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Oxide electronics offer a wide array of interesting properties, including 

ferromagnetism, ferroelectricity and superconductivity.  This dissertation investigates 

the transport, magnetic, and structural properties of several perovskite and spinel 

material systems, with particular interest in their manipulation at the nanoscale through 

the growth of functional heterostructures.  Spinel phase ZnCo2O4 is investigated as a 

ferromagnetic semiconductor whose carrier type changes with oxygen concentration.  

The perovskite system of K(Ta,Nb)O3 is investigated for its interesting properties as a 

solid solution which exhibits a ferroelectric transition dependent on composition.  Its thin 

film epitaxial growth modes are investigated via reflection high energy electron 

diffraction, with particular attention paid to the volatile potassium ion.  Superlattices of 

K(Ta,Nb)O3 and SrTiO3 are also investigated for the possibility of dielectric 

enhancement and conductive interfaces.  The multiferroic properties of BaFeO3-

K(Ta,Nb)O3 superlattices are investigated, with particular attention paid to the role of 

magnetoelectric coupling and strain as stabilizing mechanisms.   
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CHAPTER 1 
INTRODUCTION 

Complex oxide materials have long been known to exhibit a wide array of useful 

and interesting properties.  From the discovery of ferroelectricity in BaTiO3 in 1940s [1], 

to the discovery of high temperature superconductivity in layered Cuprate structures in 

1986 [2,3], complex oxides have been at the forefront of materials research.  They have 

been used commercially in many applications due to their exhibition of a wide variety of 

useful effects and properties including superconductivity, ferromagnetism, 

ferroelectricity, non-linear optical responses, high dielectric constants, and high indices 

of refraction [4,5].  With advances in pulsed laser deposition, epitaxial oxide 

heterostructures can be grown with atomic precision on silicon, making it possible to 

create advanced concept devices which move beyond conventional CMOS technology 

[6,7].  This dissertation investigates the transport, magnetic, and structural properties of 

several perovskite and spinel material systems, with particular interest in their 

manipulation at the nanoscale through the growth of functional heterostructures.   

The investigation of ferromagnetic semiconductors holds great potential for 

creating new technologies in emerging electronics.  Bipolar doping in oxides is 

somewhat rare.  ZnCo2O4 shows a change from n-type to p-type conduction as oxygen 

content is increased.  It is optically transparent and has been reported to show 

ferromagnetism under some growth conditions [8].  In Chapter 4, the structural, 

electronic, optical, and magnetic properties of ZnCo2O4 are investigated, with particular 

interest in the presence of ferromagnetic and the role of oxygen in the magnetic and 

transport properties.   
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Solid solutions of KTa1-xNbxO3 have been widely investigated for their ability to 

exhibit many interesting properties at different compositions including ferroelectricity, 

linear and nonlinear optic effects, large piezoelectric and pyroelectric responses [9].  In 

order to utilize these materials is epitaxial heterostructures, the growth dynamics must 

be better understood.  In Chapter 5, the synthesis of KTa1-xNbxO3 thin films has been 

investigated via in situ reflection high energy electron diffraction, with particular interest 

in the volatile potassium ion.   

Recently, the use, manipulation, and even creation of new and enhanced 

properties at the nanoscale have proven most interesting.  Artificial superlattices of 

perovskites have been examined for the novel and enhanced properties arising from 

interactions of different materials at the nanoscale.  Localized metallic states have been 

discovered to exist at the interface between two insulating materials [10], and localized 

ferromagnetism has been discovered at the interface between non-magnetic materials 

[11].  Enhanced polarization has also been shown in trilayer superlattices of CaTiO3, 

BaTiO3 and SrTiO3 [12].   

To this end, superlattices of KTa1-xNbxO3 and SrTiO3 have been grown and 

synthesized.  In Chapter 6, their electronic properties are investigated, in particular, the 

conduction arising from a possible two dimensional electron gas at their interfaces, as 

well as enhanced dielectric properties and ferroelectricity.  Another functional 

characteristic of complex oxides is the presence of one or more ferroic property such as 

ferroelectricity, ferromagnetism, or ferroelasticity.  These materials, called 

“multiferroics”, hold great potential for the improvement of many applications of 

ferroelectric, piezoelectric and ferromagnetic materials.  In Chapter 7, artificial 
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superlattices comprised of KTa1-xNbxO3 and BaFeO3 were synthesized and studied for 

their ferroelectric and ferromagnetic properties, with particular attention to the role of 

strain and possible magnetoelectric coupling.   
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CHAPTER 2 
BACKGROUND AND MOTIVATIONS 

Complex Oxide Structures 

Complex oxides, as introduced in the previous chapter, hold great potential due to their 

many properties exhibited.   Spinels and perovskites in particular, have shown 

enormous potential due to their exhibition of ferromagnetism, ferroelectricity, 

piezoelectricity, pyroelectricity, large Seebeck coefficients, superconductivity, and 

nonlinear optical properties [13].  As both structures have two cations, there is the 

potential for interactions between the cations, creating interesting and unique 

properties.   

 Spinels follow the formula (A+2)(B+3)2(C
-2)4, with the formal cation charges being 

A+2 and B+3 cations.  The anions form a nearly close packed cubic structure (shown in 

Figure 2-1), with the cations in 8 of the 64 possible tetrahedral interstitial positions and 

16 of the 32 possible octahedral interstitial positions.  In the Normal Spinel 

configuration, the trivalent B cations and the divalent A cations occupy interstitial 

positions with tetrahedral and octahedral orientations, respectively.  There is also an 

Inverse configuration, in which the divalent and trivalent cations are in reversed 

positions.  The arrangement of the cations within the interstital positions is determined 

by the minimization of the energy function describing the local ionic interactions.    As a 

result, spinels structures can be one of either orientations, or a mix of the two.  As a 

result, spinels have complex ionic and electronic interactions, which can lead to a 

variety of interesting properties.  Ferromagnetism, antiferromagnetism and 

paramagnetism are all exhibited by different compositions of spinels, which exhibit 

different cation arrangements and thus different exchange interactions [14,15].  Spinels 



 

18 

have also been shown to exhibit low temperature superconductivity in several 

compositions including CuV2S4 and CuRh2Se4 [16].   

