simulated spectra of 
BTO thin films deposited at 600°C with 
different simulation parameters (Simulated-3L-
M and Simulated-3L-M-rough, represented as, 
simulated with 3 layer modell and with rough 
interface, respectively.). 

 
Fig. 2.8 Band gap (Eg) and pore volume (Vpor) as 
calculated from the optical simulation. 

 

 

Optical spectra were calculated and fitted to the experimental ones by using the SCOUT 

2 simulation software [13]. The dielectric function used two types of electronic excitations: band 

gap transitions and inter-band transitions. The inter-band transitions were modeled by a 

harmonic oscillator. For the band gap transitions, the formula of O’Leary, Johnson, and Lim 

(OJL) was used that was proposed to model the band gap of amorphous silicon [24]. With this 

procedure, optical parameters like band gap Eg (defining the gap between the valence band and 

the conduction band), γ (reflecting the width of the exponential decay of the density of states in 

the band gap), and the frequency of the harmonic oscillator representing the inter-band 

transitions were obtained. 

 

In our simulations, we used two different layer stacks. The first model comprises only a 

single homogeneous layer, the second model comprises several layers: a porous layer on the 

substrate and a compact top layer. Sometimes a second porous layer was introduced to model a 

porosity gradient. The porosity was taken account of by using the Bruggeman model [25] for an 

effective dielectric medium. The material parameters were supposed to be the same in all layers, 

only the volume fraction of the material in the porous layers was varied in order to get a good fit 

to the spectra for different films deposited at various substrate temperatures.  
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For the film deposited at a substrate temperature of 450°C, a single porous layer could 

describe the experimental spectrum quite well. The volume fraction of this film came out to be 

90%. The packing density obtained from the mass measurement and the film thickness is about 

0.75 (see Fig. 2.1), less than the volume fraction of 0.9 obtained from the optical fitting. This 

means that the intrinsic density of the nanocrystalline material (without pores) is only about 

0.75/0.9 = 0.83 of the crystalline density. This may be due to the high density of grain 

boundaries in the nanocrystalline material. 

 

The transmittance spectrum of the film deposited at 600°C substrate temperature did not 

reach the transmittance of the uncoated substrate (Fig. 2.7), contrary to what is expected for a 

homogeneous non-absorbing film. A three-layer model was necessary to get a good fit to the 

experimental spectrum. The dotted and the full lines in Fig. 2.7 represent the simulations without 

and with a rough interface top of the two porous layers, respectively.  

 

For models including several layers, there is the danger that too many fitting parameters 

are involved in the simulation and the results cannot be interpreted physically. In order to avoid 

this trap, we have minimized the number of parameters. We assume that there is only one 

material characterized by band gap (OJL-model [24]) and interband transitions (represented by 

one harmonic oscillator). The various layers are distinguished by different filling fractions, fV, of 

the material, taken into account by the Bruggeman effective medium model. Furthermore, a 

rough interface was assumed. 

 

A good fit to the transmittance of the sample prepared at 600°C was obtained by a 

structural model with a roughness that scatters about 1% to 2% of the light and three layers with 

different thickness d and filling fraction fV: a compact top layer (d = 890 to 940 nm,  fV = 1) a 

porous intermediate layer (d = 35 to 50 nm,  fV = 0.9 to 0.92) and a porous bottom layer (d = 145 

to 155 nm,  fV = 0.75 to 0.8). The variation in the parameters was obtained by fixing one of the 

parameters and automatically adjusting the other parameters until a visible deviation of the 

simulated curve from the experimental data was obtained. The total thickness of the film for all 

these parameter variations varies only little: dfilm = 1.09 to 1.11 µm. 
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For the film deposited at a substrate temperature of 450°C, a single porous layer could 

describe the experimental spectrum quite well. The volume fraction of this film came out to be 

77% to 90%. The packing density obtained from the mass measurement and the film thickness is 

about 0.75(5) (see figure 1), less than the volume fraction obtained from the optical fitting. Due 

to the large uncertainty in the data precise conclusions cannot be drawn. A possible smaller 

intrinsic density of nano-crystalline material could be due to the high density of grain 

boundaries. 

 

Fig. 2.8 represents the band gap and the pore volume (vol %) as obtained from the optical 

simulations. We see that the band gap and the pore volume follow the same trend: they decrease 

with increasing temperature.  

 

It is shown in Fig. 2.8 together with the band gap Eg for the samples prepared at different 

temperatures. The film prepared at 450°C is nanocrystalline, homogeneous, and exhibits a 

relatively large band gap. The refractive index (n) at 633 nm is 1.91(1).  It is seen that at 600°C a 

change in growth takes place. From 600°C on, the samples are crystalline with a band gap of 

about 3.4 eV and a refractive index of 2.19(1). At 600°C, dpore exhibits a clear maximum.  

 

The choice of the structural model is justified by inspection of Fig. 2.7. It is clearly seen 

that a model with one homogeneous layer does not fit to the data. Two features of the 

experimental data are responsible for that: the experimental transmittance does not reach the 

transmittance of the uncoated substrate and the amplitude of the modulation of T varies 

periodically with a visible minimum at about 1300 nm. These effects are due to interference at 

internal interfaces that are evidently well modelled by the three-layer model presented above. 

 

In summary: the film deposited at 600°C exhibits a pronounced two-phase growth with a 

porous nucleation layer of initial packing density 0.78 and a total thickness of 200 nm. As can be 

seen in Fig. 2.3, this film exhibits preferred (100)-orientation of the grains. This two-phase 

structure may be the reason for the minimum micro-strain (statistical, non-uniform strain) 

observed in Fig. 2.6. 
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The films deposited at substrate temperatures above 600°C could be modelled with two 

layers only, a porous bottom layer and a compact layer. The bottom layer became less porous 

and thinner with increasing temperature. For the film prepared at 750°C, the thickness of the 

under-layer and the filling fraction (fV) are 120 nm and 0.95, respectively. 

 

Fig. 2.8 clearly shows that the band gap is decreasing with increasing deposition 

temperature. At lower temperature it is 3.96 eV and at higher temperature it is 3.36 eV. The same 

trend was also observed by Kamalasanan et al. [12].  

 

The refractive index n and the extinction coefficient k (inset) for three samples deposited 

at 450°C, 600°C, and 750°C, respectively, are shown in Fig. 2.9 as a function of the wavelength. 

The refractive index n at 633 nm as calculated from the simulation is 1.92 and 2.47 for the films 

prepared at 450 and 750°C substrate temperatures, respectively. These values tell that with 

increasing crystallinity the refractive index n increases. A similar trend was also observed by Jia 

et al. [10] and Kamalasanan et al. [12]. It is clear that the optical parameters are directly 

correlated with the structural properties. 

 Fig. 2.9                                                                     Fig. 2.10 

 

Fig. 2.9  Refractive index n and extinction 
coefficient k (inset) as a function of wavelength 
for three samples deposited at 450°C, 600°C, 
and 750°C, respectively. 
 

Fig. 2.10 Cross sectional SEM of the film 
deposited at 600°C (arrow marks indicates the 
growth change and the white line indicates 
crystal growth). 

 
 

We have made a SEM picture (Fig. 2.10) of the cross section of the film represented in 

Fig. 2.7. The edge was obtained by breaking the sample. A change in film growth is observed at 
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about 200 to 250 nm. This has to be compared with the thickness of the porous layers of about 

200 nm obtained in the simulation. 

 

2.3.4 Raman spectroscopy 

 

Room temperature micro-Raman spectra of the BTO thin films deposited at various 

substrate temperatures are shown in Fig. 2.11. The film deposited at 450°C produces a 

pronounced hexagonal signal and the films deposited above 450°C show perovskite signals. 

BTO is a typical ferroelectric material that has cubic structure above the Curie temperature (TC > 

120°C) and belongs to the Pm3 m space group and below this (TC < 120°C) it is tetragonal with P4 

m m symmetry which again transforms into orthorhombic and rhombohedral structures at 5°C and 

at -90°C, respectively. In the cubic (paraelectric) phase there are four triply degenerate optical 

modes of vibrations (3F1u+1F2u). The F1u mode is IR active and the F2u mode is the so-called 

“silent mode” since it is neither infrared nor Raman active. In the tetragonal (ferroelectric) phase, 

three A1+E phonons arise from the three F1u modes, whereas one E+B1 mode comes from the F2u 

silent mode. All the A1 and E modes are IR and Raman active, but B1 is only Raman active. 

These modes further split into longitudinal (LO) and transverse (TO) components due to the long 

range electrostatic forces associated with lattice ionicity [26]. Again each A1 or E mode splits 

into a pair of modes, A1 into A1(TO)+A1(LO) and E into E(TO)+E(LO).  
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Fig. 2.11 Raman spectra of the BTO thin films prepared at different temperatures. Broken vertical and 
chain lines represent the Raman lines of the perovskite [30] and the hexagonal [27] phase, respectively. 

 

For our BTO films deposited at 450°C, there is a strong signal at 800 cm-1. It appears 

only for the low temperature film and it is highly probable that this signal appears because the 

film is amorphous or nano-crystalline. Such a signal was also observed for thin films with 

hexagonal crystal structure [27]. At higher substrate temperatures, all Raman spectra are similar 

and due to a perovskite crystal structure. A broad A1(TO2) mode at 273 cm-1 is observed. The 

E(TO2) mode, which has been associated with the tetragonal-to-cubic phase transition [28], is 

observed at 305 cm-1. The third asymmetric A1(TO3) mode is observed at 520 cm-1.  The mixture 

of A1(LO3) and E(LO3) mode [29] is observed at 720 cm-1. 
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2.3.5 Surface morphology  

 

 

Fig. 2.12 AFM images of the BTO thin films deposited at (a) 450°C, (b) 600 and (c) 750°C. 

 

The effect of the substrate temperature on the surface morphology of the BTO thin films 

was examined by atomic force microscopy. Fig. 2.12 shows the results for the films deposited at 

450, 600 and 750°C, respectively. The surface roughness (rms) of these thin films is 1.16, 2.4, 

and 3.27 nm, respectively. The increase in surface roughness results essentially from grain 

formation. For the 450°C film, the image shows that there are very small grains with a diameter 

of about 20 nm. The film prepared at 600°C predominantly consists of platform grains with a 

diameter of up to 70 nm. The 750°C film with the thickness of 670 nm mainly consists of 

rectangular and polyhedral grains with a diameter of 90 to 115 nm. This result indicates that the 

growth of larger grains with increasing temperature leads to an increase in the surface roughness. 

 

2.4 Conclusions 

 

We investigated the structural and optical properties of BTO thin films grown on quartz 

substrates by radio-frequency magnetron sputtering. The BTO thin film grown at a low 

temperature of 450°C has a surface morphology with a lateral grain size of less than 20 nm. This 

could be an indication of a nano-crystalline microstructure. 

 

This film has a packing density of 0.75 with respect to the crystalline density, large lattice 

distortion, large band gap (3.96 eV), and pronounced hexagonal Raman lines. It is homogeneous 

in the thickness direction. On the other hand, the film grown at 600°C is not homogeneous in the 
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thickness direction. It starts growth with a porous layer of initial packing density 0.78 and total 

thickness of 200 nm. The remaining film (800 nm) has crystalline density. This film shows a 

preferred (100)-orientation of the grains and minimum micro-strain.  

 

The film grown at 750°C is again homogeneous in the thickness direction, has a total 

packing density of 0.95 and a preferred (110)-orientation of the grains. The grain size and the 

surface roughness as observed with AFM increase with increasing substrate temperature. With 

increasing crystallinity of the films, the band gap decreases and the refractive index increases. 

This is a clear indication of a correlation between optical and structural properties.  

 

This study demonstrated that at 600°C a change in film growth with resulting structural 

and optical film properties happens and the films become inhomogeneous in the thickness 

direction. For use as optical layer or as dielectric layer in capacitors we suggest to use lower 

(450°C) or higher (>700°C) substrate temperatures for preparation. 
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3. Structural and electrical properties of RuO2 thin films  

prepared by rf-magnetron sputtering and annealing  

at different temperatures 

 

 

 

 

 

 

Abstract 

 

Highly conductive ruthenium oxide (RuO2) thin films have been deposited at different substrate 

temperatures on various substrates by radio-frequency (rf) magnetron sputtering and were later 

annealed at different temperatures. The thickness of the films ranges from 50 to 700 nm. Films 

deposited at higher temperatures show larger grain size (about 140 nm) with (200) preferred 

orientation. Films deposited at lower substrate temperature have smaller grains (about 55 nm) 

with (110) preferred orientation. The electrical resistivity decreases slightly with increasing film 

thickness but is more influenced by the deposition and annealing temperature. Maximum 

resistivity is 861µΩcm, observed for films deposited at room temperature on glass substrates. 

Minimum resistivity is 40 µΩcm observed for a thin film (50 nm) deposited at 540°C on a quartz 

substrate. Micro-Raman investigations indicate that strain-free well-crystallized thin films are 

deposited on oxidized Si substrates.   
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3.1 Introduction 

 

 Until recently, Pt has been the most commonly used electrode for ferroelectric thin film 

capacitors due to its low resistivity and expected high chemical stability [1]. However, during 

annealing in oxygen ambient above 500°C, the degree of oxidation and inter-diffusion 

remarkably increased, resulting in the degradation of the electrical properties of ferroelectric 

materials [2]. Also, the sputtered Pt electrode is known to have the disadvantage of hillock 

formation which can electrically short-circuit the capacitor. Therefore, an alternative electrode 

material is desirable. Ruthenium dioxide (RuO2) is one of the potential candidates. 

 

RuO2 is a stable conductive and semi-transparent oxide. It belongs to the family of 

transition-metal oxide compounds with tetragonal rutile structure with the crystalline density of 

7.026 g/cm³ [3], has a large work function (~5 eV) [4], high thermal and chemical stability [5,6] 

and high diffusion barrier capability [7]. This combination of properties makes RuO2 a promising 

candidate for many applications, such as electrodes for high-k materials in dynamic random 

access memories (DRAM) [8] and non-volatile random access memories (NVRAM) [9], 

interconnects, contacts [10,11], and as diffusion barrier in very large scale integrated (VLSI) 

metallization systems [12]. The metallic conductivity arises from the partially filled Ru 4d states 

[13]. Its bulk resistivity is about 40 µΩcm [14]. 

 

 An important property of an electrode for ferroelectric films is its influence on the fatigue 

behavior of the ferroelectric films. The use of RuO2 as an electrode reduces the lattice mismatch 

and the work function difference at the electrode-ferroelectric film interface. Therefore, the 

defect entrapment and the loss of polarization are reduced, and consequently the fatigue behavior 

is improved [9]. With RuO2 electrodes neither chemical reactions nor inter-diffusion phenomena 

take place at the electrode/ferroelectric or electrode/substrate interfaces [15]. 

 

 RuO2 thin films can be synthesized by several techniques such as pulsed laser deposition 

(PLD) [16], chemical vapor deposition (CVD) [17], metal-organic chemical vapor deposition 
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(MOCVD) [18], and rf sputtering [19]. Among these techniques, radio-frequency (rf) sputtering 

is the most commonly used technique.  

 

 In this present work we report the deposition of RuO2 thin films on glass, quartz, Si and 

Si/SiO2 substrates by radio frequency (rf) magnetron sputtering. The surface morphological, 

structural and electrical characterization of the films was done by atomic force microscopy 

(AFM), x-ray diffraction (XRD), micro-Raman spectroscopy and four-point probe resistance 

measurements. The main interest of this study is to understand the effect of film thickness and 

temperature of preparation on the RuO2 thin film properties. 

  

 

3.2 Experimental 

 

 RuO2 thin films were deposited by rf magnetron sputtering in a Von Ardenne LS 500 S 

vacuum chamber with a PPS-90 cathode. A sintered and stoichiometric RuO2 target (purity 

99.99%, 90 mm diam.) was sputtered with an rf power of 100 W in an Ar plasma at a pressure of 

1.2x10-2 mbar. The sputter chamber was initially pumped down to 3.5x10-6 mbar. The substrate 

temperatures ranged from room temperature (R.T) to 700°C. Samples prepared at R.T. were 

annealed in air at temperatures from 200 to 400°C. The substrates used in this experiments are 

glass, quartz, and p-type Si(100) wafer substrates of different sizes with and without oxidized 

surfaces. They were cleaned in an ultrasonic bath and later with diethyl ether. The thickness of 

the films ranges from about 50 to 700 nm. 

 

The thickness of the RuO2 thin films was determined with a profilometer (Tencor Alpha-

Step 500); the structure was determined with a Philips 1710 x-ray diffractometer with CoLα 

(1.7902Å) radiation; the surface morphology was examined by atomic force microscopy (AFM) 

in contact mode (Auto-Probe CP Research); the resistivity was determined with a four-point 

probe. Micro-Raman measurements were performed at room temperature with a Jobin Yvon’s 

LabSpec spectrometer with a magnification of 100 and a resolution of 2 cm-1, using the 514.5 nm 

line of an argon ion laser as the excitation source with a laser output power of 45 mW. 
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3.3 Results and discussion 

 

3.3.1 Structural and morphological characterization 

 

Figs. 3.1a to d show x-ray diffractograms of our samples. The position of the reflexes of 

the tetragonal rutile structure with the lattice parameters of a = 4.50 Å and c = 3.05 Å obtained 

from the powder diffraction file (PDF 40-1290) is indicated by vertical dashed lines. All 

observed peaks of the RuO2 films are close to these positions. 

 

 (a)       (b) 

   (c)            (d) 

 
Figs. 3.1a to d show x-ray diffractograms of RuO2 thin films: (a) Films (~ 100 nm) deposited on glass 
substrates at R.T. and annealed at different temperatures, (b) Films (~70 nm) deposited on quartz 
substrates at different temperatures, (c) Films (~50 nm) deposited on different substrates at 540°C 
substrate temperature, (d) Films deposited at R.T on Si substrates later annealed at various temperatures. 

 

Fig. 3.1(a) shows the x-ray diffractograms of RuO2 thin films deposited on glass 

substrates at R.T with the same thickness of about 100 nm and post-annealed at different 
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temperatures. The as-deposited film is amorphous and the annealed films are showing a small 

increase in crystallinity. With increasing the annealing temperature, the (110) and (211) peak 

appear.    

 

Fig. 3.1(b) represents the films deposited on quartz at different substrate temperatures 

with the same thickness of about 70 nm. The broad maximum around 25° is due to the quartz 

substrate.  At low temperature (300°C) only the (110) peak appear. With increasing the substrate 

temperature, the (200) peak intensity increases. At 700°C the (110) peak disappears and only the 

(200) peak exists. This result is consistent with the result of Lim et al [20], where at high 

substrate temperatures the (200) peak is predominant and the (110) peak intensity becomes weak.  