 Perovskites are another structure (shown in Figure 2-3) comprised of two cation 

valence materials, with the general formula ABO3.  It has the oxygen anions located at 

the corners of the unit cell, with the A cations in the faces and the B cation in the center.  

Unlike the spinels, however, the perovskites are not limited to single cation charges for 

their chemistries.  The A/B cations can hold formal charges of +1/+5, +2/+4, +3/+3.  As 

a result, many different perovskites exist with a wide array of useful properties.  The 

perovskite materials can exhibit several different Bravais lattices including cubic, 

tetragonal, orthorhombic, and monoclinic, as well as multiple within the same material 

as the phase changes at different transition temperatures.   As a result of these 

noncentrosymmetric crystal structures, properties like piezoelectricity, ferroelectricity, 

pyroelectricity can be exhibited.   

Magnetic Materials 

Magnetism is the net alignment of magnetic moments within a material.  

Ferromagnetism is the presence of long range ordering of magnetic moments within a 

material, even after the removal of an external field.  This long range ordering is 

extinguished above a critical temperature, known as the Curie temperature.  Above this 

temperature, thermodynamic fluctuations are large enough to prevent any long range 

orientation of the magnetic moments in the material.  Above the Curie temperature, 

ferromagnets act as paramagnetic materials, which align with an applied external 

magnetic field, but maintain no remnant magnetization after the field is removed.   

Generally, ferromagnetic materials follow a form of the Curie-Weiss law, such that their 
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magnetization, M, is a function of the Curie temperature and saturation magnetization, 

Ms in the following form: 

 M=Ms(1-(T/Tc)
P) (2-1) 

Thus, the normalized magnetization (M/Ms) will approach unity at the Curie temperature.  

The exponent P is indicative of the contribution from individual grains.  The exponent 

will be approximately 3/2 when there is an ideal 3-dimensional crystal [17].   

Other magnetic classes of materials exist and prove useful in many applications.  

Diamagnetic materials exhibit a long range ordering, or magnetization, which aligns 

itself in the opposite direction of an applied magnetic field.  Type-I superconductors 

behave as “perfect” diamagnetic materials, as they repel magnetic field lines 

completely.  Antiferromagnetism is the antiparallel alignment of magnetic moments, 

resulting in an overall magnetization of zero.   Several types of antiferromagnetism can 

occur, classified by the particular arrangement of planes and/or atoms of opposite 

magnetic moments.  Ferrimagnetism is another important case of magnetism that is 

common in complex oxides.  It occurs in antiferromagnetics when there is incomplete 

cancelation of the opposing moments resulting in a net positive magnetic moment.  This 

is usually characterized by the presence of two or more exchange mechanisms 

regulating the magnetic moments.   

The fundamental theory underlying the source of magnetic properties is based on 

the quantum mechanical description of the orbital angular momentum and electron spin 

[18].  In transition metal oxides, in which the 3d and 4s orbitals begin to overlap, the 

orbital wavefunctions become most interesting.  With the crystal field splitting of the 

transition metal cation d-orbitals, the orbital wavefunctions break down into two groups, 
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the eg and t2g orbitals.  These wavefunctions are aligned in the direction of the nearest 

oxygen, eg orbitals, and perpendicular to the nearest oxygen, t2g orbitals.  Hund’s rule 

determines the semiempirical occupancy of the orbitals, such that electrons occupy the 

orbitals in a manner to satisfy unique quantum states for (n, m, ℓ), yielding electrons with 

parallel spins first and anti-parallel spins last.  From the total spin, S, and total orbital 

angular momentum, L, the spin-orbit interaction can be described by a Hamiltonian 

function, H: 

H=λL∙S (2-2) 

In real ionic crystals, the periodic arrangement of cations and anions allows for the 

interaction between nearby spins and the conduction of carriers in the material.   The 

electron spin, S, in the t2g orbitals can be coupled to the eg pseudospin, T.  The 

exchange interaction between the spins and pseudospins of n neighboring orbitals, i 

and j, is described by the generalized Heisenburg Hamiltonian:  

                                       
 
     (2-3) 

where Jij and Kij are the spin-orbit and spin-spin exchange interactions, respectively 

[19].   The different directions of the neighbor ij bonds create the anisotropy exhibited in 

the Hamiltonian and in the realized magnetic ordering.  When there is displacement of 

the oxygen anion, the Jahn-Teller effect modifies the Hamiltonian, by adding additional 

terms.  As the displaced anions change the interionic distances, the orbital energies 

change and the degeneracy of orbitals can be lifted.   

 However, orbital theory does have limitations in the presence of contribution from 

mobile carriers.  To properly modify the theory, band theory must be taken into account 

for the additional modes of spin transfer.  The RKKY model can be used to describe the 
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coupling of the nuclear spin to the s-electron spin of a neighboring anion (generally 

oxygen).  This leads to an indirect exchange from cation to anion to cation.  As the spin 

density oscillates as a function of atomic distance, the indirect RKKY type exchange can 

lead to both ferromagnetism and antiferromagnetism [20].    

Strain in magnetic oxide thin films can greatly affect the magnetic properties of a 

material relative to those of the bulk.   The impact of induced strain via in-plane 

mismatch with the substrate as well as relaxation via film thickness has been 

investigated via experimentation and first principles calculations.  Lattice mismatch 

induced strain has been shown to induce magnetic anisotropy in many magnetic thin 

films [21-24].  In SrRuO3, strain from lattice mismatch from the substrate has been 

shown to introduce displacements in the magnetic cations, decreasing the Curie 

temperature and saturation magnetization [25].  It is believed that the strain reduces the 

inter-ionic distances, which reduces the spin-spin coupling.   

Magnetic Measurements 

Many different measurements can be made for characterizing the magnetic 

properties of materials.  Superconducting Quantum Interference Devices (SQUIDs) are 

the most common tool used to measure magnetic properties.  Typical SQUID 

measurements investigate the sample’s magnetism, M, as a function of applied 

magnetic field, H, or temperature, T.  Ferromagnetic films exhibit a hysteresis loop when 

measured in a changing applied field (Figure 2-3).  It is often useful to measure at 

various temperatures.  This allows for the comparison of values such as the remnant 

magnetization, MR, coercive field, HC, and saturation magnetization, MS. The ratio 

MS/MR is also used as a figure of merit for ferromagnetic materials.  Using the hysteresis 

data, along with the estimated volume and density of the sample, the magnetism per 
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magnetic atom can be calculated.  By measuring the magnetization at a constant 

applied magnetic field as a function of temperature, the sample’s Curie temperature (if 

ferromagnetic or ferrimagnetic) or Neél temperature (if antiferromagnetic) can be 

estimated.     

New Concepts for Magnetic Technologies 

Ferromagnetism has been studied for quite some time, and subsequently has 

many industrial applications today such as transformers, inductors, filters and magnetic 

memories.   Magnetic recording heads and media have been the staple storage 

mechanism for hard disk drives for many years.  New materials for the media and 

recording head, as well as new storage mechanisms could improve device density, 

speed and power consumption.    

 Spintronics.  Another possible use for ferromagnetism is in the emerging field of 

“Spintronics.”  Spin based electronics, or simply “Spintronics,” encompasses the 

possible uses of the electronic spin, either to replace or enhance conventional 

semiconductor charge-based electronic devices.  These devices would have 

advantages of nonvolatility, higher data density, and higher processing speeds.  As 

electron spin can be oriented and measured optically as a degree of the polarization of 

reflected light, these devices would require also much less power [26].   

 The simplest example of these devices is the spin valve.  The spin valve is based 

on the giant magnetoresistance effect (GMR).  It is a structure with two ferromagnets 

separated by a nonmagnetic material, see Figure 2-4.  One ferromagnet’s orientation is 

fixed up, and the other is manipulated externally.  This allows for three resistance 

states: normal, low and high, which correspond to when the sensor magnet is sideways, 

up or down, respective to the up state of the fixed magnet.  This allows for a change in 
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resistance with an external magnetic field, and as the ferromagnetic sensor aligns with 

the external field, it changes the resistance through the device.  This holds applications 

in many low power sensors, the most common of which is magnetic heads in memory 

devices [27-30].   

 In order to create spin polarized carriers, one must create a heterojunction 

between a ferromagnet and a semiconductor, hoping to create a Schottky barrier.  

However, these devices generally have low spin coherence, as the spin mobility needs 

to be larger for the ferromagnet than the semiconductor [27].  The other simpler option 

is to create devices based on ferromagnetic semiconductors (FMS).  This would allow 

for the simple incorporation into semiconductor devices and for their use as spin-

polarized carrier sources.  The ideal FMS would be one that has a Curie temperature 

well above room temperature in order to avoid loss of functionality at working 

temperatures.  Ideally, they should also be simple to manipulate for either p-type or n-

type carrier type, in order to easily create devices as needed [27-31].   

Current spintronics research has focused largely on the doping of II-VI and III-V 

semiconductors with magnetic ions [32].  Doped GaAs, ZnO, TiO2, and SnO2 have been 

heavily researched as possible FMS candidates beginning with the confirmation of low 

temperature ferromagnetism in Mn:GaAs thin films in 1996 [31,33].    Magnetic 

perovskites have also been researched for use magnetoresistive applications, such as 

spin valves [34].   

Polarizable Materials 

Electric polarization is an effect occuring as an electric field is applied to 

insulating materials.  As insulators have no free charge carriers, when an electric field is 

applied to the material, there is compensation by the creation of a polarization of charge 
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within the material.  The dielectric polarization can be described as a sum of three 

individual contributions, electronic polarization, the ionic polarization and the orientation 

polarization.  Figure 2-5 depicts the different polarization mechanisms and their 

changes with measurement frequency.  The orientation polarization is the alignment of 

the dipole moments within the material.  The ionic polarization is from the displacement 

of cations and anions within the material creating an overall polarization.  The electronic 

polarization is the polarization of the electrons themselves, relative to the nucleus of the 

atom.  Another element of the polarization is the surface polarization.  This is the 

polarization inherent in the charge differential at an interface or surface.  As a result, the 

surface polarization becomes very important in nanoscale materials such as ultrathin 

films and superlattices. 

Dielectric materials exhibit their charge displacement only under applied electric 

field, which can be expressed as a linear function of the applied field, E, such that the 

dielectric displacement, D: 

D=ε0εrE     (2-3) 

Dielectric materials can then be compared based on how much charge is displaced as a 

function of applied electric field.  Real world dielectric materials exhibit loss, due to the 

resistance of bound charges by ionic interactions within the crystalline lattice.  This 

resistance is experienced by the material as a loss of energy, which is dispersed from 

the material via Joule heating.  The complex dielectric constant can be characterized by 

a change in the time constant separating the measurement current and voltage 

functions.  The loss tangent can then be expressed as the ratio of the real (ε’) and 

imaginary (ε”) components of the complex dielectric coefficient, ε*, such that  
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tan (δ)=ε”/ε’ and ε*= ε’-iε”  (2-4) 

Since the dielectric constant and dielectric loss are strongly impacted by 

measurement frequency, as the capacitance measurement frequency becomes on the 

order of the relaxation frequency of the displacement mechanism, the dielectric constant 

will change dramatically.  Thus, when the measurement frequency is on the order of the 

relaxation mechanism of displaced charge, the loss tangent will become large.  These 

relations are more clearly expressed by the Debye relations, shown graphically in 

Figure 2-6.    