 

  Fig. 3.1(c) represents films deposited on different substrates at the same temperature 

(540°C) and with the same thickness (about 50 nm). It clearly shows that the crystallinity of the 

films depends on the type of the substrate. The RuO2 film on the glass substrate is exhibits the 

smallest peaks. Films deposited on quartz and Si/SiO2 substrates are more crystallized. On the 

quartz substrate, the main peak is (110). On the Si/SiO2 substrate, the (110) peak becomes 

weaker and the (200) peak emerges. The strong peak at 84° is due to the Si substrate.  

 

The diffractograms of the RuO2 thin films with various thicknesses deposited on Si 

substrates at R.T and annealed at 400°C are shown in Fig. 3.1(d). 

 

Our results are consistent with previously published data [21]. In fact, Jia et al. [22] 

reported that the RuO2 thin films are (h00) oriented as long as the deposition temperature is 

maintained in the range of 400-700°C. They also observed that for a deposition temperature 

between 200-400°C the RuO2 thin films show polycrystalline nature with (200) and (110) 

preferred orientation.  
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 (a)  (b)  (c) 

 

Figs. 3.2a to c show the surface morphology of RuO2 thin films: (a) and (b) film (~70 nm) deposited on 
quartz substrate at 300 and 700°C substrate temperatures, respectively (c) film (~50 nm) deposited on 
Si/SiO2 substrate at 540 °C. 

 

 Figs. 3.2(a) and (b) show the surface morphology of the 70 nm thick RuO2 films 

deposited at different substrate temperatures onto quartz substrates. The film deposited at 700°C 

shows the largest grains (~140 nm) (Fig. 3.2(b)). The film deposited at 300°C shows smaller 

grains (~55 nm). Both films show similar surface roughness of about 7 nm. From the XRD 

results we know that at 300°C and 700°C the grains have (110) and (200) preferred orientation, 

respectively. Fig. 3.2(c) shows a 50 nm thick film deposited on a Si/SiO2 substrate. The film is 

very smooth (surface roughness 2.5 nm) and contains very small grains (~30 nm). 

 

 

 

 

 

 

 

Fig. 3.3 show the XRR curve with simulation (dashed line, in color (red)) of the R-4 sample 

 

 

 

 

Table 3.1 XRR parameters 
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RuO2 -4 Ann. 300°C 110 3 5.54 
RuO2-5 R.T 97 3 5.044 
RuO2-7 O2=5 sccm 82 6 5.59 

RuO2-13 Tsub= 700°C 69 5 6.76 
RuO2-19 Tsub=300°C 150 6 6.07 
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 X-ray reflectivity (XRR) measurements were carried out for five samples. An example is 

given in Fig. 3.3. The results are summarized in Table 3.1. The thicknesses obtained from these 

measurements are within 10% of the thickness determined with profilometry. The density of the 

films calculated from the XRR is always smaller than the crystalline density of 7.06 g/cm³. The 

smallest packing density (0.72) is observed for the film deposited at room temperature. 

Annealing at 300°C (film R-4) increases the packing density to 0.78. The biggest packing 

density (0.96) is obtained for the film deposited at 700°C. 

 

                                              

 

Fig. 3.4 Cross-sectional SEM of BaTiO3 capacitor with RuO2 electrodes 

 

Fig. 3.4 shows the cross section of a BaTiO3 capacitor with RuO2 electrodes. It clearly 

shows that the film consists of separate grains that are only loosely coupled; such grain growth 

was also observed by Maiwa et al. [23] on Si/SiO2 substrate. This is consistent with the low 

density observed in XRR. 

 

3.3.2 Electrical properties 

 

Electrical characterization was carried out by means of the four-point probe method at 

room temperature. The resistivities of the films are tabulated in Table 3.2. They are plotted as a 

function of temperature in Fig. 3.5.   

BaTiO3 

-------- 

RuO2 

------ 

 

Si 
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Fig. 3.5 Resistivity vs. temperature for different thickness films 

                               

 Sample Substrate T [°C] t [nm] ρ [µΩcm] 

Series I R-5 Glass R.T 105 861 
 R-1 Glass R.T 98 643 
 R-2 Glass Ann. 200 95 489 
 R-4 Glass Ann.300 110 499 
 R-3 Glass Ann.400 107 389 
      
Series II R-34 Quartz 540 53 38 
 R-35 Si/SiO2 540 57 54 
 R-36 Glass 540 55 77 
      
Series III R-18 Quartz 300 78 334 
 R-15 Quartz 500 65 61 
 R-12 Quartz 700 62 81 
      
Series IV R-37 Si Ann.200 122 928  (232 Ann.400°C) 
 R-38 Si Ann.300 132 209 (137 Ann.400°C) 
 R-39 Si Ann.400 220 180 
 R-41 Si Ann.400 366 152 
 R-40 Si Ann.400 695 170 
 

 

Table 3.2 Parameters of RuO2 thin films 

 

A high resistivity (861 µΩcm) is observed for the sample of Series I prepared at room 

temperature. With increase of the annealing temperature up to 400°C, the resistivity reaches the 

lower value of 390 µΩcm. Films deposited on various substrates (Series II) with the same 
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thickness show different resistivity values. They are lower for the films on the quartz substrate 

(38 µΩcm) than for films on glass substrates (77 µΩcm). For Series III samples, the resistivity 

decreases drastically from 334 to 80 µΩcm with increasing the substrate temperature from 300 to 

700°C. Series IV samples were deposited on Si at R.T with different thicknesses. The first two 

samples were annealed at 200 and 300°C, and later again annealed at 400°C.  They exhibit 230 

and 140 µΩcm, respectively. The other samples were annealed at 400°C exhibiting about 170 

µΩcm. 

 

Fig. 3.5 clearly shows that the resistivity depends mainly on the substrate or annealing 

temperature, the thickness effect is comparably small. The resistivity of the film with a packing 

density of 0.96 is about 80 µΩcm. The minimum resistivity of about 40 µΩcm, equal to the bulk 

resistivity [14], is observed for the samples deposited at 540°C on quartz. The experimental error 

of the resistance measurement is about 10%. That of the thickness determination is 10 to 15 %. 

 

These results agree well with others’ results [20,24,25,26]. Our results are well consisted 

with literature values [5,7,13], which were deposited or annealed 300°C and above. Lee et al. 

[27] also observed that, with increasing the temperature of annealing in oxygen from 300°C to 

700°C, the resistivity of RuO2 thin films deposited on Si/SiO2  decreases from 270 to 90 µΩcm. 

 

The decrease of the resistivity with increase of the substrate or annealing temperature is 

thought to be caused by the improvement of crystallinity and ultimately increase of the average 

grain size [28].  

 

3.3.3 Raman spectroscopy study 

 

Micro-Raman spectroscopy was used to extract microstructural information about the 

RuO2 thin films. Figures 3.6 (a), (b) and (c), show the Raman spectra of the RuO2 thin films 

together with the positions of the single crystal modes (dashed vertical lines) in the range of 450–

800 cm−1. Three Raman modes, identified as Eg, A1g, and, B2g are observed at ~528, 646 and 716 

cm-1, respectively.  The thin films on quartz and glass exhibit an about 20 cm−1 red-shift in peak 

position, a strong signal at ~510 cm-1 on Si/SiO2 is from substrate. Red-shifts in the Raman peak 
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positions for RuO2 thin films relative to those of single-crystalline RuO2 are well known, with a 

broadening of the peaks as the films become less ordered [29].  

 

    (a)  (b)   

                                 

                                        (c) 

Fig. 3.6a to c Raman spectra of RuO2 thin films:  (a) Films (~50 nm) deposited on different substrates at 
540°C substrate temperature (b) Films (~70 nm) deposited on quartz substrates at different temperatures, 
(c) Films (~ 100 nm) deposited on glass substrates at R.T. and annealed at different temperatures. 

 

It is clear that the Raman shift of the RuO2 film on the Si substrate is less. Liao et al. [30] 

also observed that the Raman shift for films on Si is less than for films on fused silica. The 

possible mechanisms for the changes in the Raman features may result from disorder effects 

induced by structural defects and grain boundaries or/and by strain [31]. This occurs in films 

grown on substrates with different lattice constants or different thermal expansion coefficients. 

However, the lattice parameter and volume thermal expansion coefficient of Si are comparable 

with RuO2.  
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3.4 Integration into capacitor structure: Issues to be considered 

 

We have tried to integrate RuO2 electrodes into capacitor structure. In this process, we 

noticed several issues, which will be useful to the future research in order to understand and 

overcome these problems. When, we deposited RuO2 single layer thin films from R.T up to 

700°C substrate temperatures, films shown very good adhesion and film properties. But, when 

the dielectric films deposited on the RuO2 layers there was peeling off the films from the 

substrate for several deposition conditions: when the RuO2 bottom electrode deposited at 540°C, 

and the dielectric films deposited at 450°C with no additional oxygen, there was no problem, 

films are perfect. But, when the dielectric film deposited with additional oxygen, then the films 

are peeled off from the substrate. When films deposited above this temperature with or without 

additional oxygen there was no problem. Maiwa et al. also observed such peeled off problems, 

when they deposited RuO2 films on MgO (100) substrate; it was because of poor adhesion on the 

substrate. We observed that medium temperature range (about 550°C) is sufficient to get low 

resistivity with good adhesion properties in order to integrate into capacitor structure. Such 

observations also revealed for other deposition techniques, such as PLD [Kaga et al.] and 

reactive sputtering [Jia et al.]. 

 

3.5 Conclusions 

 

  RuO2 thin films have been deposited at different substrate temperatures on various 

substrates by radio-frequency (rf) magnetron sputtering and were later annealed at different 

temperatures. Films deposited at higher temperatures show larger grain size (140 nm) with (200) 

preferred orientation. Those deposited at lower substrate temperatures show smaller grains (~55 

nm) with (110) preferred orientation.  

 

 The resistivity of the films is mainly determined by the deposition and annealing 

temperature. The effect of film thickness is smaller. The resistivity decreases only slightly with 

increasing film thickness.  Films deposited at room temperature on glass substrate show higher 

resistivity (861 µΩcm) than films annealed at higher temperatures (390 µΩcm, annealed at 

400°C). The minimum resistivity of a 50 nm thick film is about 40 µΩcm observed for the 
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samples deposited at 540°C on quartz substrates. The micro-Raman investigation indicates that 

the film deposited onto an oxidized Si substrate is nearly strain-free.   
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4. Impedance spectroscopy study of RuO2/SrTiO3  

thin film capacitors prepared by radio-frequency magnetron 

sputtering2 

 

 

 

Abstract 

 

Thin film capacitors of SrTiO3 with RuO2 top and bottom electrodes on Si substrates 

were prepared by radio-frequency magnetron sputtering at substrate temperatures 500 and 700 

°C and at various oxygen partial pressures. The thickness of the dielectric layer was varied 

between 200 and 900 nm.  The impedance spectra of these samples could be interpreted with an 

equivalent circuit comprising a resistance and two RC-parallel elements in series. The dielectric 

permittivity εr of the bulk grains, as extracted from the high-frequency semicircle in the Cole-

Cole plot, was in the range 300 to 600. High oxygen contents lead to high values of εr but also 

increase the grain boundary resistance. 

 

 

 

 

 

 

 

                                                 
2 Accepted in Mater. Sci. Eng. B  (doi:10.1016/j.mseb.2006.03.013 ) by Y.K. Vayunandana Reddy,   
D. Mergel and W. Osswald 
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4.1 Introduction  

 

Thin films of large dielectric constant, low dielectric loss, and exhibiting good high 

frequency characteristics such as strontium titanate, SrTiO3, are promising candidates for many 

applications ranging from capacitors in memory devices [1] to monolithic microwave integrated 

circuits [2]. The dielectric permittivity of SrTiO3 thin films is significantly smaller than that of 

the bulk form. Various explanations have been proposed for this effect including dead-layer 

effects, interfacial reactions, and film stress [3-5].  Several methods are used to deposit SrTiO3 

thin films: pulsed laser deposition [6], sol-gel technique [7], plasma enhanced metal-organic 

chemical vapor deposition (MOCVD) [8], radio frequency (rf) sputtering [9], electron cyclotron 

resonance (ECR) sputtering [10] and rf magnetron sputtering [11,12]. 

 

SrTiO3 is an incipient ferroelectric [13-15]. Bulk SrTiO3 has cubic symmetry between 

room temperature and ~105 K.  Below this temperature it undergoes a structural transition (but 

not a ferroelectric one) to a tetragonal phase. Above this phase transformation temperature, the 

dielectric permittivity follows a Curie-Weiss type law with a Curie-Weiss temperature of ~35 K 

[16]. Single crystals and polycrystalline ceramics of SrTiO3 exhibit dielectric constants of ~300 

and 250, respectively [17,18].  The dielectric properties and the Curie-Weiss behavior of 

perovskite films are strongly affected by film non-stoichiometry, film-electrode interfaces and 

film stress in the paraelectric phase [19,20]. 

 

The dielectric permittivity of ferroelectric thin films often shows pronounced thickness 

dependence. The origin of the thickness-dependent behavior is presently not well understood. It 

has been explained with low-permittivity layers at the electrode interfaces that are connected in 

series with the bulk of the film [21,22]. Several other mechanisms have been proposed [5,23]. 

They include incomplete screening of the polarization by the electrodes, interfacial 

contamination, and intrinsic dead layers because of their interfacial discontinuity. 

 

Platinum (Pt) has been used as an electrode material for a long time for ferroelectric 

capacitors [24]. However, Pt has some drawbacks like adhesion, poor etching characteristics and 

interface-related issues. These problems forced to look for alternative electrode materials 
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[25,26]. Some of the electrode materials have been investigated for the fabrication of perovskite 

capacitors at high temperature in oxygen atmosphere. Among them, RuO2, a conductive oxide, is 

a promising candidate as it shows low resistivity, excellent diffusion barrier effect, and high 

thermal stability [27,28].  

 

A limited study is done so far on the thickness dependence of the dielectric properties of 

SrTiO3 [29-32].  In this study, thickness dependent dielectric properties of SrTiO3 thin film are 

investigated using conventional rf magnetron sputtering on RuO2/SiO2/p-Si(100) substrates. To 

investigate the thin film properties as a function of the deposition parameters, substrate 

temperature and oxygen partial pressure were varied. The SrTiO3 thin films were characterized 

by x-ray diffraction (XRD), and profilometry. Thin film capacitors were fabricated using RuO2 

as the top and the bottom electrodes and investigated by impedance spectroscopy. 

 

4.2 Experimental  

 

 SrTiO3 thin films were deposited using rf magnetron sputtering (Von Ardenne LS 500 S). 

A sintered and stoichiometric SrTiO3 target (purity 99.99% , rf power 300 W) was sputtered in 

an Ar/O2 plasma to deposit the films at 500°C and 700°C substrate temperature. High purity 

(5N) Ar (50 sccm) and O2 (2.5 to 10 sccm) gases were used.  Circular p-type Si(100) wafer 

substrates of 25 mm diam. and  about 0.5 mm thickness were cleaned in an ultrasonic bath. A 

SiO2 layer was grown by thermal oxidation.  

 

 The capacitor structure comprised RuO2 layers as bottom (50 nm) and top (30 nm) 

electrodes. They are deposited by rf magnetron sputtering of a RuO2 target (purity 99.99%, Ar 50 

sccm, rf power 75 W) at 540°C and room temperature, respectively. The area of the top electrode 

is 7 mm2. The sputter chamber was pumped down to 3.5x10-6 mbar, and the Ar+O2 pressure 

during deposition was 1.2x10-2 mbar. The thickness of the films ranges from around 200 to 900 

nm. 

 

 The thickness of the SrTiO3 thin films was determined with a profilometer (Dektak 6M 

Stylus). Structure determination was carried out by x-ray diffraction (Philips 1710 x-ray 
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diffractometer) with Co Lα (1.7902 Å) radiation. A cross sectional micrograph was obtained by 

scanning electron microscopy (SEM) with a FEI Quanta 400 FEG. Rutherford backscattering 

(RBS) was performed with 2 MeV He-ions, in order to obtain the chemical composition. 

 

The complex impedance was measured using a Solartron Schlumberger SI 1260 

impedance/gain-phase analyzer. The temperature and frequency dependent dielectric properties 

were measured from 20 to 200°C and 10 Hz to 10 MHz, respectively. 

 

 

 

 

 

 

Table 4.1 The deposition parameters, dielectric permittivity and activation energies for all investigated 

capacitors, εr values are obtained at room temperature. 

  

In Table 4.1, the deposition parameters of the six capacitors are tabulated together with 

some results of the impedance spectroscopy. 

 

4.3 Results and discussion 

 

4.3.1 Structural analysis 

 The composition of the samples, as obtained with RBS, was stoichiometric within the 

experimental error (about 2%). 

 

 XRD patterns of the thin film capacitors, RuO2/SrTiO3/RuO2/SiO2/p-Si(substrate) with 

various thickness of the dielectric layer are shown in Fig. 4.1.  

 

The diffractograms in Figs. 4.1a and b represent films with thicknesses varying from 220 

nm to 960 nm. This is less than the extinction length of x-rays with λ = 1.7902 Å. We therefore 

have to normalize the intensities. This has been done in the way described in [50] with a mass 

εr Sample p [mbar] Tsub O2 % d [nm] 
at 100 Hz 10 KHz RCp 

Eσ [meV] 

CS-6 3.6X10-2 700°C 5 220 246 194 296 61 
CS-8 2.4X10-2 700°C 5 360 211 184 277 120 
CS-4 4.0X10-2 700°C 5 960 320 267 - - 
CS-11 2.4X10-2 700°C 10 560 199 164 300 14 
CS-12 3.0X10-2 700°C 20 400 11034 354 609 21 
CS-13 2.2X10-2 500°C 10 405 10916 189 575 5 
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absorption coefficient of 168 cm²/g of SrTiO3 as calculated from standard tables and a mass 

density of 5.12 g/cm³. Different peak heights should now represent different textures of 

crystalline orientations. 

       

 

 

 

 

 

(a) 

     (a)            (b) 

 

Fig. 4.1 XRD patterns of STO thin film capacitors normalized with respect to film thickness. The vertical 
dashed lines represent SrTiO3 (coded as S) peaks and RuO2 peaks (coded as R). The bottom 
diffractograms represents the uncoated Si substrate. Its peaks are marked with *. Fig. 4.1a. Capacitors 
prepared at 700°C with 5% oxygen. Top to bottom: CS-6 (220 nm), CS-8 (360 nm), CS-4 (960 nm). Fig. 
4.1b. Capacitors prepared at different oxygen partial pressures. From top to bottom: CS-8 (5%), CS-11 
(10%), CS-12 (20%), CS-13 (10%) all prepared at 700°C except CS-13 that was prepared at 500°C. 
 

Fig. 4.1a displays diffractograms of the capacitors with different thickness of the SrTiO3 

layer prepared at 700°C with 5% oxygen in the sputter gas together with the diffractograms of 

the Si substrate.  