Ferroelectricity 

Ferroelectricity is a property of materials analogous to ferromagnetism.  

Ferroelectricity describes a material that possesses a spontaneous polarization without 

exposure to an external electric field.  With an applied field, a ferroelectric material will 

align itself with the applied field and saturate with a maximum polarization.  In 

ferroelectric materials, the polarization exhibits a hysteresis response with respect to 

applied electric field, with a saturation polarization, Ps, and a coercive field, Ec.  Also like 

ferromagnetism, ferroelectricity has a critical temperature and is extinguished above the 

Curie temperature.  Above the Curie temperature, ferroelectrics act like paraelectric 

materials, in which there is no remnant polarization measureable, and the electric 

polarization is a function of the applied electric field.   This transition can often be 

described as a first or second order transition, depending on if the transition is sharp or 

gradual [35].   

The orientational polarization in ferroelectrics is created by a structural distortion 

in the central symmetry.  This structural distortion in the perovskite structure is generally 

from the displacement of the central B cation in a polarization along a specific direction, 
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as shown in Figure 2-7.  The orientations within neighboring unit cells can then align, 

and give a long range order to the polarization of the material.  At the Curie temperature 

in the perovskites, the transition from ferroelectric to dielectric is accompanied by an 

observable change in crystal structure, from the noncentrosymmetric tetragonal 

structure to the centrosymmetric cubic structure.  Above the Curie temperature, the 

phonon vibrations are large enough to prevent any long range orientational polarization.   

Thin Film Effects 

Thin film effects in ferroelectrics and dielectrics are significant, providing in many 

cases vast differences from bulk properties.  Strain has been shown to greatly increase 

polarization and Curie temperature in both thin films [36] and superlattices [37,38].  

Strain has also been shown to induce room temperature ferroelectricity in normally 

paraelectric SrTiO3 [39,40].  However, studies have shown the existence of a critical 

size which inhibits ferroelectricity in thin films [41,42].   However, it has been shown that 

ferroelectricity can be stabilized below this thickness by the creation of alternating 

domains, which are believed to reduce the large effect of the surface polarization 

relative to the domain size, thereby inducing a stabilization of the depolarizing field 

which occurs at the interface [43]. 

Ferroelectric AND Dielectric Measurements 

 The simplist way to measure the dielectric properties of materials is to fabricate a 

parallel-plate capacitor for capacitance measurement.  The capacitance is measured as 

a function of the voltage, and the dielectric coefficient can be calculated for simple plate 

capacitors, by the ideal relation of:  

 C=Aεrε0/d ,   (2-5) 
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where d is the distance between plates, εr is the relative dielectric constant, ε0 is the 

absolute permittivity, and A is the area of the plates.  This equation is only useful for 

standard capacitance measurements, with ideal capacitors.  For materials with real 

dielectric loss, the complex impedance must be measured and an equivalent multiple-

element model comprised of capacitors and resistors is often necessary.    

Ferroelectric materials are measured by multiple methods.  Generally, a 

sinusoidal electric field is applied and the capacitance is measured in a Sawyer-Tower 

circuit.  However, this method has a lower signal-to-noise ratio than a different method.  

This method applies a high electric field to polarize the sample in one direction.  Then, it 

measures the capacitance, reverses the field and measures again.  By subtracting the 

difference, the remnant polarization can be detected as a function of applied electric 

field.  Capacitance can also be measured as a function of temperature, with an 

observable spike in dielectric constant and change of phase from large to small loss 

factor indicative of the Curie temperature and transition from ferroelectric to dielectric.   

Ferroelectrics have many applications, including ferroelectric random access 

memory (FeRAMs) and ferroelectric capacitors.  Additionally, since all ferroelectric 

materials are also pyroelectric and piezoelectric, ferroelectrics also have applications in 

actuators, piezoelectric transducers, and pyroelectric detectors.   

Multiferroics 

 Multiferroic materials are described as materials that have one or more “ferroic” 

property, including ferroelectricity, ferromagnetism or ferroelasticity [44].  However, 

naturally occurring materials with both ferroelectricity and ferromagnetism are almost 

inherently mutually exclusive.  The unfilled d-orbitals which are necessary for 

ferromagnetic exchange, is detrimental to the existence of ferroelectricity, which 



 

28 

requires an atom with a completed or unfilled d-orbital as the displacement atom in the 

orientational polarization.  Therefore, the atom controlling the ferromagnetic exchange 

must be a different atom than the atom controlling the ferroelectric polarization.   In the 

case of perovskites, the A site cation must control the ferromagnetic exchange, while 

the B site cation must experience the ferroelectric displacement.   

 Thus, there has been much research into what single phase materials can exhibit 

simultaneous ferroelectricity and ferromagnetism.  These materials could exhibit a 

magnetoelectric coupling between the magnetic moment and polarization, where 

modifying one property affects the other.  Three distinct “single phase” groups of 

materials have been found to exhibit this type of multiferroicity.  Boracites, with their 

complex structures and multiple ion-ion interactions, prevent insight into the coupling 

between ferroelectricity and ferromagnetism.  Mixed perovskite structures, comprised of 

a solid solution of a ferroelectric and a ferromagnetic perovskite, generally exhibit low 

Curie and Néel temperatures due to the large distance between magnetic ions [45].   

The third group is comprised of several different perovskites.   

Much research has been conducted on these perovskites, with new research 

taking advantage of the effect of strain from the substrate on the film’s multiferroic 

properties.   The manganates, with formula AMnO3 (with A=Bi, Tb, and Y) have been 

heavily researched, for their multiferroicity.  BiMnO3 has shown ferromagnetism and 

ferroelectricity, while YMnO3 exhibits antiferromagnetism and ferroelectricity [46].  

BiFeO3 has also been the subject of significant research for its multiferroic properties.  It 

has been shown to exhibit large ferroelectric polarization (50-60 μC/cm2) with a Curie 

temperature of 1100 K, and a G-type antiferromagnetic ordering with a Néel 



 

29 

temperature of 640 K [47].  It has also been shown to exhibit weak ferromagnetism.  

The multiferroic properties of EuTiO3 have been investigated as it changes from 

antiferromagnetic and paraelectric to ferromagnetic and ferroelectric with applied strain 

from the substrate.  On DyScO3, it exhibits large magnetization (up to 7 μB/Eu) below 4 

K and large spontaneous polarization of (~10 μC/cm2) with a Curie temperature of 250 

K [48].  Although having shown great promise, these single phase multiferroics have 

much improvement to be made including the issue of leakage current in BiFeO3 and 

high temperature coexistence of strong ferroelectricity and ferromagnetism.   

 Artificial superlattices, comprised of one ferromagnetic material and one 

ferroelectric material, would be an alternative method for the synthesis of multiferroic 

thin films.  Based on the epitaxial growth of two well-known materials with good lattice 

matching, superlattices comprised of one ferroelectric base material and one 

ferromagnetic base material could provide enhanced properties over single phase 

multiferroics, including larger coercive fields and magnetizations, and large Curie 

temperatures for room temperature devices.   Superlattice structures could also exhibit 

a magnetoelectric coupling from correlation of their electrons from one layer to another 

at the nanoscale, causing an enhanced stabilization of either the ferromagnetic or 

ferroelectric response at higher temperatures [44,50-51].  The enhanced magnetic 

properties could be also stabilized by in plane strain caused by slight lattice mismatch, 

however ferroelectricity could be more difficult to enhance with known minimum 

thicknesses for stable ferroelectric responses [49]. To this effect, superlattices have 

been investigated for the creation of multiferroic materials based on combinations of 

ferroelectric (Pb(Zr,Ti)O3, BiFeO3, Ba(Sr,Ti)O3 and magnetic (BiFeO3, (La,Sr)MnO3, 
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(La,Ca)MnO3) perovskites [50-56].  However, little success has been found on the room 

temperature coexistence of large polarization and large saturation magnetization within 

superlattices.   

Multiferroic materials hold great potential for memory applications, with materials 

with no magnetoelectric coupling to create 4 state devices to instantly increase data 

density, as well as materials with a magnetoelectric coupling to create the devices with 

the electric control of magnetic data bits.  There are also potential applications in 

electric field controlled magnetic resonance devices, and magnetically controlled 

actuators and transducers [45-47].   

Superlattices and Interfaces 

Artificial superlattices of oxide materials with different properties provide 

interesting material systems to investigate as nanoscale effects become increasingly 

important.  Superlattices are also an excellent way to bring together materials with 

different properties which often cannot or do not occur together naturally or in 

composites.  Superlattices have shown both the enhancement of inherent properties of 

the base materials, as well as new properties that did not exist in either of the base 

materials.  Norton et al. discovered high temperature superconductivity in artificial 

BaCuO2-SrCuO2 superlattices [57].  Hwang et al. discovered the presence of a two 

dimensional electron gas at polar interfaces in LaAlO3-SrTiO3 superlattices [15,58].  

This discovery prompted a wide variety of new research into interfaces of perovskite 

systems, including further discoveries of two dimensional electron gases at other 

perovskite interfaces.  Two dimensional electron gases have now been observed at 

interfaces between multiple perovskites with charge polarity at the interface, including 

LaTiO3, LaxSr1-xMnO3 and SrTiO3 [59-62].  Within the original perovskite two 
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dimensional electron gas system of LaAlO3-SrTiO3 superlattices, superconductivity, 

magnetism, and high mobility electron gases have been observed depending on the 

growth conditions [63,64].  Enhanced polarization has been observed in the 

tricomponent superlattice system of CaTiO3, BaTiO3, and SrTiO3 [17].  Ferromagnetism 

has been observed at the interface between antiferromagnetic CaMnO3 and 

paramagnetic CaRuO3, as well as between antiferromagnetic LaMnO3 and SrMnO3 [65-

67].   Spin polarized two dimensional electron gases have been predicted and observed 

at the interface between EuO and LaAlO3 [68].   

Superlattices can be easily characterized via x-ray diffraction, using θ-2θ scans.  

By using the equation: 

   
λ

     θ     θ  
 ,                   (2-6) 

the modulation wavelength,   , and periodicity of the superlattice can be calculated by 

knowing the θ locations of two adjacent superlattice peaks and the wavelength, λ , of x-

ray radiation used [69].  X-ray reflectivity can be used to calculate layer thicknesses 

provided that the densities are known and interfacial roughnesses are low.  However, 

poor interface quality or surface roughness will make reflectivity measurements difficult 

to impossible.  Cross sectional high resolution transmission electron microscopy (HR-

TEM) can be used to view the atomic ordering of the lattice and segregation between 

layers at the interfaces.   Indications of the lattice spacing and matching onto the 

substrate are also observable via TEM.   Chemical composition across interfaces can 

be observed via Scanning Tunneling Electron Microscopy (STEM) and Electron Energy 

Loss Spectroscopy (EELS) to gain better insight into the true sharpness of the 

interfaces and any intermixing present.   
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High resolution transmission electron microscopy, with the addition of analytical 

techniques and advances such as aberration correction, offers insight into diffusion and 

intermixing across the interface.  Such techniques include scanning transmission 

electron spectroscopy (STEM) and electron energy loss spectroscopy (EELS), in which 

cation distributions and even valences can be viewed across interfaces.   Improvements 

such as aberration correction and exit plane wavefunction analysis have even allowed 

the observation of light anions including oxygen [70].   