 

The (110), (111) and (211) reflexes of SrTiO3 are present in all samples. (110) and (211) 

have approximately the same size for all thicknesses. (111) is considerably smaller in the thicker 

film indicating a suppression of grains with this orientation in films thicker than about 400 nm. A 

similar phenomenon was observed for In2O3:Sn films prepared earlier in the same sputter 

chamber [40]. We observe further that the peaks already observed for the Si substrate decrease 

with increasing thickness as expected because the absorption of the x-rays increases. More peaks 

than those mentioned before are observed in the thinnest film. They are attributed to Ru-oxide 

phases, especially the strong peak at 2θ  = 54° which is (110) of RuO2. They are suppressed in 

the thicker films.    



 85 

Fig. 4.1b displays diffractograms of the capacitors prepared at various deposition 

parameters (5 to 20% O2 in the sputter gas and substrate temperatures of 500°C and 700°C). 

There is no strong influence of the oxygen partial pressure on (211) and (111) but (110) increases 

with increasing O2 and is sharper when the film is deposited at lower temperature. 

 

We observe a shift of the (200) and (211) peaks towards smaller 2θ values with respect to 

the single crystalline positions, corresponding to larger lattice constants. The lattice distortion, 

(dexp – dideal)/dideal [51], is less than 1% for (211) but more important for (200) where values up to 

2% are observed. The smallest (200) distortion is observed for the thickest film CS-4 (0.8%) and 

that prepared with 20% O2 (CS-12). We shall see later that CS-12 exhibits the largest εr value for 

the bulk grain. 

 

Lattice distortion of this size have been observed in In2O3:Sn films and have been 

attributed to the incorporation of oxygen into interstitial positions of the lattice [51]. It was 

shown that a correlation exists between the lattice distortion and optical and electrical properties. 

This could also be the case for SrTiO3 films. However, a reliable interpretation is not yet possible 

because there are not enough experimental data. From the discussion of the XRD results we 

conclude that (111) is suppressed with increasing film thickness and (200) = (100) as well as 

(110) are sensitive to the preparation conditions.  

 

 

 

Fig. 4.2 Cross-sectional SEM of sample CS-4 prepared at 700°C with 5% O2, thickness 960 nm. 
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Fig. 4.2 shows a cross section of sample CS-4. We see the RuO2 bottom electrode with a 

thickness of about 50 nm and the SrTiO3 film with a thickness about 960 nm. These thicknesses 

are consistent with the values obtained by profilometry. The SrTiO3 film shows a pronounced 

columnar growth. This kind of growth is often observed for dielectric films prepared at higher 

substrate temperatures.  

 

At some places, indicated by white arrows, the beginning of selective grain growth can be 

observed. Some grains grow into cone-shaped columns inhibiting other grains to grow. This 

occurs at a distance of 300 to 600 nm from the bottom electrode. The structure scale on the 

surface is indicated by brackets. It is well known for many materials in thin film form that grains 

with smaller defect density grow more easily than films with higher defect density. We therefore 

conclude that this type of grain growth in our films is an indication that films thicker than the 

above mentioned range become more perfect with a smaller defect density.  

 

4.3.2 Impedance spectroscopy 

 

4.3.2.1 Simulation with equivalent circuits 

 

 The electrical properties were investigated by means of impedance spectroscopy from 10 

Hz to 10 MHz performed at an amplitude of 0.1 V by a Solartron Schlumberger SI 1260 

Impedance/gain-phase analyzer.  

 

 The use of impedance spectroscopy to characterize bulk grain, grain boundary and 

electrode interface contributions by exhibiting successive semicircles (often with some 

distortion) of the impedance (real and imaginary part) in the complex plane, is well established 

[33,34]. A high frequency semicircle originates from the bulk conduction and dielectric 

processes; a low-frequency semicircle is due to ion and electron transfer at the surface contacting 

the electrode, and an intermediate-frequency semicircle provides information on the grain 

boundary and/or impurity-phase impedance. All these contributions vary with temperature, and, 

for a given frequency range of measurement, they may not all be found.  
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 The complex impedance spectra are usually analyzed in terms of the complex formalism 

for the impedance, Z*
 = Z' + jZ".  In general, for a single crystal, the values of resistance, R, and 

capacitance, C, can be analyzed by an equivalent circuit of one element with parallel R and C 

(RCp) element. This RCp element gives rise to one semicircular arc in the complex plane and has 

intercepts on the Z' axis at zero and R.  Thus, C can be calculated with the relationship ωmaxRC = 

1, where ωmax=2πfmax. The characteristic frequency fmax is the frequency at the arc maximum. For 

polycrystalline thin films containing grain boundary and electrode interfacial layers, more than 

one RCp element can be connected in series.  

 

 All our experimental impedance spectra could be explained with the model depicted in 

Fig. 4.3a, a series of a resistance and two RCp elements. We shall interpret it by the electrode 

resistance, the grain boundary and the grain impedance. 

 

                                        (a) 
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Fig. 4.3 Impedance in the complex plane. Experimental data together with simulated curves. The full 
diamonds correspond to the decades starting at 10 Hz and the arrow indicates the direction of increasing 
frequency. Fig. 4.3a. Sample CS-13 prepared at 500°C with 10% O2. The inset shows the equivalent 
circuit of one resistance and two RC elements in series used for the simulation. Fig. 4.3b.  Data of sample 
CS-6 prepared at 700°C with 5% O2 with the thickness 220 nm with deconvolution and simulated curve 
(dashed line). Fig. 4.3c. Sample CS-4 prepared at 700°C with 5% O2 and a thickness of 960 nm 
 

Figs. 4.3a, b and c show Z'-Z" plots of the impedance of three capacitors together with 

the simulations. 

 

Fig. 4.3a shows the Cole-Cole plot of CS-13 with a thickness of 405 nm together with the 

simulated spectrum. The arrow marks indicate the directions of increasing frequency. The 

deconvolution into two semicircles is uncritical for CS-13. The spectrum shows two   clearly 

separated semicircles and it is clear that the impedance does not tend towards the zero in the 

complex plane. The semicircle attributed to the grain boundaries is relatively large. The sample 

was deposited at 500°C with a relatively high oxygen flow (5 sccm), conditions that might lead 

to high grain boundary resistivity. Fig. 4.3b shows the results for capacitor CS-6 with a thickness 

of 220 nm, prepared at 700°C. Here, the low-frequency semicircle is hidden under the high-

frequency semicircle. The deconvolution is shown by the dashed curves. 

 

The impedance spectrum of the sample CS-4 (d = 960 nm) shown in Fig. 4.3c is an 

exception. It exhibits a very high resistance (0.4 MΩ at 10 MHz for 180°C) and correspondingly 

very low relaxation frequencies. Therefore, the arc does not touch the real axis at low 

frequencies.  
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 For CS-4, a good simulation with the equivalent network of Fig. 4.3a is possible, a 

deconvolution into semicircles is, however, not meaningful. Therefore, we calculate εr by means 

of Eq. (4.2). The data shown in Fig. 3c are more difficult to analyze. We attribute the small 

semicircle at low frequencies tentatively to grain boundaries. This assumption will be discussed 

later. 

  

In most impedance investigations on polycrystalline dielectric thin films with perovskite 

structure and other dielectric compounds, a series of parallel RC- elements are used for the 

numerical simulation [52,53,54,55]. We also applied this model. The results are shown in Figs. 

3a, b and c. The fits to the experimental data are quite good. Nevertheless, some authors think 

that such equivalent circuits are insufficient and that constant phase elements (Q) instead of 

capacitors should be used because of the (microstructural, compositional, etc.) inhomogeneity of 

polycrystalline materials. 

 

Therefore, we repeated all simulations with RQp- elements instead of RCp- elements. The 

impedance of Q is A·(iω)-α instead of (iωC)-1 for a capacitor.  In most cases, we got a perfect fit 

with values for one semicircle with power α = 0.94 to 0.98 for CS-6, 0.93 to 0.99 for CS-8, and 

for the two semicircles of CS-13: 1.00 for the low-frequency circle and 0.90 to 1.00 for the high-

frequency semicircle. We calculated εr values from the frequency of the maximum of Z" of the 

individual RQp-semicircles. These values are within 10% from the values calculated from the 

RCp-simulation. Therefore, we shall represent the dielectric permittivity by the average of both 

values together with their standard deviation in the discussion to follow.  

 

When there is more than one semicircle, we have to decide which one is related to the 

grain boundary and which to the bulk grain. From the literature it is known that the resistance 

and the capacitance of the grain boundaries is always larger than that of the bulk grains.   

 

We conclude that the relaxation time τ = RC = ρεrε0 is larger for the grain boundaries. 

Consequently, the characteristic frequency fg = (2πτ)-1 is relatively smaller and the semicircle of 

the grain boundaries occurs at lower frequencies. The grain resistance is determined from the 
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high-frequency semicircle of the RCp or RQp equivalent circuit. This procedure is well 

established in the literature. It has been applied in the case of many dielectric and ferroelectric 

materials [52,53,56,57]. 
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Fig. 4.4 Imaginary part (Z") of the impedance 
vs. frequency (f) of sample CS-6 for different 
measuring temperatures. 
 

Fig. 4.5 Arrhenius plot, ln fmax vs. 1000/T [K-1] 
for sample CS-6 (700°C, 5% O2, 220 nm). 
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Fig. 4.6 Arrhenius plot of the bulk conductivity of all investigated capacitors (except CS-4), values 
obtained from the RC simulations. 
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 Fig. 4.4 shows the variation of the imaginary part of the impedance (Z") of sample CS-6 

as a function of frequency at different temperatures for the SrTiO3 thin film with 220 nm 

thickness. The peak shifts towards higher frequencies as the temperature increases. The 

magnitude of the imaginary component of the impedance at the peak frequency is also a strongly 

decreasing function of the temperature. An Arrhenius plot of the peak frequency is given in Fig. 

4.5. The data show thermally activated behavior. The corresponding activation energy is 0.11 

eV. 

The overall resistance of the samples of Figs. 4.3a to c increases by many orders of 

magnitude with increasing film thickness (4 kΩ for CS-6 220 nm, 40 kΩ for CS-8 360 nm, 500 

kΩ for CS-4 960 nm). We attribute this effect to more perfect growth of thicker films. As already 

mentioned above, a change in growth mode at about 400 nm was observed for In2O3:Sn films 

prepared earlier in the same sputter machine. If our hypothesis for a similar phenomenon in 

SrTiO3 films proves true, a major task for future technology development should be to improve 

the growth of films thinner than 400 nm.  

 

 We assume that the relatively low resistivity of the thinner films is due to the change in 

film growth mode at about 300 to 600 nm discussed above. The thinner films exhibit a fine 

columnar structure with perhaps many conductive paths due to imperfect material. As pointed 

out in the discussion of Fig. 4.2, the thicker films are characterized by a selective growth of more 

perfect grains that may block the growth of the conductive paths. In the literature on BaTiO3 

ceramics, some groups argue that high conductivity is due to semiconductive behaviour of grain 

boundaries caused by donor defects [58,59]. We do not have enough experimental data to decide 

whether such effects can also play a role in our films. More investigations are needed to 

understand this effect. 

 

4.3.2.2. Properties of bulk grains 

Conductivity 

 The bulk conductivity of SrTiO3 films as evaluated from the RCp- semicircles attributed 

to the bulk grains is depicted in the Arrhenius plot of Fig. 4.6. It may be explained by a thermally 

activated transport of Arrhenius type governed by the relation: 

 



 92 

  







−=

kT

Ea
exp0σσ      (4.1) 

 

where σ0, Ea, and k represent the pre-exponential factor, the activation energy of the mobile 

charge carriers and the Boltzmann constant, respectively. As seen in Fig. 4.6, the conductivity 

increases with increasing film thickness. This indicates improvement of growth with a reduced 

trap density. The activation energies are shown in Table 4.1. They are comparable to those 

reported in the literature for various materials: 4 to 11 meV for SrTiO3 [35], 33 to 62 meV for 

(Sr,Bi)TiO3 [36], 12 meV for (Sr,Ca)TiO3 [37], and 100 meV for TiO2 [38]. Such small 

activation energies have been attributed to hopping of electrons between traps generated e.g. by 

off-center defects. 

 

Dielectric permittivity 

   

The real part of the dielectric permittivity (εr) can be calculated with the formula [60, 61]: 

 

( )( )22
0 "'2

"
ZZfC

Z
r

+

−
=

π
ε                    (4.2) 

 

The frequency-dependent values calculated with Eq. (2) from three typical spectra can be 

seen in Fig. 4.7.  

 

As a typical behavior, the dielectric constant is higher at lower frequencies and decreases 

with increasing frequency. Such behavior has been observed in many MIS systems [39] and 

various models have been proposed in terms of the frequency dispersion of the permittivity of 

the insulator film, the presence of a highly resistive interfacial layer or a high density distribution 

of interface states.  
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Fig. 4.7 Frequency dependent dielectric 
permittivity (εr) as calculated from Eq. (2). The 
horizontal lines represent the values obtained for 
the high-frequency semicircle of the RCp-
simulation attributed to the bulk STO grains. 

Fig. 4.8 Inverse dielectric permittivity (1/εr) vs. 
temperature. Average of the values obtained 
from the RQ and RC simulations, with error 
bars. 

 

Sample CS-13, prepared at the low temperature shows a sharp decrease in the εr with the 

increase in frequency. This can be explained with interfacial polarization, contributions from 

interfacial polarizability due to the presence of two layers of material of different conductivity. 

In polycrystalline ceramics, this kind of behavior is commonly observed when the grains are 

semiconducting and the grain boundaries are insulating. When the resistance of the grain 

boundaries is much larger than that of the grains then the εr calculated from Eq. (4.2) is too large 

by a factor corresponding to the ratio of the thickness of the grains to that of the grain 

boundaries. 

 

Around 10 kHz, all spectra exhibit a plateau. According to our model, the RCp-element of 

the grains dominates the spectra in this spectral region. The horizontal lines in Fig. 4.7 

correspond to the values of εr as evaluated from the simulation with the equivalent circuit of Fig. 

4.3a. They are tabulated in Table 4.1 together with the values of εr calculated from Eq. (4.2) at 

100 Hz and10 kHz.  

 

We attribute the high εr-values at low frequencies to an artefact that can often been 

noticed in the literature: the formula used for the evaluation assumes a capacitor thickness equal 

to the thickness of the dielectric film. If, however, the capacitance is due to grain boundaries (or 
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electrode spaces) the effective thickness is much smaller and the dielectric constant is 

overestimated. It is seen in Table 4.1, εr at 100 Hz, that this effect is strong in the samples 

prepared with much oxygen or at low temperature. Therefore, we suppose that these conditions 

favour the formation of grain boundaries with larger resistance. 

 

Of the samples prepared at 700°C, CS-12 exhibits the largest εr. This sample showed 

minimum lattice distortion related to the (200) reflex. We conclude that this sample exhibits a 

more perfect crystalline structure than the other samples. 

 

In the literature, similar phenomena have been observed for (Ba,Sr)TiO3 films. Shen et al. 

[62] observed a low frequency dielectric relaxation when they annealed their films in oxygen 

atmosphere at 350°C. They attribute this effect to the large amount of negatively charged oxygen 

ions. Pontes et al. [63] also observed a low-frequency relaxation for samples post-annealed in O2 

at 350°C and attribute it to space charge polarization or Maxwell-Wagner type interfacial 

polarization. They relate the space charge polarization to a non-uniform charge accumulation. 

 

Sometimes, polycrystalline high-k thin films show a Curie-von Schweidler relaxation 

behaviour [1] where the grain boundary and bulk properties cannot be extracted. In our case, 

however, two semicircles can clearly be separated for all samples except for CS-4. We therefore 

assume that in our films a Maxwell-Wagner relaxation occurs which is often observed in 

heterogeneous systems in which the component dielectrics have different conductivities. Such 

behaviour has been reported for the high-k dielectrics CaCu3Ti4O12 [64] and hexagonal BaTiO3 

[60]. 

Following the discussion above, only the values at 10 kHz are physically meaningful. 

They are attributed to the bulk grains. In this case, the assumed thickness of the dielectric layer 

and consequently the value of the empty capacitance (C0 in Eq. (2)) is correct.  

 

The sharp decrease at higher frequencies is due to the fact that we observe non-zero 

resistance when the frequency approaches the high-frequency limit; but the imaginary part 

vanishes. This leads to vanishing εr, according to Eq. (4.2).  
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From Fig. 4.7 and from Table 4.1 it can be observed that for the thickest film (CS-4) 

prepared at 700°C and 5% O2, the dielectric permittivity at 10 kHz is larger than that of the 

thinner films. This may be due to a better crystallinity and microstructure of the thicker film. For 

thin films of In2O3:Sn prepared earlier in the same sputter machine, it was found that the defect 

density decreases with increasing film thickness [40]. This may also be true for our sample 

series. 

The sample prepared at 700°C and at 20% O2 exhibits a larger εr (10 kHz) ~ 350. Taylor 

et al. reported that a mixture of 50:50 Ar and O2 produces films with higher dielectric constant 

(εr ~250 at 10 kHz) and nearly stoichiometric composition.  This indicates that oxygen rich 

environments enhance stoichiometric film growth. Similar results are obtained by the laser 

ablation method [41]. However, we also observe a very large εr at 100 Hz (~11,000) indicating a 

strong grain boundary effect. This indicates that, with increasing the oxygen in the film, oxygen 

atoms accumulate at grain boundaries and ultimately increase the resistance of the grain 

boundaries leading to the artifact of a high εr in the low frequency range. 

 

The film deposited at the lower temperature (500°C) also exhibits such a high value of εr 

at 100 Hz even for 10% O2 admixture. This is explained with easier oxygen trapping in grain 

boundaries at lower temperatures.  

 

It is often observed that the dielectric permittivity of SrTiO3 in the cubic phase follows 

the Curie-Weiss law: 

 

Θ−
=

T

C
rε ,    (4.3) 

 

where C and Θ are the Curie-Weiss constant and the Curie-Weiss temperature, respectively. The 

Curie-Weiss temperature is in general smaller than the phase transition temperature Tc: Θ < Τc.  

 

 In order to check this for our films, the inverse permittivity (1/εr) of the bulk grains, as 

obtained from the simulations (except for CS-4 sample which obtained from Eq. 4.2), is depicted 

in Fig. 4.8 versus temperature. Generally, it is observed that the permittivity decreases with 
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increasing temperature and approximately follows the Curie-Weiss law.  Fitting the parameters 

of Eq. (4.3) to the experimental data yielded negative Θ values for CS-6, CS-8 and CS-4 and 

positive values for the remaining samples. For the films CS-11, 12 and 13 the values of Θ (10–50 

K) are consistent with the literature values [16,42]. Negative values of Θ  have also been 

reported in the literature [42]. Shifts of the Curie-Weiss temperatures in the films have been 

explained with a reduced polarizability because of Ti non-stoichiometry [5] and with biaxial 

mechanical stress [43,44].  