Literature Review 

Complex oxides have been widely researched for their potential in several 

different applications.  This section focuses on the past research conducted on the 

complex oxides investigated in this dissertation and their findings.   

ZnCo2O4 

ZnCo2O4 exhibits two interesting properties that are potentially attractive for 

applications, the ability to control carrier type through the oxygen growth atmosphere 

and the ferromagnetism [13].   The ferromagnetic nature places ZnCo2O4 in the realm of 

ferromagnetic semiconductors (FMS) to be considered for spintronic applications.   

 The need for solid state photonic devices in the UV and blue range of the 

electromagnetic spectrum has fueled research in several different wide bandgap 

semiconductors.  Among these, ZnO has been a frontrunner due to its many favorable 

properties [71].  With a bandgap of 3.36 eV [72], high radiation resistance [73], and a 

high exciton binding energy, ZnO is a very favorable choice for solid state lighting 

devices.  However, p-type doping of ZnO has proved difficult in the past.  It has been 

proposed that the difficulty comes from the low enthalpy of formation of the VZn and Oi 

defects, relative the enthalpy of formation of the “hole killing” VO, ZnO, Zni defects [74].  
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ZnO, as a transparent conducting oxide, is also a prime candidate for contacts on 

photovolatic cells, Liquid Crystal Displays (LCDs), and Organic Light Emitting Diodes 

(OLEDs) [75].   

 Due to this difficulty of p-type doping of ZnO, other p-type related materials are 

being explored as candidate materials for hole injection.  ZnCo2O4 is a potential 

candidate to fulfill this role.  Its carrier type can be made either n or p-type by controlling 

the oxygen pressure and thus controlling the oxygen vacancies [76].  With a bandgap of 

2.63 eV, it has limitations for hole injection into ZnO, which has a bandgap of 3.37 eV 

[72].  However, the bandgap for ZnCo2O4 could be increased via cation substitution.   

Several papers have been published on the growth and characterization of zinc-

cobalt oxide thin films [77-82].  However, most of these studies are for dilute magnetic 

semiconductors, with much lower concentrations of cobalt than zinc.  Krezhov and 

Konstantinov developed samples of ZnxCo3-xO4 from thermal decomposition of ZnyCo2-

y(OH)3NO3.  The samples developed had Zinc compositions, x, ranging from 0 to 1.  

This study focused on the relationship between Zinc concentration and the occupation 

of the A and B cation site of the spinel lattice.  Neutron diffraction studies were 

conducted in order to observe the cation distribution over the lattice’s A and B sites.  It 

was found that the Zn+2 cations preferentially occupied the A (tetrahedral) sites of the 

lattice in a 4:1 ratio at x=1.  The Co+3 cations preferentially occupied the B (octahedral) 

sites in a 9:1 ratio [83].   

Samanta et al. grew thin films of Zn1-xCoxO via PLD for cobalt concentrations of 

x=0, 0.1, and 0.2.  XRD analysis confirmed that the films grew aligned in the (002) 

direction, indicating the films grew in the hexagonal Wurzite structure, which is native to 
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ZnO.  As the concentration of cobalt was increased, the 2θ location of the (002) peak 

increased.  The authors believed this to confirm the existence of a (002) peak for the 

spinel phase, however as the (002) spinel peak is structurally disallowed, it could only 

indicate decreasing d-spacing as the location of the (002) peak shifts from 34.421° 

(ZnO) to 42.401° (CoO).  A small peak indicated the existence of a secondary phase 

which corresponded to the spinel phase with orientation of (311) [84].  Magnetic 

measurements were conducted on the samples and ferromagnetism was exhibited for 

x=0.1.  This could be due to the presence of Co metal, CoO, Co3O4 or ZnCo2O4 clusters 

in the films [85].  This seems likely due to the absence of large spinel peaks and the fact 

that clusters are one of the most common sources of magnetism in CoxZn1-xO dilute 

magnetic semiconductors [86].    

Kim, et al. were able to grown ZnCo2O4 thin films grown via sputtering.  Films 

were obtained for various values for the sputtering power ratio, DCo/DZn, between 0.1 

and 2.2.  XRD analysis confirms that the films grown with sputter power ratio of 2.0 

yielded spinel phase ZnCo2O4 in the (111) orientation.  Films were grown at various 

oxygen partial pressures, ranging from 10% to 90% of a working pressure of 10 mTorr.  

Films grown at high oxygen partial pressure (>85%) were shown to be p-type.  Films at 

lower oxygen partial pressure (<70%) were shown to be n-type.  This makes sense, 

because at lower oxygen partial pressures, oxygen vacancies will be created, yielding 

extra electrons for conduction.  However, at high oxygen partial pressures, oxygen 

interstitials may be created, yielding excess holes for conduction.  The carrier 

concentration and conductivity were found to be around 1020 carriers/cm3 and 1 S-cm-1, 

respectively.  Optical absorption data were also taken and α2 vs. energy was plotted 
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yielding a bandgap estimation of 2.63 eV.  The activation energies of the films were 

estimated using the Arrhenius law and conductivity vs. temperature data.  Above 200 K, 

it was found that the activation energy for n-type films was 45 meV for electrons and 41 

meV for holes.  This is far less than the bandgap, indicating a thermally activated 

transport.  SQUID measurements were taken for the n-type, p-type and insulating films.  