 

 Since large variations in material properties occur at the transition temperature, it is 

desirable to use a material whose transition temperature is beyond the operating temperature 

range of DRAMs. The material used should always be one phase in the ferroelectric or 

paraelectric phase, without substantial variations in key parameters over the operating 

temperature range [45]. As seen in Fig. 4.8, the εr of our samples does not exhibit any anomaly in 

the temperature range of 20°C to 200°C indicating the absence of a phase transition. 
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Fig. 4.9 Dielectric loss (tan δ) vs. temperature for the three samples prepared at 700°C, 5% O2, with 

different thicknesses. 

   

The dielectric loss (tan δ) at 10 kHz of the SrTiO3 films prepared at 700°C and at 5% O2 

is shown in Fig. 4.9. The values we found are within the range reported in the literature for 

SrTiO3:  tan δ = 0.01 [48], 0.5 [35], 0.03 to 0.05 (at 100 kHz) [49].  The thickest film has the 

lowest dielectric loss, about 0.03 from room temperature up to 190°C. This means that the point 
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defect density decreases with increasing film thickness, and indicates again that the growth 

improves with increasing thickness. 

 

 

Table 4.2 Literature comparison of εr for SrTiO3 films. (Thickness, d, rf magnetron sputtering, rf) 
Dielectric permittivity (εr) calculated, 1  at 10 kHz, 2  at  100 kHz, 3  at  0.1-1 GHz. 

 

 In Table 4.2 data for εr from the literature are summarized. Values up to 250 are reported. 

Our range is from 160 to 360 at 10 kHz are evaluated from Eq. (4.2). The values obtained for the 

bulk grains from the RC simulation are up to 600. That means that with RuO2 electrodes at least 

the same dielectric permittivities as for Pt electrodes are obtained, with the potential to increase 

εr with further optimization of the deposition process. 

 

4.4 Conclusions 

 

 Thin films capacitors with SrTiO3 as a dielectric and RuO2 as bottom and top electrodes 

have been fabricated by rf-magnetron sputtering. The bulk permittivity of the SrTiO3 films is the 

same as or larger than that of films with Pt electrodes. 

 

We have obtained best capacitors with the εr of bulk grains of about 300 (obtained from 

RCp element simulations) for films deposited at 700°C and an oxygen content of 5% to 10% of 

the sputter atmosphere of about 3x10-2 mbar. With more oxygen it is possible to increase εr up to 

600, but also isolating grain boundaries are obtained. This statement also holds for samples 

prepared at lower substrate temperature.  

 

Reference Method Capacitor stack d [nm] εr 
Wang et al [32] rf Si/SiO2/Ti/Pt/STO/Pt 450 ~200 1 
Taylor et al [44] rf Al2O3/Pt/STO/Pt 140 ~250 1 
Kimura et al [47] MOCVD Si/SiO2/Ta/Pt/STO/Au 125 215 2 

Ikuta et al [9] ECR InP/Pt/Ti/STO/Pt/Au 100 70 3 
Radhakrishna et al [46] rf Pt/Si/STO/Pt 420 ~147 2 

Our samples rf Si/SiO2/RuO2/STO/RuO2 ~200-900 160-600 1 
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Thicker samples exhibit relatively larger εr (about 270) and lower dielectric loss as well 

as smaller lattice distortion with respect to the ideal perovskite lattice. This indicates that the 

growth of our films became more perfect with increasing thickness. Future investigations should 

therefore concentrate on improving the growth conditions for the initial stage of the deposition of 

the dielectric film in order to get good capacitors with thinner dielectric films. 

 

The activation energies of the relaxation frequency or the conductivity are smaller than 

100 meV indicating electron hopping between traps. 
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5. Frequency and temperature dependent electrical properties of 

BaTiO3 thin film capacitors studied by complex impedance 

spectroscopy 

 

 
 

 

 

 
Abstract 

 

 

Thin film capacitors with BaTiO3 as dielectric and RuO2 as electrode material have been 

prepared by rf-magnetron sputtering at temperatures up to 750°C and under various oxygen 

partial pressures. They have been analyzed by complex impedance spectroscopy in the 

temperature range 20 to 200°C. At about 10 kHz, the grain effect is dominant and the electrical 

and dielectric properties of the bulk grains can be extracted. The activation energies of the 

conductivity are in the range 30 to 100 meV, characteristic for hopping of electrons. The 

dielectric constant at room temperature ranges from 120 to 1500, depending on the preparation 

conditions. There is a maximum in the temperature dependence of εr that shifts to lower 

temperatures when the capacitors have been prepared with more oxygen. Above that 

temperature, Curie-Weiss behaviour is observed with characteristic temperatures in the range 

250 to 400 K. Biggest dielectric permittivity and lowest dielectric loss are obtained for films 

prepared at 750°C at medium oxygen partial pressures. With increasing oxygen content the grain 

boundary effect becomes stronger for the films prepared at all deposition temperatures.  The 

films prepared with high oxygen partial pressure show increased crystallinity and dense 

columnar structure. 
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5.1 Introduction 

 

Perovskite type high permittivity thin film materials have been receiving great interest as 

new dielectric materials replacing SiO2 and/or Si3N4 dielectrics [1] by classical perovskite 

materials SrTiO3, BaTiO3, and (BaxSr1-x)TiO3 in future ultra-large scale integrated electronic 

circuits, e.g., dynamic random access memories (DRAM) [2] and tunable microwave device 

applications [3], because these materials shows high insulating properties with large values of 

relative permittivity and low dielectric loss, and large change in dielectric constant with an 

applied dc electric field [4]. BaTiO3 thin films have been widely studied because of its high 

dielectric constant in thin film hybrid and integrated circuits [5] for above mentioned 

applications.  

 

 To obtain the thin film of perovskite materials, various deposition techniques have been 

employed, including excimer laser ablation [6], flash evaporation [7], chemical vapor deposition 

(CVD) [8], sol-gel process [9], metal-organic chemical vapor deposition (MOCVD) [10] and rf 

magnetron sputtering [11]. The rf magnetron sputtering has been demonstrated to be the most 

promising method, because it offers good reproducibility, uniformity and simplicity [12]. 

 

 Until recent days Pt has been the most commonly used electrode for ferroelectric thin 

film capacitors due to the low resistivity and chemical stability [13], during the annealing in the 

oxygen ambient above 500°C, however, the degree of oxidation and interdiffusion remarkably 

increased, resulting in the degradation of the electrical properties of ferroelectric materials [14]. 

Also the sputtered Pt electrode is known to have the disadvantage of hillock formation, which 

can electrically short-circuit the capacitor. To overcome these problems, RuO2 is a promising 

conductive metallic oxide, due to its low resistivity (~ 40 µΩcm), excellent diffusion barrier 

properties, good thermal stability and high corrosion resistance [15,16]. 

 

 Impedance spectroscopy has been used for probing the relaxation processes during the 

charge transport within the electronic ceramics [17]. The equivalent circuit can be envisaged as a 

series of lumped elements, i.e. several resistance and capacitance elements in parallel, each 

corresponding to a different process occurring at the electrode interface, at the grain boundaries 
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or within the grains themselves. In most types of the electronic ceramics, the relaxations are non-

uniform so that a Cole-Cole type distribution prevails. The complex impedance spectra of 

polycrystalline ceramics are modified by the defect distribution, including impurities [18] in the 

grains and the contribution from the grain boundaries [19] caused by segregation of impurities 

and native defects. 

 

 There have been several reports on frequency and temperature dependent [20-23] 

dielectric properties of BaTiO3 materials. But, there are very few reports on the study of the 

RuO2 electrode based perovskite [24,25] thin film capacitors with emphasis of frequency and 

temperature dependent.  

 

 In this work, we study the effect of oxygen flux during the deposition and substrate 

temperature on the properties of BaTiO3 thin film capacitors with RuO2 as a top and bottom 

electrodes by means of impedance spectroscopy. 

 

5.2 Experimental  

 

BaTiO3 thin films were deposited by rf magnetron sputtering (Von Ardenne LS 500 S). A 

sintered and stoichiometric BaTiO3 target (purity 99.99% and rf power 300 W) was sputtered in 

an Ar/O2 plasma to deposit BaTiO3 thin films at substrate temperatures from 450 to 750°C. The 

high purity (5N) Ar (50 sccm) and O2 (0 to 15 sccm) gas mixtures were used. Circular p-type 

Si(100) wafer substrates of 25 mm diam. and  about 0.5 mm thickness were cleaned in an 

ultrasonic bath. A SiO2 layer was grown by thermal oxidation.  

 

The capacitor structure comprised RuO2 layers as bottom (50 nm) and top (30 nm) 

electrodes. They are deposited by rf magnetron sputtering of a RuO2 target (purity 99.99%, Ar 50 

sccm, rf power 75 W) at 540°C and room temperature, respectively. The area of the top electrode 

is 7 mm2. The sputter chamber was pumped down to 3.5x10-6 mbar, and the Ar+O2 pressure 

during deposition was 1.2x10-2 mbar. The thickness of the films ranges from around 350 to 750 

nm. 
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 The thickness of the BaTiO3 thin films was determined with a profilometer (Dektak 6M 

Stylus). Structure determination was carried out by x-ray diffraction (Philips 1710 x-ray 

diffractometer) with Co Lα (1.7902 Å) radiation. The complex impedance was measured using a 

Solartron Schlumberger SI 1260 impedance/gain-phase analyzer. The temperature and frequency 

dependent dielectric properties were measured from 20 to 200°C and 10 Hz to 10 MHz, 

respectively. Cross sections of the films have been obtained by scanning electron microscopy 

with a FEI Quanta 400 FEG on the edges of broken Si substrates. 

 

εr Sample 
P 

[x10-2 
mbar] 

Tsub O2 % d [nm] 
at 100 Hz 10 KHz *

RCp 
Eσ 

[meV] 
CB-4 3.0 600°C 30 625 5553 702 1468 25 
CB-5 2.4 600°C 20 635 4061 791 1268 94 
CB-6 2.4 600°C 10 610 141 64 179 26 
CB-7 2.0 600°C 0 490 70 70 - - 
CB-8 1.9 450°C 0 480 4157 464 58 - 
CB-9 2.2 750°C 0 370 497 329 366 - 

CB-13 4.1 750°C 10 750 247 203 767 - 
CB-14 4.8 750°C 20 775 759 184 1486 - 

 

Table 5.1 The deposition parameters, dielectric permittivity (εr) and activation energies for investigated 
capacitors (Thickness, d, conductivity activation energy, Eσ, *at room temperature) 

 
 

5.3 Results and discussion 

 

5.3.1 Structural properties 

 

X-ray diffractograms have been taken for all samples. Most peaks can be explained with 

the perovskite structure. We have selected two angular regions that show clear differences 

between the samples. The diffractograms have been treated in the way described by Mergel et al. 

[26]: the background is subtracted and the intensity is corrected with respect to thickness. 
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  (a)        (b) 

 

Fig. 5.1a to b (a) X-ray diffractograms of all samples in the angular region of the (110) reflex of the 
perovskite structure, with the lines of the cubic (---), tetragonal (−−) and hexagonal (− · − ·) single 
crystalline phases. CB-4 to CB-7: prepared at 600°C, CB-8: prepared at 450°C, CB-9 to CB-14: prepared 
at 750°C. The baseline of the various diffractograms has been shifted by an intensity of 500 with respect 
to the lower curve. (b) As Fig. 1a, for the (200) reflex. 

 
 

  Fig. 5.1a (2θ  = 36° to 37°) shows the region around the (110) reflex of the cubic 

structure, the strongest of the PDF measurement. We see that the samples prepared at 750°C 

show peaks at the exact crystalline position. The sample prepared at 450°C does not exhibit any 

intensity peak in this region. The peaks of the samples prepared at 600°C are shifted to smaller 

2θ values indicating bigger lattice constants with increasing oxygen partial pressure. 

 

Fig. 5.1b (2θ  = 49° to 55°) shows the region around the cubic and tetragonal (200) 

reflexes and the hexagonal (106) and (204) reflexes. The samples prepared at 600°C show the 

same shift as for the (110) reflex. The peaks close to cubic (200) of the samples prepared at 

750°C are weaker but seem to show also the trend to be shifted towards smaller 2θ values 

(bigger lattice constants) with increasing oxygen partial pressure. The samples prepared with 0% 

oxygen show additional peaks around 51° and 54°. They cannot be clearly identified but it 

should be noticed that their distance corresponds to the distance of the two hexagonal peaks in 

this region. Therefore, it is possible that they belong to a hexagonal structure with smaller lattice 

constant (larger 2θ values) than the ideal crystalline one. 
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  (a)         (b) 

 

Fig. 5.2 a and b Cross-sectional SEM of BaTiO3 capacitors deposited at 600°C substrate temperature.  
(a) CB-4 (30% O2) and (b) CB-6 (10% O2). 

 
 

Figs. 5.2 (a) and (b) show cross sections of CB-4 (30% O2) and CB-6 (10% O2), 

respectively. Close to the substrate, the about 50 nm thick RuO2 film is to be seen. It exhibits a 

relatively grainy structure. The BaTiO3 thin films on top of it exhibit a columnar structure. In 

CB-4, the columns are more regular with an average diameter of 50 to 80 nm. In CB-6, the 

diameter ranges between 50 and 150 nm and some large grains are to be seen. 

 

5.3.2 Complex impedance study 

 

 Complex impedance spectroscopy (IS) gives a possibility to distinguish between different 

effects during the metal-insulator-metal capacitor test. The experimental data are analyzed in 

terms of the complex formula for the impedance, Z*
=Z'+jZ". The complex impedance was 

measured by a Solartron Schlumberger SI 1260 impedance/gain analyzer. The temperature and 

frequency dependent properties of Z* were measured from 20 to 200°C and 10 Hz to 10 MHz, 

respectively.  
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          (a)           (b)              

                                           (c) 

 
Fig. 5.3 Some Z'-Z" plots of capacitors prepared at 600°C (a) 750°C (b) and 450°C (c). Experimental data 

points together with the curves obtained from the RC simulations. The frequency decades are marked 
with large filled squares. 

 

Figs. 5.3 (a) and (b) show the IS plots of BaTiO3 thin films deposited in various oxygen 

partial pressures at 600°C and 750°C substrate temperature, respectively. Fig. 5.3 (c) shows the 

film deposited at 450°C without oxygen for different measuring temperatures. All spectra are 

shown with the simulated curves along with frequency decades. It is evident that the spectra 

consist of a superposition of semicircles. They could indeed be modeled as a series of two to 

three RCp elements, sometimes with a resistor in series. RCp means a parallel circuit of a 

resistance R and a capacitor C. For the samples CB-6 and CB-8 one R and two RQp had to be 

taken to get a good simulation of the measured curve. RQp means a parallel circuit of a 

resistance, R and a constant phase element (CPE), Q. The impedance of a Q-element is given by 

Z = A·(iω)-1. 
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Usually in the literature, the semicircle dominant at the lowest frequency is attributed to 

the electrode, that at the highest frequency to the bulk grain and that at middle frequencies to the 

grain boundaries.  

 

When there is more than one semicircle, we have to decide which one is related to the 

grain boundary and which to the bulk grain. From the literature it is known that the resistance 

and the capacitance of the grain boundaries are always larger than those of the bulk grains. We 

conclude that the relaxation time τ = RC = ρεrε0 is larger for the grain boundaries. Consequently, 

the characteristic frequency fg = (2πτ)−1 is relatively smaller and the semicircle of the grain 

boundaries occurs at lower frequencies. The bulk grain resistance is determined from the high-

frequency semicircle of the RCp or RQp equivalent circuit. This procedure is well established in 

the literature. It has been applied in the case of many dielectric and ferroelectric materials 

[62,63,64,65]. 

 

                                          
Fig. 5.4 Imaginary part of the impedance vs. frequency of samples prepared at 600°C under various 

oxygen partial pressures. 
 
 
 

Fig. 5.4 shows the imaginary impedance (Z") vs. frequency (f) of CB-4, 5, 6, and 7 deposited 

at 600°C in 20, 10, 5, and 0 sccm oxygen flux, respectively, together with the simulated curves. 

It clearly shows that with increasing oxygen partial pressure, the low-frequency peak attributed 

to the grain boundary effect increases dramatically.  
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5.3.2.1 Bulk conductivity and relaxation time  

 

 The conductivity of the material has been evaluated as a function of 1000/T (not shown 

here). We try to explain it by a thermally activated transport of Arrhenius type governed by the 

relation: 

 

  







−=

kT

Eσσσ exp0      (5.1) 

 

where σ, Eσ, and k represent the pre-exponential factor, the activation energy of the mobile 

charge carriers and the Boltzmann constant, respectively. The activation energies have been 

estimated and are shown in Table 5.1. They are comparable to those reported in the literature for 

various materials: 4 to 11 meV for SrTiO3 [28], 33 to 62 meV for (Sr,Bi)TiO3 [29], 12 meV for 

(Sr,Ca)TiO3 [30], and 100 meV for TiO2 [31]. Such small activation energies have been 

attributed to hopping of electrons between traps generated e.g. by off-centre defects. 

 

Similar activation energies are observed for the relaxation time, τ = RC (not shown here). 

The activation energies (Eτ) obtained from this Arrhenius plot is 0.08, 0.15 and 0.61 eV for CB-

4, 5 and 6, respectively. The activation energy of CB-6, prepared at 10% oxygen is 0.61, a value 

similar to that reported by Kang et al. 2003. 

 

In perovskite oxides or in many other ionic solid materials, the major mode of charge 

transport is a multiple hopping process [32]. The hopping process normally takes place across 

the potential barriers set up by the lattice structure and the local environment of other atoms/ions. 

However, due to irregularities in the lattice structure as e.g. near defect sites, the potential 

barriers will have different magnitudes, as well as varied widths [33,34]. 

 

5.3.2.2 Dielectric properties 

 

 The dielectric permittivity of BaTiO3 films was calculated from Eq. (5.2):   
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where d, A, C0 and ε0 are thickness of the dielectric film, area of the electrode, 

capacitance of the empty capacitor, and permittivity of free space (8.854x10-12 F/m), 

respectively. It is depicted in Figs. 5.5 and 5.6 as a function of frequency for samples prepared at 

600°C and 750°C, respectively. It clearly shows that at lower frequencies (up to 1 kHz) εr values 

are higher (~5000), and then drop abruptly to lower values. It is considered that on the low-

frequency part of the step, electrode and grain boundary effects dominate and at higher 

frequencies, the properties are determined by the bulk grains. 

 

           
Fig. 5.5 Dielectric permittivity as obtained from 
Eq. (2) vs. frequency for samples prepared at 
600°C under various oxygen partial pressures.  
 

Fig. 5.6 Dielectric permittivity as obtained from 
Eq. (2) vs. frequency for samples prepared at 
750°C under various oxygen partial pressures.  

 

In the literature, similar phenomena have been observed for (Ba,Sr)TiO3 films. Shen et al. 

[66] observed a low frequency dielectric relaxation when they annealed their films in oxygen 

atmosphere at 350°C. They attribute this effect to the large amount of negatively charged oxygen 

ions. Pontes et al. [67] also observed a low-frequency relaxation for samples post-annealed in O2 

at 350°C and attribute it to space charge polarization or Maxwell-Wagner type interfacial 

polarization. They relate the space charge polarization to a non-uniform charge accumulation. 
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The εr values at 100 Hz and 10 kHz are tabulated in Table 5.1 for all samples. In this 

table we also report the εr values obtained from the equivalent circuit with the highest frequency 

attributed to the bulk of the grains. It is evident that with increasing oxygen partial pressure εr 

values are higher. In the literature, small εr values are attributed to a large concentration of 

oxygen vacancy defects [35].  This explanation applies also to our results since with more 

oxygen during deposition less oxygen vacancies are expected.   

 

 As a typical behavior, the dielectric constant is higher at lower frequencies and decreases 

with increasing frequency. Such behavior has been observed in many MIS (metal-insulator-

semiconductor) systems [36] and various models have been proposed in terms of the frequency 

dispersion of the permittivity of the insulator film, the presence of a highly resistive interfacial 

layer or a high density distribution of interface states. A simple way to account for the increase in 

permittivity with decreasing frequency is to assume the presence of some interface traps which 

were induced by stress. These interface traps respond to all frequencies and the permittivity 

induced by the interface state is changing with the frequency. The lower the frequency, the more 

the interface states charges can follow the alternative current variation and thus the larger the 

interface states capacitance which leads to the anomalous frequency dispersion, contributing to 

the total capacitance. Similar results were reported by Sawada et al [37]. Such interface effects 

may be the reason for the increase of εr of CB-14 below 100 Hz. 

 

The semicircle attributed to the grain boundaries is centred at about 1 kHz. When the 

impedance of the grain boundaries is much larger than that of the grains then the εr calculated 

from Eq. (5.2) is too large by a factor corresponding to the ratio of the thickness of the grains to 

that of the grain boundaries. 

 

Around 10 kHz, all spectra exhibit a plateau. According to our model, the RCp or RQp-

element of the grains dominates the spectra. In this case, the assumed thickness of the dielectric 

layer and consequently the value of the empty capacitance (C0 in Eq. (5.2)) is correct. Therefore, 

only the εr values at 10 kHz in Table 1 are physically meaningful. 
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The sharp decrease at higher frequencies for CB-9 and CB-14 is due to the fact that we 

observe non-zero resistance when the frequency approaches the high-frequency limit; but the 

imaginary part vanishes. This leads to vanishing εr, according to Eq. (5.2).  

 

We now discuss the possible effect of the oxygen partial pressure during deposition on 

the dielectric properties of the capacitors. It may be a combined effect of the oxygen content and 

the crystalline structure. The dielectric constant of the BaTiO3 thin film increases due to the 

improved crystallinity of the BaTiO3 film. There are indications for increasing crystallinity with 

increasing oxygen content in Figs. 5.1a and b. The peak intensity at around 36.3° in Fig. 5.1a and 

that around 52° in Fig. 5.1b is biggest for CB-4, the film prepared with 30% oxygen. It is 

considered that the oxygen-rich atmosphere during the deposition of BaTiO3 thin films promoted 

the formation of denser and more stable BaTiO3 films, since perovskite (BaTiO3) films need 

more oxygen to recover the oxygen vacancies during the nucleation and growth stage [38]. 

 

        
Fig. 5.7 Dielectric permittivity obtained from 
the RC-simulations vs. temperature for the 
samples prepared at 600°C and 450°C. 
 

Fig. 5.8 Dielectric permittivity obtained from 
the RC-simulations vs. temperature for the 
samples prepared at 750°C. 

 

From Figs. 5.7 and 5.8 (εr as a function of temperature) it can be observed that the 

dielectric permittivity of some samples is temperature dependent, with a maximum at medium 

temperatures. Films deposited at higher oxygen pressures (CB-4, 30% and CB-5, 20%) show 

higher εr than CB-6 (10%). The dielectric permittivity of CB-6 is temperature independent in the 
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measured range. We assume that the maximum is related to a cubic to tetragonal phase transition 

that has already been discussed in the literature [39]. The characteristic temperatures are in the 

range 293 to 493 K. For CB-4 it is 280 K or below. The lower values of Tc are observed for 

higher oxygen partial pressures during deposition. This may be explained with a stress effect as 

is discussed below. 

 

At lower oxygen pressures, a higher concentration of oxygen vacancies is expected [35] 

with a reduction in the dielectric properties. At higher oxygen pressure more stress is induced in 

the film [40].  It has been shown that films in tensile stress show higher εr values than those in 

compressive stress [41,42].  With high stress in the film the ferroelectric phase transition 

temperature will move to lower values and the transition is broadened [43]. Buessem et al. [44] 

argued that the stress system would consist of a combination of uniform mechanical compression 

along the c axis and tensions along both a axes and that such a stress system would lead to a 

decrease in Tc. Shifts in the phase transformation temperature are expected from a 

thermodynamic theory developed to explain the properties of epitaxial perovskite films under 

biaxial stress [45,46]. 

 

The film deposited at the lowest substrate temperature (450°C) without additional oxygen 

shows the sharpest phase transition with Tc about 400K, which is well consistent with literature 

values for single crystals [47,48]. We suppose that under these preparation conditions there will 

be negligible stress in the films. 

 

Fig. 5.8 shows the dielectric constant of films deposited at 750°C in various oxygen 

partial pressures as a function of temperature.  The εr values are relatively large and do not vary 

much in the measuring temperature range (293-473 K). A similar trend was observed for 

multilayer ceramic capacitors (MLCC) by Feng et al [49]. Our εr values are well consistent with 

their results.   

 

 It is often observed that the dielectric permittivity of BaTiO3 in the cubic phase follows 

the Curie-Weiss law: 

 



 115 

Θ−
=

T

C
rε                         (5.3) 

 

where C and Θ are the Curie-Weiss constant and Curie-Weiss temperature, respectively. The 

Curie-Weiss temperature is in general smaller than the temperature Tc of the cubic-tetragonal 

phase transition: Θ < Τc. In Fig. 5.9 the inverse dielectric permittivity (1/εr ) is depicted vs. T. 

The data follow roughly a linear relationship and Θ can be extracted. Our Curie-Weiss 

temperature values are well consistent with the values of Takeuchi et al. [50] who observed 

values of 400 to 470 K. Saad et al. [51] and Johnson [52] also obtained Θ−values very close to 

400 K.  
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Fig. 5.9 Curie-Weiss plot of the dielectric permittivity for temperatures above the temperature of the 

maximum in Figs. 5.7 and 5.8. 
 

 In our films, the Curie-Weiss temperature shifts to lower values for samples prepared at 

higher oxygen partial pressures. Shifts of the Curie-Weiss temperatures in thin films have been 

explained with a reduced polarizability because of Ti non-stoichiometry by Steiffer et al. and 

with biaxial mechanical stress [53,54].  

 

Since large variations in material properties occur at the transition temperature, it is 

desirable to use in many applications, e.g. in DRAMs, a material whose transition temperature is 
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beyond the operating temperature range [55]. This condition is for our preparation method best 

fulfilled for films prepared at 750°C. 

 

5.3.2.3 Dielectric loss (tan δ) 

 

The dielectric loss (tan δ) of BaTiO3 thin films was calculated from: 

"
'

tan
Z

Z
−=δ        (5.4) 

 

where, Z' and Z" are real and imaginary parts of the complex impedance, respectively. 

Our results are shown in Figs. 5.10 (films prepared at 750°C) and 5.11 (films prepared at 600°C).   

 

 

     

Fig. 5.10 Dielectric loss tangent of the samples 
prepared at 750°C.  
 

Fig. 5.11 Dielectric loss tangent of the samples 
prepared at 600°C. 

 

Films deposited at higher oxygen pressures show lower dielectric loss. The values of our 

films prepared at 750°C are comparable with those reported in the literature [56]. Those for films 

prepared at lower temperatures are much larger.  
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Reference Method Capacitor stack d [nm] εr 
Zeng et al. [56] MOCVD Pt/Si/BTO/Pt 1000 ~120 a 
Ring et al. [57] rf Pt/barrier/BTO/Pt 700 ~750 c 
Lee et al. [58] Poly. Si/SiO2/Pt/BTO/Au 560 700b 

B. Lee  et al. [59] Sol-Gel Si/SiO2/Ti/Pt/BTO/Au 500 ~320b 
Jia et al. [60] rf Al/Si/BTO/Au ~200 ~45 d 

Our samples rf Si/SiO2/RuO2/BTO/RuO2 ~350-750 ~130-1500  

 

Table 5.2 Literature values of εr for BaTiO3 films. (Thickness, d, rf magnetron sputtering, rf, poly= Polymeric 
precursor method) Dielectric permittivity (εr) calculated, a 1 kHz, b 10 kHz, c 100 kHz, d 1 MHz. 

 

5.4 Conclusions 

 

 The films prepared with high oxygen partial pressure show increased crystallinity and a 

dense columnar structure. 

  

The films prepared at the highest temperature (750°C) exhibit the best dielectric 

properties with respect to applications: the dielectric permittivity is high and relatively 

temperature independent in the temperature range 20°C to 200°C; and the dielectric loss is low. 

Best results are obtained for 10% oxygen admixture to the sputter gas. These results are 

comparable with those prepared with Pt electrodes. 

 

Films prepared at lower temperatures show signs of a phase transition in the measuring 

temperature range, 20°C to 200°C. The characteristic temperature decreases with increasing 

oxygen partial pressure during deposition. This is tentatively explained with increased stress in 

the films. The activation energies of conductivity are below 100 meV. This is characteristic for 

hopping conduction between defects. Altogether, we conclude that RuO2 electrodes are well 

suited for thin film capacitors with BaTiO3 as dielectric material. 
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Appendix: Resistance of BaTiO3 

 

 The resistances of various BaTiO3 samples obtained from impedance measurements 

reported in the literature are shown in the figure below. The bottom line at “Reference 0” 

represents our range. From the table and the figure it can be seen that our films cover the whole 

range reported in the literature. 
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Literature for resistance: 
 

1. Yu ea al. Appl. Phys. Lett. 87 252904 (2005)   
2. J. –G. Kim et al. J. Mater. Sci.: Mater.Electr. 16 7 (2005)  
3. Yang et al. J. Appl. Phys. 96 7492 (2004)  
4. Hari. et al.  J. Mater. Sci.: Mater.Electr. 8 15 (1997)   
5. Victor et al. J. Appl. Phys. 94 7702 (2003)  
6. J. –G. Kim et al. J. Mater. Sci.: Mater.Electr. 15 807 (2004)  

 
 

Reference Prep. method Simulation d [nm] Resistance [Ω] 
Yu et al. [1] Single crystal 3 RC  30-100 at R.T 

Kim et al. 2005 [2] Ceramic -  100-600 at R.T 
Yang et al. [3] Ceramic 3 RC  0.5-7x104 
Hari  et al. [4] Ceramic 2 RC  120-500 

Victor et al. [5] PLD - 500-800 1.4x104 
Kim et al. 2004 [6] Ceramic -  150-700 

Our samples rf mag. sputtering 2 RC and 
RQ 

~500-800 6x100  to 1x105  
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6. Annealing effects on structural and dielectric 

properties of Ba0.75Sr0.25TiO3 thin film capacitors  

with RuO2 electrodes 

 

 
 

 

 

 
 
Abstract  

 

 

Three capacitors with Ba0.75Sr0.25TiO3 as dielectric were prepared and submitted to different post 

heating treatments. The deposition and annealing (in oxygen and vacuum) results in a significant 

difference in the dielectric properties of Ba0.75Sr0.25TiO3 thin films. The dielectric constant in the 

low-frequency region is found to be very large for the oxygen annealed film and small for the 

vacuum annealed film. For the as-deposited film the dielectric constant is relatively low (~500). 

Dielectric constant at low frequency is probably from the non-uniform charge accumulation at 

grain-boundaries. 
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6.1 Introduction 

 

Thin films of (BaxSr1-x)TiO3 (BST) are promising ferroelectrics for applications in future 

ultra-large scale integrated electronic circuits, e.g. dynamic random access memories (DRAM) 

[1] and tunable microwave device applications [2], because these materials show high insulating 

properties with large values of relative permittivity and low dielectric loss and large change in 

dielectric constant with an applied dc electric field [3]. (BaxSr1-x)TiO3 thin films have been 

widely studied because of their high dielectric constant in thin film hybrid and integrated circuits 

[4,5,6] for above mentioned applications. The high relative dielectric constant of BST films can 

shrink the size of circuits and at the end it is easy to miniaturize the electronic devices into the 

nano-scale range. 

 

 (BaxSr1-x)TiO3 thin films have been fabricated using various deposition techniques 

including excimer laser ablation [7], flash evaporation [8], chemical vapor deposition (CVD) [9], 

sol-gel processes [10] and rf magnetron sputtering [11]. The rf magnetron sputtering method has 

been demonstrated to be the most promising method, because it offers good reproducibility, 

uniformity and simplicity [12].  

 

 A large number of studies on the properties of perovskite thin films using noble metal 

electrodes including Pt have been reported [13]. The sputtered Pt electrode is known to have the 

disadvantage of hillock formation, which can electrically short-circuit the capacitor. To 

overcome this problem, RuO2 is a promising conductive metallic oxide, due its low resistivity 

(about 40 µΩcm), excellent diffusion barrier properties, good thermal stability and high 

corrosion resistance [14,15]. There have been only a few studies on BST thin films with the 

application of RuO2 as the electrodes [16]. There has been very limited study on Ba0.75Sr0.25TiO3 

thin film properties [17].  

 

 Substrate temperature and oxygen partial pressure could have a severe effect on the 

oxygen content of thin films. There are numerous reports that vacuum annealing can produce a 

deficiency in oxygen [18], while excess oxygen can be produced by annealing in oxygen [19]. 
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There is very limited study on the annealing in vacuum and oxygen [20] on the Ba0.75Sr0.25TiO3 

thin film properties.  

 

It is interesting to study the Ba0.75Sr0.25TiO3 thin film properties under annealing in 

oxygen atmosphere. However, often large variations in the physical and structural properties of 

thin films are observed depending on their annealing treatment. It is generally recognized that 

post-deposition annealing can repair the oxygen vacancies and reduce the number of organic 

inclusions (i.e., from the sol-gel process) within the as-deposited BST thin films. In fact, the 

properties of thin films strongly dependence on the processing parameters to suit various 

technological requirements.   

 

 In this study, we examine Ba0.75Sr0.25TiO3 thin films prepared by rf magnetron sputtering 

on different substrates and subjected to different annealing conditions to study their structural, 

stoichiometric and dielectric properties. 

 

6.2 Experimental 

 

Ba0.75Sr0.25TiO3 thin films were prepared by rf magnetron sputtering in a Von Ardenne 

LS 500 S sputtering system. The sputter chamber was pumped down to 3.5 x 10-5 mbar, and the 

Ar+O2 pressure was 1.2 x 10-2 mbar. A sintered and stoichiometric Ba0.75Sr0.25TiO3 target (purity 

99.99% and rf power 100 W) was sputtered in Ar and O2 mixed atmosphere to deposit thin films 

at room temperature and at 700°C. The films were later annealed for 1 hour in vacuum or in 

oxygen (O2 = 20 sccm) of samples CBS-0.75-1 and CBS-0.75-2, respectively. The as-deposited 

film without post-annealing is CBS-0.75-5. High purity (5N) Ar (50 sccm) and O2 (10 sccm) gas 

mixtures were used. The p-type Si(100) (circular) wafer substrates of 25 mm diameter and 0.50 

mm thickness were used and cleaned in ultrasonic bath. A SiO2 layer was grown by thermal 

oxidation. The capacitor structure comprised RuO2 as bottom (50 nm) and top layer (30 nm) 

electrodes. They are deposited by rf magnetron sputtering with a RuO2 target (purity 99.99%, Ar 

50 sccm and rf power 75 W) at substrate temperatures of 540°C and room temperature of bottom 

and top electordes. The area of the top electrode is 7 mm2. The thickness of the Ba0.75Sr0.25TiO3 

films is 300 ± 20 nm. 
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 The thickness of the Ba0.75Sr0.25TiO3 thin films was determined with a profilometer 

(Dektak 6M stylus profiler), structure determination was carried out by x-ray diffraction, XRD 

(Siemens D5000 x-ray diffractometer) with Cu Kα1 (λ = 1.5405 Å) radiation. The complex 

impedance was measured with a Solartron Schlumberger SI 1260 impedance/gain analyzer, the 

temperature and frequency dependent dielectric properties were measured from 20 to 200°C and 

10 Hz to 10 MHz, respectively. 

 

6.3 Results and discussion 

 

In Table 6.1 the deposition and annealing parameters are summarized along with the dielectric 

properties of the Ba0.75Sr0.25TiO3 thin film capacitors. 

 

O2 % εr 
Sample 

P 

[x10-2 

mbar]  
Tsub d [nm] 

at 100 Hz 100 KHz *
RQp 

Eσ 
[meV] 

CBS-0.75-1 2.2 20 
R.T (Ann. at 700°C in 

O2=40%) 
~305 143710 13682 17742 34 

CBS-0.75-2 2.2 20 
R.T (Ann. at 700°C in 

vaccum) ~300 11267 667 1094 17 

CBS-0.75-5 2.4 20 As dep. 700°C ~315 - 1235 475 0 

 

Table 6.1 The deposition parameters and dielectric permittivity of BST-0.75 capacitors 

 

6.3.1 X-ray diffraction study 

 
 

Fig. 6.1 XRD diffractogram of BST-0.75 thin films (vertical lines indicates BST-0.75 phases), top to 
bottom (As. dep., Ann. in Vac. and Ann. in O2) 
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 XRD results of Ba0.75Sr0.25TiO3 thin films annealed in different conditions are shown in 

Fig. 6.1. It can be seen that (100), (101), (200) and (202) of the perovskite Ba0.75Sr0.25TiO3 peaks 

can be observed. As deposited film (BST-0.75-5) and annealed in O2 film (CBS-0.75-1) shows 

(100) and (200) preferred orientations and very weak (101) orientation. Film annealed in vacuum 

(BST-0.75-2) shows only (202) preferred orientation. 