Distinct hysteresis curves were observed for the p-type samples, indicating 

ferromagnetism.  The n-type films exhibited sharply increasing magnetization as a 

function of applied field, indicating antiferromagnetism.  Curie-Weiss plots were made, 

yielding  a negative Curie-Weiss temperature (TCW= -180 K) for the n-type films and a 

positive (TCW=45 K) Curie-Weiss temperature for the p-type films.  The negative value 

for the Curie-Weiss temperature in the n-type samples is an indication of 

antiferromagnetism, in agreement with the M-H data.  The insulating films were found to 

have a Curie-Weiss temperature of -110 K.  It is believed that while the electrons 

reinforce the antiferromagnetic superexchange between Co+3 ions in the n-type films, 

the ferromagnetic Co-Co RKKY hole-mediated exchange is dominant over the 

antiferromagnetic Co-O-Co superexchange for a large enough hole density.   Arrot plots 

analysis was also performed, confirming the ferromagnetic nature of the p-type films 

and the antiferromagnetic nature of the n-type films [8].   

Kim and Park investigated ZnxCo3-xO4 using polycrystalline thin films grown by 

sol-gel deposition.   Characterization of these films was done by spectroscopic 

ellipsometry.  It was found that as the concentration of zinc was increased from xZn=0 to 

xZn=0.8, the bandgap also increased from 1.65 eV to 2.8 eV.  The bandgaps were 
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believed to be from charge transitions from the p(O-2) state to the eg(Co+3) state.  No 

magnetic or transport information was measured for these samples [76].       

K(Ta,Nb)O3 

An interesting ferroelectric material system for understanding and manipulating 

ferroelectric nanoscale properties is KNbxTa1-xO3 (KTN).  It is similar to (Sr,Ba)TiO3 in 

that the solid solution possesses a continuous transition from a paraelectric to a 

ferroelectric material.  KTaO3 is a cubic, paraelectric at all temperatures.  KNbO3, in 

contrast, exhibits a first-order ferroelectric phase transition accompanied by a change 

from the cubic to the tetragonal structure at 701 K.  It also exhibits a further change from 

tetragonal to orthorhombic at 210°C [87].  As a solid solution, K(Ta,Nb)O3 exhibits a 

continuous Curie temperature that varies according to the formula Tc(K)=676x+32 

(x>0.047) [88].  The pseudo-cubic lattice parameter of KNbO3 (ap= 4.014 Å, T=25°C) 

differs from that for KTaO3 by only 0.6%.  K(Ta,Nb)O3 exhibits large dielectric 

permittivity, low loss and high tunability, large electro-optic effects, as well as large 

piezoelectric and pyroelectric constants, and non-linear (Kerr) and linear (Pockels 

Effect) optical properties [87,89-94].   As such a material, it is a candidate for many 

applications, including electrooptic waveguides, high frequency communications, and 

pyroelectric detectors.  Many studies have focused on the properties of KTN thin films 

grown via solution deposition [95-97], metal-organic chemical vapor deposition [98,99], 

and pulsed laser deposition [100-106] and grown in artificial superlattices [107-110].  

Due to the high volatility of the potassium cation at the elevated growth temperatures 

required for epitaxy, targets for pulsed laser deposition of KTN thin films have been 

made with either excess potassium or as a composite target with an additional 

potassium source such as KNO3 or KCO3.     
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BaFeO3 

While in bulk form, BaFeO3 exhibits a perovskite structure that has been shown 

to be hexagonal (a0=5.68 Å, c0=1.386 Å) [111].  Bulk BaFeO3 has also been shown to 

possess an antiferromagnetic to ferromagnetic transition somewhere between 160 and 

178 K [112].  Mössbauer studies conducted by Iga et al. disagree however, indicating 

the state from 160-250 K is paramagnetic rather than ferromagnetic [113].  BaFeO3-δ 

thin films have shown both a tetragonally distorted pseudocubic structure and a larger 

pseudocubic hexagonal structure among multiple polymorphs with varying oxygen 

content [114].  Much investigation has gone into the role of oxygen vacancies in this 

material, as most as grown films are found to be oxygen deficient.   This oxygen 

deficiency has been shown to play a large role in the structural and magnetic properties 

of the material.  The measured out of plane lattice constant has been shown to 

generally decrease with increasing oxygen content from 4.18 to 4.01 Å [115-119].  

Oxygen deficient BaFeO2.5 films have been shown to exhibit either antiferromagnetism 

or weak ferromagnetism.  It was proposed that Fe+3-O-Fe+3 superexchange is the 

source of the antiferromagnetic ordering.    The ferromagnetic Fe+4-O-Fe+4 

superexchange is present in the bulk is believed to be the source of the ferromagnetic 

ordering [116].  Thus, as films have increasing oxygen content, they also exhibit 

increased ferromagnetic ordering.  Further stabilization of the oxygen content and 

increased ferromagnetism has been shown by the use of post-growth annealing in 

oxygen at up to 900°C [117].   Additionally, Zr-doping of BaFeO3 has been shown to 

increase the dielectric and magnetic properties [118,119].  BaFeO3 has also shown 
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promise as a magnetoelectric material when used in solid solutions with multiferroic 

BiFeO3 [120].  
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Figures 

 

Figure 2-1. (100) and (111) planes of Spinel crystal structure in Normal orientation 

 

.  
Figure 2-2. Several unit cells of the perovskite crystal structure exhibited by cubic 

K(Ta,Nb)O3 
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Figure 2-3. Magnetic hysteresis loop indicative of ferromagnetism 

 

Figure 2-4. Illustration of a spin valve operating at high resistance and low resistance 
states.   
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Figure 2-5. Polarization mechanisms and their changes with frequency. 