 

6.3.2 Impedance spectroscopy study 

 

Complex impedance spectroscopy (IS) is a useful method in view of its simplicity and 

clarity in describing the electrical processes occurring in a system to characterize the electrical 

microstructure of ceramics and can allow the intrinsic (bulk) electrical properties to be 

distinguished from extrinsic contributions, such as grain boundaries, surface layers, and 

dielectric-electrode interfaces. The output response, when plotted in a complex plane plot, 

appears in the form of a succession of semicircles representing electrical phenomena due to bulk 

material, grain boundary effect and interfacial phenomena and gives the true bulk grain 

resistance [21]. The complex impedance can be plotted in a variety of complex plane formalisms, 

e.g., impedance Z*, permittivity ε*, or spectroscopic plots of the real and/or imaginary 

components. Complex IS has been quite well known for its applications in solid electrolyte 

conductivity determination, and its use has also long been extended to the studies of other solid 

dielectrics.  

 

For many electroceramics the concept of a brick layer model consisting of uniform-sized 

grains separated by thin (high capacitance), insulating grain boundaries is appropriate, but it is 

only in ideal conditions, in general grains are non-uniform poly-grains. Each region can be 

realistically described by a parallel combination of a capacitor and resistor. The complex IS 

normally describes as Z*
 =Z'+jZ", where Z' and Z" are real and imaginary parts of complex 

impedance.  
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Fig. 6.2 Cole-Cole plot of BST-0.75 thin films along with simulated curve including deconvolution of 
high and low frequency curves (a) CBS-0.75-1 film annealed in O2 ( fg=1.28x102, R=1.3 Ω, α=0.57), (b) 
CBS-0.75-2 film annealed in vacuum ( fg=1.6x103, R=4.8 Ω, α=0.67), (c) CBS-0.75-5 as deposited film at 
700°C ( fg=2x105, R=10 Ω, α=1.0). 
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Fig. 6.2(a), (b) and (c) show the complex impedance of the samples CBS-0.75-1, CBS-

0.75-2, and CBS-0.75-5, respectively. It can be observed that it is not an ideal semicircle and 

needs to be fitted with one R and two parallel RQ (RQp) elements connected in series. We 

assume that the high frequency RQp element represents the intragranular (bulk/grain) capacitance 

Cb and resistance Rb, and the medium frequency RQ element represents the intergranular (grain 

boundary, gb) capacitance, Cgb, and resistance, Rgb. This is based on the assumptions that Rgb » 

Rg and that the permittivity of the bulk and grain-boundary regions are similar in size such that 

Cgb » Cg. Then the time constant (where τ =RC) for the bulk element,τ b, is much smaller than 

that of the grain-boundary element, τ gb.  

 

Each RQp element gives rise to an arc in the complex impedance plane plot Z* and the 

electrical relaxation (ωτ = 1, where ω = 2πf and f is the applied frequency in Hz) occurs at much 

lower frequency for the grain boundary element compared to the bulk element. The diameter of 

the arcs represent the magnitudes of Rb and Rgb, and Cb and Cgb can be estimated using the 

relationship ωτ =1 at the arc maxima (ωmax=2πfmax ; C=1/2πRfmax).  Consequently, the 

characteristic frequency fg = (2πτ)−1 is relatively smaller and the semicircle of the grain 

boundaries occurs at lower frequencies. The bulk grain resistance is determined from the high-

frequency semicircle of the RCp or RQp equivalent circuit. This procedure is well established in 

the literature. It has been applied in the case of many dielectric and ferroelectric materials 

[22,23]. 
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Fig. 6.3 Resistance of BST-0.75 films extracted from RQ simulations. (a) Grain, G and (b) grain 
boundary, GB.  
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In Fig. 6.3 the relationship of Rgb>Rg vs. temperature is shown for the sample CBS-0.75-

1, CBS-0.75-2 and CBS-0.75-5. The contribution from the grain boundaries plays an important 

role in the total insulation resistance of the capacitors. It is well established that deposition at 

higher oxygen pressure makes films more insulating [24,25]. 

    

The frequency-dependent relative dielectric constant (εr) as calculated from Eq. (1) 

[26,27] can be seen in Fig. 6.4.  

 

)"')(2(

"
22

0 ZZfC

Z
r

+

−
=

π
ε      (1) 

 

The Z'-value for f → α was substracted from Z'(f). As a typical behavior, the dielectric 

constant is higher at lower frequencies and decreases with increasing frequency. Such behavior 

has been observed in many MIS systems [28] and various models have been proposed in terms of 

the frequency dispersion of the permittivity of the insulator film, the presence of a highly 

resistive interfacial layer or a density distribution of interface states.  
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Fig. 6.4 Relative dielectric permittivity of BST-0.75 films calculated from Eq. (2) with respect to 

frequency. 
 

The dielectric constant of our film annealed in oxygen shows is larger than those of the 

as-deposited film and the film annealed in vacuum. 
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The increase in the dielectric constant in the low frequency range is possibly due to the 

space charge polarization. This can be explained in other terms like Maxwell-Wagner type 

interfacial polarization or space charge polarization at grain boundaries, contributions from 

interfacial polarizability due to the presence of two layers of material of different conductivity. 

The space charge polarization is inherently related to the non-uniform charge accumulation. 

These charges can be originated during the post annealing treatment in an oxygen atmosphere. In 

polycrystalline ceramics, this kind of behavior is commonly observed when the grains are 

semiconducting and the grain boundaries are insulating. The actual mechanism in our sample is 

difficult to determine since all these could be source of the dispersion. In general interfacial 

polarization is relatively slow compared with other types of polarization (atomic, electronic, 

dipolar) produced by displacement or orientation of bound charge carriers, which can only affect 

the dielectric properties of the samples at a low frequency [29]. Such giant dielectric permittivity 

at lower frequencies has been observed for dielectrics: e.g. (CaCuTi4O12) [30], ferroelectrics: 

e.g., (BaTiO3:Nb) [31] and composite materials: e.g., (Ni0.8Zn0.2Fe2O4/Sr0.5Ba0.5Nb2O6) [32]. 

 

The sharp decrease at higher frequencies is due to the fact that we observe non-zero 

resistance when the frequency approaches the high-frequency limit; but the imaginary part 

vanishes. This leads to vanishing εr, according to Eq. (2).  

 

When the resistance of the grain boundaries is much larger than that of the grains then the 

εr calculated from Eq. (2) is too large by a factor corresponding to the ratio of the thickness of the 

grains to that of the grain boundaries. 

 

Around 10 kHz, all spectra exhibit a step. According to our model, the RQ-element of the 

grains dominates the spectra. Following the discussion above, only the value at 100 kHz is 

physically meaningful. It is attributed to the bulk grains. In this case, the assumed thickness of 

the dielectric layer and consequently the value of the empty capacitance (C0 in Eq. (2)) was 

correct.  

 

Post annealing in an oxygen atmosphere increased the dielectric constant while a small 

dielectric constant was observed for the vacuum annealed film.  
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Pontes et al. [33] and Shen et al. [34] observed that when films are annealed in oxygen 

there is an increase of the dielectric constant in the low-frequency region. This is because the 

oxygen atoms segregate into the grain boundaries and forms interface layers with high resistance, 

so the interface conductivity is different from the bulk conductivity. These phenomena can be 

explained as the space charge polarization is inherently related to the non-uniform charge 

accumulation. 

 

We calculated the bulk εr from the high frequency semicircle of the simulations of the 

complex impedance attributed to the bulk capacitance values from the equation Eq (2), (where 

C=1/2πRfmax) 

A

Cd
r

0ε
ε =       (2)  

where C is the capacitance, d is the thickness of the film, ε0  is the permittivity of vacuum (8.854 

x 10-12 F/m), and A is the area of the electrode (7.07 mm2).  
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Fig. 6.5 (a) Dielectric permittivity of bulk grains of BST-0.75 films calculated from RQ simulations with 
respect to temperature, (b) literature comparison. 

 

The εr values are plotted with respect to the measured temperature in Fig. 6.5(a). From 

this figure it is very clear that, at about 140°C there is trend for all films, increasing the εr values.  
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The εr values of our films are well consistent with literature values can be found in Fig. 

6.5(b): Cheng et al. [35] observed εr ~650 for Ba0.80Sr0.20TiO3 thin films prepared by the sol-gel 

process. This result is good agreement with our as-deposited film. Takemura et al. [36] observed 

for ~100 nm Ba0.50Sr0.50TiO3 thin films with RuO2 electrodes, εr very close to our values for as 

deposited film (εr ~360 at 10 kHz). They also observed that on RuO2 electrodes the εr values are 

higher than on Pt or Pd electrodes. Zhu et al. deposited thin films of graded BST (pulsed laser 

deposition) under different oxygen partial pressures and observed εr from 300 to 900. Alexandru 

et al. [37] also observed for Ba0.75Sr0.25TiO3 prepared by standard solid state reaction technology 

that the εr values are 1200 at 10 kHz.  For Ba0.73Sr0.27TiO3 thin films (120 nm thickness) εr values 

about 1000 (at 10 kHz) are observed by Plonka et al. [38]. Rundquist et al. [39] observed εr 

maximum values about 940 at 1 MHz for Ba0.75Sr0.25TiO3 thin films with thickness of 280 nm.  

 

These results indicate that, annealing (in oxygen or vacuum) will improve the dielectric 

properties. But an in depth study is necessary to understand the actual mechanism in the 

improving the dielectric properties by annealing. 

 

Conductivity (σ ) 

 

 The bulk conductivity of the material has been evaluated from the complex impedance 

plots of the CBS-0.75 samples at different temperatures and is depicted in Fig. 6.6.  

At higher temperatures, the bulk conductivity versus temperature (1000/T) is linear and can be 

explained by a thermally activated transport of Arrhenius type governed by the relation: 

 

   







−=

kT

Eσσσ exp0       (3) 

 

where σ0 and Eσ  are conductivity at higher temperature and the activation energy of the mobile 

charge carriers, respectively.  
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Fig. 6.6 Arrhenius plot of bulk conductivity 

 

Over the temperature range of 273 to 493 K the conductivity reveals linear behavior with 

essentially the same activation energy between 0 to 34 meV. The activation energies of 

conductivity and relaxation times are relatively low. Such low activation energies have also been 

observed in the literature for different materials: 4 to 11 meV for SrTiO3 [40], 33 to 62 meV for 

(Sr,Bi)TiO3 [41], 12 meV for (Sr,Ca)TiO3 [42], and 100 meV for TiO2 [43]. Such small 

activation energies have been attributed to hopping of electrons between traps generated e.g. by 

off-centre defects. 

 

Dielectric loss (tan δ)  

 

The dielectric loss (tan δ) of the capacitors was calculated from, The Z'-value for f → α 

was substracted from Z'(f):  

 

"
'

tan
Z

Z
−=δ         (4) 

 

where Z' and Z" are the real and imaginary part of the complex impedance, respectively. Our 

results are shown in Fig. 6.7.  
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Fig. 6.7 Dielectric loss (tan δ) vs. frequency 

 

The film annealed in oxygen and the film deposited at 700°C high show lower dielectric 

loss compared with the film annealed in vacuum. This can be explained with the assumption that 

films annealed in oxygen or deposited at high substrate temperature have a lower defect density 

compared with films annealed in vacuum, where there are more chances to have large defect 

density, especially of oxygen defects.  

 

6.4 Conclusions 

 

In conclusion, the deposition and annealing (in oxygen and vacuum) results in a 

significant difference in the dielectric properties of BST-0.75 thin films. The dielectric constant 

in the low-frequency region found to be very large for oxygen annealed film and small for 

vacuum annealed film. For the as-deposited film the dielectric constant is low. Dielectric 

constant at low frequency is probably from the non-uniform charge accumulation at grain-

boundaries. For all films there is a relaxation step at 10 kHz. The dielectric constant at 100 kHz 

for oxygen annealed about 13000, vacuum annealed film is about 660 and for as deposited film 

is about 1235. The dielectric permittivity of bulk at room temperature for the oxygen annealed 

film is ~17000, this value is larger than for the other two samples: annealed in vacuum and as-

deposited films εr values are ~1090 and ~470 at room temperature. Above 140°C the εr values 
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increased up. But an in depth analysis is necessary to understand the annealing effects in 

Ba0.75Sr0.25TiO3 thin films.  
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7.   Dielectric properties of BaTiO3 / SrTiO3 and  

BaTiO3 / Ba0.75Sr0.25TiO3 thin film heterostructures  

with RuO2 electrodes 

 
 

 

 

 

 

 

 

Abstract 

 

 

Thin film capacitors with several layers of BaTiO3/SrTiO3 and BaTiO3/ Ba0.75Sr0.25TiO3 as 

dielectric were fabricated by rf magnetron sputtering.  The properties of the capacitors were 

investigated as a function of the heterostructure periodicity. The dielectric constant increased 

with decreasing the individual layer thickness of BaTiO3/SrTiO3. The dielectric constant was 

significantly enhanced up to ~100000 for the BaTiO3/ Ba0.75Sr0.25TiO3 system. This is thought to 

be an artifact produced by space charge regions due to carrier migration to the interfaces within 

the dielectric.  
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7.1 Introduction 

 

Perovskite thin films are forerunner in science and technology to miniaturization of the 

electronic devices. In recent years there is a great attention on perovskite type thin films for 

applications as dynamic and ferroelectric random access memories (DRAM and FeRAM), 

sensors, and microwave devices. Therefore, extensive research has been carried out to obtain 

large dielectric constant and non-linear dielectric properties for thin film ferroelectric devices. 

There is a great interest to enhance the properties of the most promising and typical ferroelectric 

materials such as BaTiO3 (BTO) and (BaxSr1-x)TiO3 (BST) by strain that is induced with 

different deposition methods. One possibility is the production of hetero-structures with different 

perovskite materials. 

  

 Plenty of theoretical and experimental results have revealed that the lattice strain induces 

an enhancement of the polarization and the relative dielectric constant of heterostructures. BTO 

or BST films on SrTiO3 (STO) substrates increase their polarization [1] which is explained by 

the strain caused by the lattice mismatch between BTO and STO. Heterostructures of BTO and 

STO enhance the dielectric constant [2,3]. By changing the layer stack thicknesses of BTO/STO 

and BTO/ STO/ CTO (CaTiO3), Shimuta et al. and Lee et al. [4] observed an increase of the 

polarization by a factor of three and 50% compared to a homogeneous single BTO film. Erbil et 

al. [5] deposited heterostructures of PbTiO3 and PbLaTiO3 and observed a giant dielectric 

constant of 420,000 at lower frequencies which they explained with the rigid body motion of 

ferroelectric domain walls. Qu et al.[6] reported a shift of the dielectric maximum to higher 

frequency with increasing measuring temperature, similar to the dielectric response relaxors. 

Catalan et al. [7] have tried to explain the anomalous dielectric properties of ferroelectric 

superlattices by means of a Maxwell-Wagner series capacitor model.   

 

To manipulate the strain in a wide range, Kim et al [8] demonstrated that the dielectric 

constant and its non-linearity of BTO and STO reached a maximum at a certain degree of lattice 

distortion. Remarkable enhancement of voltage tunability (94%) has been achieved by Kim et al. 

[9] in BTO/STO super lattice system at the periodicity of each two unit cell. Several theoretical 
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calculations [10,11] based on first principle calculations, predicted that significant enhancement 

of the polarization can be achieved in perovskite oxide superlattices through larger misfit strain. 

 

 Although the dielectric constant response of ferroelectric superlattices does indeed 

resemble that of relaxors, it was recently observed that the appearance of dielectric enhancement 

and frequency relaxation could be correlated to the onset of Maxwell-Wagner (MW) behavior 

[12], suggesting that the observed relaxation and dielectric enhancement may be artifacts of 

carrier migration.  

 

 There are several reports on oxygen vacancies which play a pivotal role in structural and 

electrical properties of perovskite films. Oxygen vacancies will enhance the polarization, 

dielectric permittivity [13] and quality factor (Q=1/tan δ) [14] of the perovskite films. Kim et al. 

[13] also observed that the measured dielectric constant increases gradually as the strain goes 

from compressive strain (-0.14%) to tensile strain (0.12%), as determined from the lattice 

constant. An increased number of oxygen vacancies, increased the total polarizability by 

increasing the number of defect dipoles [15] and consequently the ionic polarizability.  

 

 A large number of studies on the properties of perovskite thin films using noble metal 

electrodes including Pt have been reported [16]. The sputtered Pt electrode is known to have the 

disadvantage of hillock formation, which can electrically short-circuit the capacitor. To 

overcome this problem, RuO2, a conductive metallic oxide, was suggested as electrode material 

due its low resistivity (about 40 µΩcm), excellent diffusion barrier properties, good thermal 

stability and high corrosion resistance [17,18]. There have been only a few studies on perovskite 

thin films with the application of RuO2 as electrodes [19].  

 

In this study, heterostructures of BaTiO3 (BTO)/SrTiO3 (STO) and BaTiO3 

(BTO)/Ba0.75Sr0.25TiO3 (BST-0.75) thin films are fabricated on substrates of RuO2/SiO2/p-Si and 

RuO2/TiO2/SiO2/p-Si (one film). To the best of our knowledge it is the first time to attempt to 

study this combination. 
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7.2 Experimental 

 

The films were fabricated by radio-frequency (rf) magnetron sputtering of BaTiO3, 

SrTiO3 and Ba0.75Sr0.25TiO3 sputter targets with a diameter of 90 mm. The substrates were 

RuO2/SiO2/Si or RuO2/TiO2/SiO2/Si. The sputter chamber pressure is pumped down initially to 

3x10-6 mbar but increases up to 3.5x10-5 mbar when the substrates are heated to 700°C. Later 50 

sccm argon was introduced and the chamber pressure is 1.5x10-2 mbar during sputtering. The 

substrates were heated up to 700°C and the targets were pre-sputtered 15 min with argon.  

 

Two kinds of heterostructures were deposited: BTO/STO and BTO/BST-0.75. The 

starting layer for both is BTO. These heterostructures were deposited in three different layer 

stacks; 5 x (30/30 nm), 3 x (50/50 nm), and 1 x (150/150 nm). For all films the total thickness 

was 300±20 nm; details can be found in Tables 7.1 and 7.2. 

 

Table 7.1 

εr 
Sample 

P 

[x10-2 

mbar] 
Tsub Stacks d 

[nm] at 100 
Hz 

10 KHz *
RCp 

R [Ω] 
Total 

C-H-B-S-3 1.6 600°C 30/30 ~290 355 297 461 65 
C-H-B-S-1 1.7 600°C 50/50 ~280 242 212 324 170 
C-H-B-S-2 1.7 600°C (TiO2) 50/50 ~305 462 267 301 300 
C-H-B-S-6 3.0 600°C 150/150 ~277  145 224 200 

 

 

Table 7.2   

εr 
Sample 

P 

[x10-2 

mbar] 
Tsub Stacks d 

[nm] at 100 
Hz 

10 
KHz 

*
RCp 

R [Ω] 
Total 

C-B-BS-1 3.9 600°C 30/30 ~312 9447 5676 9548 2000 
C-H-B-BS-1 2.0 700°C 30/30 ~307 10497 10483 7000 9 
C-H-B-BS-3 1.6 700°C  50/50 ~305 6303 3397 500 8 
C-H-B-BS-5 1.5 700°C 50/50 in N2 ~300 572 66 67 180 
C-H-B-BS-2 2.0 700°C 150/150 ~300 - 9695 9544 30 

 

Table 7.1 and 7.2 deposition parameters of C-H-B-S and C-H-B-BS system, respectively 
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The crystalline phase of the thin films was identified by x-ray diffraction (XRD) with a 

Philips 1760 powder diffractometer equipped with filtered Co Lα radiation (1.7902 Å). The film 

thickness was measured with a profilometer (Tencor Alpha-Step 500). For the study of the 

electrical properties of the hetero-structures we used impedance spectroscopy with a Solartron 

Schlumberger SI 1260 impedance/gain analyzer in the frequency range 10 Hz to 10 MHz and in 

the temperature range 20°C to 200°C.  

 

7.3 Results and discussion 

 

7.3.1 Phase analysis 

 

Fig. 7.1 show the XRD patterns of BTO/STO and BTO/BST-075 heterostructure thin films, 

respectively. All films are polycrystalline with a perovskite structure. References (vertical lines) 

for the various phases are taken from Powder Diffraction File (PDF) data for BTO, STO, BST-

0.75 and RuO2. The lattice constant of the BTO cubic phase is (a = b = c = 4.03 Å, PDF: 31-

174), that of cubic STO (a = b = c = 3.91 Å, PDF: 35-734) and those for BST-0.75 (a = b = 

3.997 Å and c = 3.9883 Å, PDF: 44-93). The peaks of the various materials indicated by 

different vertical lines and symbols can be noticed in figure legends. 
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Fig. 7.1 XRD diffractograms of the heterostructures (a) C-H-B-S series (b) C-H-B-BS series  
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7.3.2 Impedance data 

 

The resistance R and the capacitance C values of electrically active grain and grain 

boundary regions in many electroceramics can be estimated by complex impedance spectroscopy 

(IS). The complex impedance is normally described as Z*
 =Z'+jZ", where Z' and Z" are the real 

and the imaginary part of the complex impedance, respectively.  

 

The experimental data can often be modeled with an equivalent circuit consisting of two 

parallel RCp or RQp elements connected in series, one RCp or RQp element for the bulk and the 

other for the grain boundary response. For such a circuit, each RCp or RQp element gives rise to 

ideally a semicircular arc in impedance complex plane plots, Z* and a plateau in spectroscopic 

plots of the real component of the permittivity. RQp means a parallel circuit of a resistance R and 

a constant phase element (CPE), Q. The impedance of a Q-element is given by Z = A·(iω)-1.  

 

For many electro-ceramics the concept of a brick layer model consisting of uniformly-

sized grains separated by thin high capacitance, insulating grain boundaries is appropriate [20]. 

Each region (grain or grain boundary) can be realistically described by a parallel combination of 

a capacitor and resistor. The position of the arcs in the frequency spectrum depends on their 

relaxation time, τ, where τ = RC = ρεε0. At the arc maxima, the relationship ωmaxRC = 1 holds, 

where ωmax=2πfmax, and f is the applied frequency in Hz. In general, τ for grain boundary regions 

is much larger than for the bulk and the grain boundary response is relaxed out at lower 

frequencies than the bulk effects. Often, RC elements have ωmax that lie outside the available 

frequency range, especially if they represent either insulating regions with high R (ωmax smaller 

than minimum measuring frequency) or semiconducting regions with low R (ωmax bigger than 

maximum measuring frequency). In such cases, only parts of the arcs can be observed. 

Consequently, the characteristic frequency fg = (2πτ)−1 is relatively smaller and the semicircle of 

the grain boundaries occurs at lower frequencies. The bulk grain resistance is determined from 

the high-frequency semicircle of the RQp equivalent circuit. This procedure is well established in 
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the literature. It has been applied in the case of many dielectric and ferroelectric materials 

[21,22]. 
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Fig. 7.2 Cole-Cole plots of heterostructures (a) C-H-B-S series (BTO/STO) together with the simulated 
curve (dashed lines)  (b) C-H-B-BS (BTO/BST) heterostructures together with the simulated curve (red). 
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 Fig. 7.2 (a) shows the complex impedance of the samples C-H-B-S-1, 2, 3 and 6 

measured at room temperature. It can be observed that these are not ideal semicircles and need to 

be fitted with two RQp elements connected in series.  

 

 The frequency-dependent relative dielectric constant (εr) was calculated from Eq. (1) 

[23,24]: 

)"')(2(

"
22

0 ZZfC

Z
r

+

−
=

π
ε      (1) 

 

It can be seen in Fig. 7.3 (b). As a typical behavior, the dielectric constant is much higher 

at lower frequencies and decreases with increasing frequency. Such behavior has been observed 

in many MIS systems [25] and various models have been proposed in terms of the frequency 

dispersion of the permittivity of the insulator film, the presence of a highly resistive interfacial 

layer or a highly density distribution of interface states.  
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Fig. 7.3 Relative dielectric permittivity calculated from Eq. (1) with respective frequency of the (a) C-H-
B-S series (b) C-H-B-BS series heterostructures 

 
 

The increase in the dielectric constant in the low frequency range is possibly due to the 

space charge polarization, i.e., grain boundaries. This can be explained in other terms like 

Maxwell-Wagner type interfacial polarization or space charge polarization, contributions from 

interfacial polarizability due to the presence of two layers of material of different conductivity. 



 146 

The sharp decrease at higher frequencies is due to the fact that we observe non-zero resistance 

when the frequency approaches the high-frequency limit and the imaginary part vanishes. This 

leads to vanishing εr, according to Eq. (1). In general interfacial polarization is relatively slow 

compared with other types of polarization (atomic, electronic, dipolar) produced by displacement 

or orientation of bound charge carriers, which can only affect the dielectric properties of the 

samples at a low frequency [26]. Such giant dielectric permittivity observed at lower frequencies 

for several dielectrics (CaCuTi4O12) [27], ferroelectrics (BaTiO3:Nb) [28] and composite 

materials (Ni0.8Zn0.2Fe2O4/Sr0.5Ba0.5Nb2O6) [29]. 

 

From Fig. 7.3(a) it can be observed that for all samples there is a plateau from 10 to 100 

kHz, which can be attributed to the permittivity of the bulk grains.  

  

 The bulk conductivity of the material has been evaluated from the complex impedance 

plots of the C-H-B-S samples at different temperatures and is depicted in Arrhenius plot in Fig. 

7.4. At higher temperatures, the bulk conductivity versus temperature (1000/T) is linear and can 

be explained by a thermally activated transport of Arrhenius type governed by the relation: 
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Fig. 7.4 Arrhenius plot of bulk conductivity of C-H-B-S series heterostructures 
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where σ0 and Eσ, are conductivity at higher temperature, the activation energy of the 

mobile charge carriers, respectively. From the figure it can be seen that 30/30 layer stack show 

high conductivity. With increasing the stack thickness the conductivity goes lower.  

The activation energies are very low, 0 to 27 meV, but comparable with other perovskite 

materials. The activation energies of conductivity and relaxation times are relatively low. Such 

low activation energies are also observed for different material systems in the literature: 4 to 11 

meV for SrTiO3 [30], 33 to 62 meV for (Sr,Bi)TiO3 [31], 12 meV for (Sr,Ca)TiO3 [32], and 100 

meV for TiO2 [33]. Such small activation energies have been attributed to hopping of electrons 

between traps generated e.g. by off-center defects. 

 

There is hence an implication that the intrinsic dielectric constant of the ferroelectric 

materials does indeed increase as the slab thickness is decreased. This contrasts with other 

observations on single-film capacitors where it is well known that the dielectric constant drops 

off dramatically as thickness is reduced [34,35]. When the thickness of each slab is very thin the 

behavior of the superlattices is very similar to a simple ferroelectric with a first-order phase 

transition. This is understandable because, in this case, the long-range order within each slab is 

greatly suppressed; this is especially true in BTO which has a larger critical size. 
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Fig. 7.5 Permittivity of the bulk grains calculated from the RC simulations of (a) C-H-B-S series 

heterostructures, (b) literature comparison of heterostructures. 
 

And it is observed from the Fig. 7.5(a) in our BTO/STO system that the dielectric 

constant of the heterostructures is enhanced as the superlattice periodicity is increased up to 

[BTO30 nm/STO30 nm] 6, which shows the dielectric constant ~461. Zhai et al [36] also observed 

that the [BTO90 nm/STO90 nm] 2 periodicity shows the bigger dielectric constant, than more or less 

of this periodicity.  

 

Results similar to ours were obtained by Ge et al. [42] for the [BTO30 nm/STO30 nm] 6 

stacking periodicity, it can be observed from Fig. 7.5(b). They observed a dielectric constant of 

721 at 10 kHz. They explained that space charge may be produced at the interface between BTO 

and STO layers, which will lead to the formation of a special layer of high conductivity 

compared with the bulk of BTO and STO that have low conductivity. The film stacks consisting 

of two layers differing in electrical conductivity must give rise to the dielectric enhancement 

corresponding to the Maxwell-Wagner model. Such results were observed by O’Neill and 

Catalan et al.  
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Fig. 7.5(c) Permittivity of the bulk grains calculated from the RC simulations of C-H-B-BS 

heterostructure series 

 

From Fig. 7.5(c) shows the dielectric constant vs. temperature for the BTO/BST-0.75 

heterostructures. The results shows that, [BTO30 nm/BST30 nm] 6  deposited at 600°C and [BTO150 

nm/BST150 nm] 1 heterostructure deposited at 700°C shown much larger dielectric constant. The 

heterostructures of [BTO50 nm/STO50 nm] 3 which deposited at  700°C and annealed in N2 shown 

much lower dielectric constant, it might be, because of high concentration of oxygen defects.  

 

Shimuta et al. [37] also reported similar results: (BTO5/STO5)~250 with 5 unit cells shows 

a large dielectric constant (~250) that decreases with increasing layer thickness. This is because 

the individual layer thickness of the BTO or STO layer is above the critical thickness, which is 

about two unit cells according to O’Neill et al [38]. Shimuta et al. explained that the lattice 

parameter c of the BTO and STO in the superlattices decreases with increasing layer thickness, 

because the strain induced by the lattice mismatch between the in-plane lattice parameters of 

BTO and STO is relaxed with increasing thickness. Hence, the dielectric constant of the 

superlattices decreases, according to the strain-induced mechanism [39]. The sample (C-H-B-S-

2) deposited on additional TiO2 layer shows similar εr value like other samples, but shown larger 

overall resistance in the film (300 Ω). It is well known that TiO2 will enhance the crystalline 

growth of the films [40,41]. This implies that a TiO2 buffer layer can effectively serve as the 

high quality growth template of the perovskite film and improves the electrical properties.  
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It is well known that the dielectric constants of pure BTO and BST decrease with 

decreasing film thickness [43,44]. Tabata et al. reported that the superlattice structure and the 

stress present at the interface between the STO and BTO layers apparently play an important role 

in the variation of the dielectric constants. Kim et al. [45] reported that the dielectric constant of 

the BTO/STO heterostructures decreases as the thickness of the individual layers decreases due 

to severe lattice distortions of the BTO layer. It is expected that a reduction of the strain occurs 

with increasing thickness of the individual BTO/STO layers [46]. 
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Fig. 7.5(d) dielectric constant vs. individual layer thickness of C-H-B-S series (Traingles: obtained from 

Eq.(1) and Sqaures: obtained from RQ simulations). 

 

From Fig. 7.5(d) it is clear that, for BTO/STO system the dielectric constant increasing 

with decreasing the individual layer thickness. It is much evident from the literature that, for 

BTO/STO ferroelectric (FE)/paraelectric (PE) heterostructures system the dielectric constant 

enhancement is not larger and is similar like single layer films of BTO (εr=260) and STO (εr 

=230). But for ferroelectric/ferroelectric (FE/FE) heterostructures many researchers observed 

larger enhancement of dielectric constant for PbTiO3/Pb1-xLaxTiO3 superlattices [Erbil et al.] and 

for PbTiO3/BaTiO3 superlattices [Ohya et al.]. Many theoretical studies explained that, these are 

effects of compositionally broken inversion symmetry and ultimately contribute to the linear and 

non-linear dielectric properties [48], compositional inhomegeneity always leads to broken 

inversion symmetry. Experimental observations and theoretical studies [49,50,51,52,53] clearly 

suggest that there is a strong interlayer coupling of the layers that must be considered to account 

for the properties of FE heterostructures. This interlayer coupling might be the long-range 
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interactions of FE/FE heterostructures, as it is already interpreted for KTaO3/KNbO3 system 

experimentally and theoretically by Christen et al. [54] and Shen et al. In our case we are not 

sure which are responsible. 

 

Dielectric loss (tan δ)  

 

The dielectric loss (tan δ) of the capacitors is calculated from: 
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Fig. 7.6 Dielectric loss of C-H-B-S series heterostructures. 

 

where Z' and Z" are the real and imaginary part of the complex impedance, respectively. Our 

results are shown in Fig. 7.6, it can be observed that dielectric loss is much larger compare with 

normal films and Catalan et al also observed larger dielectric loss more than 2 for the 

heterostructures. Souni et al. [55] also observed dielectric loss of about 5 for Pd compound films.  

 

7.4 Conclusions  

 

In conclusion, we have demonstrated that artificial oxide heterostructures of thin film 

BaTiO3/ Ba0.75Sr0.25TiO3 provides remarkably improved dielectric properties, which might be 
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closely related with the lattice distortion of the consisting layers in the heterostructures and also 

might be the interlayer coupling of these two ferroelectric layers. But heterostructures of 

BaTiO3/SrTiO3 does not show larger than single phase films of BaTiO3 or SrTiO3. These effects 

can be explained by means of Maxwell-Wagner relaxation. The enhancement of the real part of 

the dielectric constant is an artifact produced by carrier migration to interface within the 

dielectric. It is needed to study the polarization properties of these heterostructures system. 
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Summary 

 

 We have prepared thin film capacitors with SrTiO3, BaTiO3 and BaTiO3/SrTiO3 

heterostructures as dielectric material by rf magnetron sputtering. RuO2 was used as electrode 

material for systematic perovskite material investigation. The O2 partial pressure and the 

substrate temperature were systematically varied during the deposition. 

 

 For all dielectric materials the grain boundary resistance increased with increasing 

oxygen partial pressure.  For BaTiO3 a medium oxygen partial pressure and high temperature is 

suitable to get good dielectric properties: the dielectric constant is temperature and frequency 

independent. The transition temperature shifted to lower values when the films are deposited 

with high O2 partial pressure. 

 

Thin films of BaTiO3, SrTiO3 and (BaxSr1-x)TiO3 are promising ferroelectrics for 

applications in future ultra-large scale integrated electronic circuits, e.g. dynamic random access 

memories (DRAM) and tunable microwave device applications, because these materials show 

high insulating properties with large values of relative permittivity The high relative dielectric 

constant of perovskite films can shrink the size of circuits and at the end it is easy to miniaturize 

the electronic devices into the nano-scale range. 

 
Thin films of oxygen deficient BaTiO3 were prepared by radio-frequency magnetron 

sputtering at substrate temperatures from 450 to 750°C and analyzed by x-ray diffraction, optical 

transmittance and Raman spectroscopy. Optical transmittance spectra were simulated by the 

SCOUT 2 simulation software to obtain the optical constants. The packing density of the films 

relative to the crystalline density increases from 0.75 at 450°C to about 1 at 750°C. At a substrate 

temperature of 450°C, the film is nanocrystalline (5 to 20 nm) with big lattice expansion, large 

band gap and pronounced hexagonal Raman lines. This film is homogeneous in the thickness 

direction. Films prepared at higher temperatures exhibit perovskite peaks in the Raman spectrum 

and an optical band gap of 3.38 eV. At 600 °C, the film exhibits a pronounced two-phase growth 

with a porous nucleation layer of initial packing density of 0.78, a preferred (100)-orientation of 
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the grains and minimum micro-strain. At 750°C, the films are again homogeneous in the 

thickness direction, have nearly crystalline packing density and preferably (110)-oriented grains.  

 

Thin films of conductive ruthenium oxide (RuO2) have been deposited at different 

substrate temperatures on various substrates by radio-frequency (rf) magnetron sputtering and 

were later annealed at different temperatures. The thickness of the films ranges from 50 to 700 

nm. Films deposited at higher temperatures show larger grain size (about 140 nm) with (200) 

preferred orientation. Films deposited at lower substrate temperature have smaller grains (about 

55 nm) with (110) preferred orientation. The electrical resistivity decreases slightly with 

increasing film thickness but is more influenced by the deposition and annealing temperature. 

Maximum resistivity is 640 µΩcm, observed for films deposited at room temperature on glass 

substrates. Minimum resistivity is 40 µΩcm observed for a thin film (50 nm) deposited at 540°C 

on a quartz substrate. Micro-Raman investigations indicate that strain-free well-crystallized thin 

films are deposited on oxidized Si substrates.   

 

Thin film capacitors of SrTiO3 with RuO2 top and bottom electrodes on Si substrates 

were prepared by radio-frequency magnetron sputtering at substrate temperatures 500 and 700 

°C and at various oxygen partial pressures. The thickness of the dielectric layer was varied 

between 200 and 900 nm.  The impedance spectra of these samples could be interpreted with an 

equivalent circuit comprising a resistance and two RC or RQ --parallel elements in series. The 

dielectric permittivity εr of the bulk grains, as extracted from the high-frequency semicircle in 

the Cole-Cole plot, was in the range 300 to 600. High oxygen contents lead to high values of εr 

but also increase the grain boundary resistance. 

 

 Thin film capacitors with BaTiO3 as dielectric and RuO2 as electrode material have been 

prepared by rf-magnetron sputtering at temperatures up to 750°C and under various oxygen 

partial pressures. The dielectric constant at room temperature ranges from 120 to 1500, 

depending on the preparation conditions. There is a maximum in the temperature dependence of 

εr that shifts to lower temperatures when the capacitors have been prepared with more oxygen. 

Biggest dielectric permittivity and lowest dielectric loss are obtained for films prepared at 750°C 

at medium oxygen partial pressures. With increasing oxygen content the grain boundary effect 
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becomes stronger for the films prepared at all deposition temperatures.  The films prepared with 

high oxygen partial pressure show increased crystallinity and dense columnar structure. 

 

Three capacitors with of Ba0.75Sr0.25TiO3 as dielectric were prepared and submitted to 

different post heating treatments. The deposition and annealing (in oxygen and vacuum) results 

in a significant difference in the dielectric properties of BST-0.75 thin films. The dielectric 

constant in the low-frequency region is found to be very large for the oxygen annealed film and 

small for the vacuum annealed film. For the as-deposited film the dielectric constant is relatively 

low (~500). Dielectric constant at low frequency is probably from the non-uniform charge 

accumulation at grain-boundaries. 

 

Thin film capacitors with several layers of BaTiO3/SrTiO3 and BaTiO3/ Ba0.75Sr0.25TiO3 

as dielectric were fabricated by rf magnetron sputtering.  The properties of the capacitors were 

investigated as a function of the heterostructure periodicity. The dielectric constant was 

increased with decreasing the individual layer thickness of BaTiO3/SrTiO3. The dielectric 

constant was significantly enhanced up to ~100000 for the BaTiO3/ Ba0.75Sr0.25TiO3 system. This 

is thought to be an artifact produced by space charge regions due to carrier migration to the 

interfaces within the dielectric.  
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Zusammenfassung 

 

 
Wir haben Dünnschichtkondensatoren mit SrTiO3, BaTiO3 und BaTiO3/ SrTiO3 -

Heterostrukturen als dielektrisches Material durch RF-Magnetronsputtern hergestellt. Für diese 

systematische Perovskitematerialuntersuchung wurde RuO2 als Elektrodenmaterial verwendet. 

Der O2-Partialdruck und die Substrattemperatur wurden bei den Beschichtungen systematisch 

verändert. 

 
Für alle dielektrischen Materialien erhöhte sich der Korngrenzenwiderstand bei Zunahme 

des O2-Partialdrucks.  Für BaTiO3 ist ein mittlerer Sauerstoffpartialdruck und eine hohe 

Substrattemperatur geeignet um gute dielektrische Eigenschaften zu erhalten: die 

Dielektrizitätskonstante ist temperatur- und frequenzunabhängig. Die Übergangstemperatur 

verschob sich zu niedrigeren Werten, wenn die Filme bei hohem O2-Partialdruck abgeschieden 

wurden. 

 
Dünne Schichten aus BaTiO3, SrTiO3 und (BaxSr1-x)TiO3 sind viel versprechende 

Ferroelektrika für Anwendungen in Dynamic Random Access Memories (DRAM) und 

abstimmbaren Mikrowellenbausteinen, denn diese Materialien  zeigen hohe 

Isolationseigenschaften in Verbindung mit großen Werten für die relative Permittivität. Die hohe 

Dielektrizitätskonstate von Perovskiteschichten kann die Größe von Schaltkreisen minimieren 

um so am Ende Elektronikbausteine bis in die Nanometerregion zu verkleinern. 

 

Unseres Wissens wurden in dieser Arbeit zum ersten mal dünne Schichten aus 

sauerstoffarmem BaTiO3 durch Radiofrequenzmagnetronsputtern bei Substrattemperaturen von 

450 bis 750°C hergestellt. Diese wurden mit Röntgenbeugung, optischer Transmissions- und 

Ramanspektroskopie analysiert. Die optischen Transmissionsspektren wurden mit der 

Simulationssoftware SCOUT 2 simuliert und ergaben die optischen Konstanten. Die 

Packungsdichte der Schichten relativ zur Kristalldichte stieg von 0,75 bei 450°C bis ungefähr 1 

bei 750°C. . Bei Substrattemperaturen von 450°C, ist die Schicht nanokristallin (5 bis 20 nm) mit 

großer Gitteraufweitung, großer Bandlücke and ausgeprägten hexagonalen Ramanlinien. Diese 

Schicht ist in der Wachstumsrichtung homogen.  Schichten die bei höheren Substrattemperaturen 



 159 

abgeschieden wurden zeigen Perovskitlinien im Ramanspektrum und eine optische Bandlücke 

von 3.38 eV. Bei 600 °C, zeigen die Schichten ein ausgeprägtes Zweiphasenwachstum. Mit einer 

porösen Nukleationslage mit einer anfänglichen Packungsdichte von 0.78, einer bevorzugten 

(100)-Orientierung  der Körner und minimaler Mikrospannung. Bei  750°C, sind die Schichten 

wieder homogen in der Wachstumsrichtung, haben nahezu kristalliene Packungsdichte und 

bevorzugt (110)-orientierte Körner.  

 

Dünne Schichten aus leitfähigen Rutheniumoxid (RuO2) wurden bei unterschiedlichen 

Substrattemperaturen auf verschiedenen Substraten durch Radiofrequenz -(rf) Magnetronsputten 

abgeschieden and später bei unterschiedlichen Temperaturen ausgelagert. Die Schichtdicke 

reichte von 50 bis 700 nm. Schichten die bei höheren Temperaturen abgeschieden wurden,  

zeigen größere Körner (um 140 nm) mit einer (200) Vorzugsrichtung. Schichten die bei 

niedrigeren Temperaturen abgeschieden wurden,  zeigen kleinere Körner (um 55 nm) mit einer 

(110) Vorzugsrichtung. Der spezifische elektrische Widerstand nimmt mit wachsender 

Schichtdicke etwas ab, wird aber hautsächlich durch die Abscheide- und 

Auslagerungstemperatur bestimmt. Der maximale spezifische Widerstand von 640 µΩcm, wurde 

bei Schichten die bei Raumtemperatur auf Glassubstraten abgeschieden wurden beobachtet. Der 

minimale spezifische elektrische Widerstand von 40 µΩcm wurde bei einer Schicht die bei 

540°C auf einem Quarzsubstrat abgeschieden wurde. Mikroramanuntersuchungen zeigen das 

spannungsfreie gut kristallinisierte Schichten auf oxidiertem Si-Substraten abgeschieden wurden.   

 

Dünnschichtkondensatoren aus SrTiO3 mit RuO2 als obere und untere Elektrode wurden 

auf  Si- Substraten mit Radiofrequenzmagnetronsputtern bei Substrattemperaturen  von 500°C  

und 700 °C und bei unterschiedlichen Sauerstoffpartialdrücken hergestellt. Die Dicke der 

dielektrischen Lage wurde von 200 bis 900 nm variiert.  Das Impedanzspektrum dieser Proben 

kann mit einem Ersatzschaltbild aus einem Widerstand und zwei RC-Parallelelementen in Serie 

interpretiert werden. Die Dielektrizitätskonstante εr der ganzen Körner, wie aus den 

Hochfrequenzhalbkreisen im Cole-Cole- Diagramm berechnet, war im Bereich von 300 to 600. 

Hoher Sauerstoffgehalt führt zu hohen Werten von  εr , aber auch zu höherem 

Korngrenzenwiderstand.. 
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 Dünnschichtkondensatoren mit BaTiO3 als Dielektrikum und RuO2 als 

Elektrodenmaterial wurden mit Radiofrequenzmagnetronsputtern bei Temperaturen bis zu  

750°C und bei unterschiedlichen Sauerstoffpartialdrücken hergestellt. Sie wurden mit Komplexer 

Impedanzspektroskopie im Temperaturbereich von 20 bis 200°C analysiert. Die 

Aktivierungsenergien  der Leitfähigkeit sind im Bereich von 30 bis 100 meV, was 

charakteristisch für hopping Elektronen ist. Die Dielektrizitätskonstante bei Raumtemperatur 

variiert 120 to 1500, in Abhängigkeit von den Präparationsbedingungen. Es gibt ein Maximum in 

der Temperaturabhängigkeit von εr das sich zu tieferen Temperaturen hin verschiebt, wenn die 

Kondensatoren bei höheren Sauerstoffpartialdrücken hergestellt wurden. Über dieser 

Temperatur, wurde Curie-Weiss-Verhalten  mit charakteristischen Temperaturen im Bereich von 

250 bis 400 K beobachtet. Die größte Dielektrizitätskonstante und der niedrigste dielektrische 

Verlust wurde bei Schichten beobachte, die bei 750°C und bei mittleren Sauerstoffpartialdrücken 

hergestellt wurden. Mit steigendem Sauerstoffgehalt wird der Korngrenzeneffekt  unabhängig 

von der Beschichtungstemperatur stärker.  Die Schichten, die mit hohem  Sauerstoffpartialdruck 

hergestellt wurden zeigen eine verbesserte Kristallinität und eine dichte Säulenstruktur.  

 

Drei Kondensatoren mit Ba0.75Sr0.25TiO3 als Dielektrikum  wurden hergestellt und 

unterschiedlichen Wärmenachbehandlungen unterzogen. Die Beschichtung und das Ausheizen 

(in Sauerstoff und Vakuum) ergibt signifikante Unterschiede in der dielektrischen Eigenschaften 

von dünnen Schichten aus BST-0.75 . Es wurde ein sehr großer Wert für die 

Dielektrizitätskonstante im unteren Frequenzbereich für die in Sauerstoff ausgeheizte und ein 

sehr niedriger für die im Vakuum ausgeheizte Schicht gefunden. Bei der nicht nachbehandelten 

Schicht ist die Dielektrizitätskonstante relativ niedrig (~500). Die Dielektrizitätskonstante im 

unteren Frequenzbereich wird vermutlich von eine ungleichmäßigen Ladungsanreicherung an 

den Korngrenzen verursacht. 

 

Dünnschichtkondensatoren mit mehreren lagen von BaTiO3/SrTiO3 und BaTiO3/ 

Ba0.75Sr0.25TiO3 als Dielektrikum wurden mit RF-Magnetronsputtern hergestellt. Die 

Eigenschaften der Kondensatoren wurden im Hinblick auf die Heterostrukturperiodizität 

untersucht. Die Dielektrizitätskonstante wurde mit abnehmender, individueller Schichtdicke von 

BaTiO3/SrTiO3 erhöht. Die Dielektrizitätskonstante wurde signifikant bis zu ~100000 für das 
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BaTiO3/ Ba0.75Sr0.25TiO3-System erhöht. Dies ist anscheinend ein Artefakt produziert von 

Raumladungszonen die durch Ladungsträgerabwanderung zur Grenzfläche innerhalb des 

Dielektrikums hervorgerufen werden. 
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 Appendix A 

(Source: Pradhan et al.3 ) 
 

Complex impedance spectroscopy (Complex IS) 

 
 

Complex impedance spectroscopy (IS) is a relatively new and powerful method of 

characterizing many of the electrical properties of materials and their interfaces with 

electronically conducting electrodes. It may be used to investigate the dynamics of bound or 

mobile charge in the bulk or interfacial regions of any kind of solid or liquid material: ionic, 

semiconducting, mixed electronic-ionic and even insulators (dielectrics). Complex IS is a 

valuable tool for studying both the bulk transport properties of a material and the electrochemical 

reactions on its surface [1,2]. The value of IS derives from the effectiveness of the technique in 

isolating individual reaction/migration steps in a multi-step process. That is, because each 

reaction or migration step has, ideally, a unique time constant associated with it, these steps can 

be separated in the frequency domain. Experimentally, one applies a small sinusoidal current 

perturbation to an equilibrium system and measures the corresponding voltage response. The 

ratio of the voltage response to the current perturbation is the impedance.  

 

 The output response, when plotted in a complex plane plot, appears in the form of a 

succession of semicircles representing electrical phenomena due to bulk material, grain 

boundary, grain boundary effect and interfacial phenomena if any [3]. In view of this specialty, 

complex IS makes it possible to separate the contribution due to different components in a 

polycrystalline sample, which of course have different time constants, in the frequency domain.  

 

Typically, IS experiments are carried out over a wide range of frequencies (several mHz 

to several MHz), and the interpretation of the resulting spectra is aided by analogy to equivalent 

circuits involving simple components such as resistor (R) and capacitor (C) in parallel (RCp) and 

in series (RCs). In general, such equivalent circuits are not unique, and indeed there exists an 

infinite set of circuits that can represent any given impedance. It is common to select a physically 

plausible circuit containing a minimal number of components and, in a somewhat ad hoc manner, 

                                                 
3 D. K. Pradhan, B. K. Samantaray, R. N. P. Choudhary and A. K. Thakur Mater. Sci. Eng. B 116 7 (2005) 
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assign physical significance to the derived parameters. Often, a meaningful insight into material 

behavior can be gained from such analyses, which certainly explains the rise in popularity of 

impedance spectroscopy as a materials characterization tool. 

 

Nevertheless, some researchers think that such equivalent circuits are insufficient and that 

constant phase elements (CPE), Q, instead of capacitors should be used because of the 

(microstructural, compositional, etc.) inhomogeneity of polycrystalline materials. In such 

situations RQp- elements instead of RCp- elements can be use. The impedance of Q is A·(iω)-α 

instead of (iωC)-1 for a capacitor.  

 

When there is more than one semicircle, we have to decide which one is related to the 

grain boundary and which to the bulk grain. From the literature it is known that the resistance 

and the capacitance of the grain boundaries are always larger than that of the bulk grains.   

We conclude that the relaxation time τ = RC = ρεrε0 is larger for the grain boundaries. 

Consequently, the characteristic frequency fg = (2πτ)-1 is relatively smaller and the semicircle of 

the grain boundaries occurs at lower frequencies. The grain resistance is determined from the 

high-frequency semicircle of the RCp or RQp equivalent circuit. This procedure is well 

established in the literature. It has been applied in the case of many dielectric and ferroelectric 

materials [4,5]. 

 

The frequency dependent properties of a material are normally described in terms of any 

of the formalism expressed as follows. Complex IS gives a possibility to distinguish between 

different effects during the MIM capacitor test. The experimental data could be analyzed in 

terms of the complex formula for the impedance, Z*
=Z'+jZ". 
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Fig. 1 Complex IS of BaTiO3 thin films (our samples) deposited at different oxygen partial 

pressures at 600°C substrate temperature along with the RCp simulated curves and decades. 
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Where (Z', Y', ε', Μ') and (Z", Y", ε", Μ") are the real and imaginary components of impedance, 

admittance, permittivity and modulus, respectively. G: conductance, B: susceptance, and tan δ : 

dielectric loss. They are interrelated with each other. Each semicircular arc in the impedance 

spectrum has a characteristic peak occurring at a unique relaxation frequency (ωmax) attributed to 

electrical phenomena due to different components in the sample. It can be expressed as: 

     

     1maxmax == τωω RC      (2) 

     
RC

11
max ==⇒

τ
ω  

     
bbCR

f
π2

1
max =⇒  

 

 

Relaxation frequency and hence relaxation time (τ) is a parameter that depends only on 

the intrinsic properties of the material and not on the sample geometrical factors. The term 

intrinsic properties of the material refer to the properties attributed to structure/microstructure 

(i.e. grain interior or bulk, grain boundary, electrode interface). These properties govern the 

distribution of resistive and capacitive components in the material on which relaxation time 

ultimately depends in accordance with τ =RC. So, the results obtained using impedance analysis 

is basically unambiguous and provide true picture of the samples’ electrical behavior. 

 

Dielectric permittivity (εr) could be extracted from the complex IS  

 

                     Where 
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The imaginary permittivity of the material is 
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Where f, C0, Z', and Z" are frequency, permittivity of the free space (8.854x10-12 F/m), real part 

and imaginary parts of the impedance, respectively.  

 

                                                     

 

 

 

 

 

 

 

 

Fig. 2 dielectric permittivity of the BaTiO3 thin films with respect to frequency calculated from 

Eq. 4b. 
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Appendix B 

 
(Source: SCOUT 2 manual, www.mtheiss.com) 
 
 
Optical constants: 

 

In general the electric field of the source light wave that interacts with the sample and 

hence excitations can be observed in optical experiments that are going along with a polarization 

of the matter. The polarization P induced by an external electric field E in a homogeneous 

material is given by the electric susceptibility א: 

   

EP χε 0=      (1) 

 

The dielectric function ε which connects the dielectric displacement and the electric field 

vector is closely related to the susceptibility: 

 
     ED εε 0= ,   χε += 1   (2)  א

 

The frequency dependence of the susceptibility is very characteristic for a material since it 

incorporates vibration of the electronic system and the atomic cores as well as contributions from 

free charge carriers. 

 

a. Dielectric function models 

 

Harmonic oscillator: 

 

 Microscopic vibrations involving the motion of the atomic nuclei (which are heavier than 

the electrons) usually have their resonance frequencies in the infrared region. These 

characteristic frequencies depend on the oscillating masses and the strength of the bonding 

between them and hence can be used for material identification. Susceptibilities describing 

microscopic vibrations can be modeled by harmonic oscillator terms: 
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 Ωp gives oscillator strength, Ωτ damping and ΩTO the resonance position. The index TO 

denote transverse optical phonon.  

 

Drude model: 

 

In the case of doped semiconductors and metals the charge carriers set free by the donors 

or acceptors can be accelerated by very little energies and hence do respond to applied electric 

fields with frequencies in the infrared region and free carries, respectively. A simple expression 

for the susceptibility of free carriers is given by Drude model where the carriers’ concentration 

and a damping constant enter: 
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 where n is the volume density, e the charge and m the effective mass of the charge 

carriers, Ωp is called plasma frequency, Ωτ , the damping constant. 

 

Inter-band transitions: 

 

 The most, generally used inter-band transition model is OJL [1] (O’Leary 1997A) where 

expressions for the joint density of states are given for the optical transition from the valence 

band to the conduction band. Parabolic bands are assumed with tail states exponentially decaying 

into the band gap.  

 

 The main important parameters in the SCOUT fit program: band gap energy Eg, the 

damping constant of the valence band, and the overall strengths of the transition expressed by a 

pre-factor called “mass” m. The imaginary part of the dielectric function is proportional to the 
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combined density of the states obtained from the above assumption on the density of states of the 

valence and conduction band.  

 

 In Fig. 1 we can see the simulated transmittance spectra of BaTiO3 thin film deposited at 

450°C (details can be find in Chapter 2) by using simple harmonic oscillator and OJL model, it 

fits quite well. From these simulations we can determine the optical constants like, e.g., band gap 

(Eg), refractive index (n), extinction coefficient (k), and absorption coefficient (α).  
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Fig. 1 Simulation of BaTiO3 thin film deposited at 450°C 

 (a) Transmittance spectra along with simulated curve (dashed line)  

(b) Dielectric function of BTO 
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b. Effective Medium Theory 

 

 The optical properties of inhomogeneous materials can be described by so-called 

effective dielectric functions, if the wavelength of the probing radiation is much larger than the 

typical sizes of the in-homogeneities of the system. In this case retardation effects can be 

neglected and the response of the mixed material to an incoming electromagnetic wave can be 

calculated in a quasi-static approximation.  

 

 Obviously the micro-geometry plays an important role for the effective dielectric 

function: for example, the embedded particles are metallic and the host material is an insulator 

the effective medium can show metallic or insulating behavior, depending on whether there is 

percolating network of the embedded particles or not.  

 

 There are several effective medium models; Maxwell Garnett [2], Bergman [3], and 

Bruggeman [4] are well known models.  

 

Here we discuss on Bruggeman model, which is also known as an effective medium 

approximation (EMA) gives the relation in Eq. 5, and it is the most used effective medium 

concept.  
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For very low volume fraction it is equivalent to the Maxwell Garnett theory, but for 

increasing volume fraction its results are quite different. There is no percolation below f = 1/3, 

above that threshold the embedded particles are assumed to be partially connected. It is well 

fitted for the ferroelectric materials, and obtained satisfactory results, the results can be observe 

in chapters 1, 2, and 3. 
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