 

Figure 2-6. Debye curves showing the relationship between frequency and the dielectric 
constant 
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Figure 2-7. Ferroelectric displacement in K(Ta,Nb)O3 perovskite ferroelectrics 
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CHAPTER 3 
EXPERIMENTAL DESIGN 

Thin Film Synthesis 

Pulsed Laser Deposition 

Pulsed Laser Deposition (PLD) is the growth technique that was used to 

synthesize the thin film samples.  In this technique, a laser is used to strike a solid 

target contained within a vacuum chamber.  Due to the high laser pulse energy and low 

pressure of the atmosphere surrounding the target, a localized region of target material 

is heated to high temperature very quickly, and is ejected from the surface of the target.  

Depending on process conditions including the target material, target density, and laser 

energy density, the plume can contain a plasma of ionized target material, as well small 

particulates of target material.  The plume is directed perpendicularly from the surface of 

the target toward a substrate material.  For epitaxial films, the substrate is a single 

crystal, and specifically selected and heated to a desired growth temperature to 

promote growth of a lattice matched phase and orientation of the deposited thin film.   

Figure 3-1 is a depiction of this deposition technique.   

Pulsed Laser deposition allows for thin film synthesis with relatively cheap 

equipment costs by using optics to allow a single laser to be used for deposition in 

multiple chambers, as well as the relatively low cost of the chambers.  PLD allows the 

advantage of deposition from almost any material with the major limitation being the 

bandgap and absorption of the laser energy.  PLD allows the nearly identical 

stoichiometric deposition of any desired composition (under ideal growth conditions), 

allowing for the creation of solid solution, multi-cation epitaxial films that would be 

otherwise difficult to synthesize with alternate thin film techniques.  It also allows the 
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ability to deposition multilayers of different materials by sequential ablating from 

different targets.   Disadvantages inherent to the technique include the high 

instantaneous deposition rate due to the pulsed nature of the deposition, and the 

deposition of particulates onto the film [122,123].   

Substrate Preparation 

As mentioned above, single crystal substrates of specific structure, lattice 

parameter and orientation are selected to promote growth of desired phases in specific 

orientations.  The substrates used for the growth of ZnCo2O4 were c-axis oriented, and 

include α-Al2O3, Si, MgAl2O4, and MgO.  The substrates for growth of the perovskite 

films were a-axis oriented SrTiO3, KTaO3, LaAlO3, and MgO.  Lattice constants and 

structures for the substrates and their lattice mismatch to desired films are shown in 

Table 3-1.   

SrTiO3 substrates received surface treatments to yield TiO2 terminated surfaces 

[124].  These substrates were rinsed in deionized water for 5 minutes, etched in 

buffered oxide etchant (pH≈5.5) for 10-20 seconds, rinsed in deionized water for 

another 5 minutes, and then blown dry with compressed nitrogen.  The SrTiO3 

substrates were then annealed for 3 hours at 900°C in flowing oxygen.  These 

substrates were examined via atomic force microscopy (shown in Figure 3-2) and unit 

cell height steps were confirmed on the substrate surface.   

Prior to growth, all substrates were cleaned in a series of three ultrasonic baths 

of trichloroethylene, acetone, and methanol for 10 minutes each.  Following the 

methanol bath, the substrates were blown dry with high pressure, high purity nitrogen.   

Substrates were adhered to the sample heater (or sample holder) using silver paste 
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(Ted Pella product #16035). The silver paste was used both as an adherent, as well as 

to provide excellent thermal conductivity across the substrate.  

System Parameters 

A COMPex 205 KrF excimer laser with a wavelength of 248 nm was used to for 

ablation during all sample depositions.   The laser energy and lens positions were 

adjusted as needed to give a laser fluency in the range of 1-5 J/cm2.  Two different 

vacuum chambers have been used for the deposition in this work.  The first is a 

Neocera vacuum chamber which has substrates mounted directly onto the removable 

substrate heater.   The substrate heater is removed before and after each growth.  It is 

polished with sandpaper and acetone to remove prior deposited material and silver 

paste.  This chamber was evacuated by a turbo molecular pump backed by a roughing 

pump to a base pressure no larger than 1x10-6 Torr.  This Neocera chamber was used 

for the work covered in Chapter 4.  The second chamber used is a Thermionics Laser 

Molecular Beam Epitaxy (LMBE) chamber with a load lock and attached RHEED 

system.  In this chamber, the substrates were mounted on a removable substrate holder 

which was loaded onto the heater assembly through the load lock and sample 

manipulator.  This chamber was evacuated via a large turbomolecular pump and two 

stage backing system comprised of a small turbomolecular pump and a diaphragm 

backing pump.  Prior to each growth, the LMBE chamber was evacuated to a base 

pressure no greater than 1×10-8 Torr.  In order to maintain the low pressure necessary 

for the RHEED gun, yet allow for deposition at higher pressures in the chamber, the 

RHEED gun is separated from the main chamber with only a small aperture connecting 

them, and is evacuated by two turbo molecular pumps and a diaphragm roughing pump.  

This RHEED/LMBE setup is referred to as a differentially pumped system.  The 
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Thermionics LMBE system was used for the deposition of the films discussed in 

Chapters 5-8.   

The growth temperature was variable from 25°C to 800°C.   The growth pressure 

was varied from vacuum to 500 mTorr.  The growth atmosphere was comprised of pure 

oxygen.   

Target Creation 

For these investigations, targets were created by mixing dry, solid powders of 

precursor materials (ZnO, Co3O4, KTaO3, KNbO3, Ta2O5, Nb2O5, KCO3, KNO3, BaCO3, 

Fe2O3) in the correct stoichiometric ratios.  They were ground together and mixed using 

a dry mortar and pestle method.  They were then pressed at 2000-5000 psi into 

cylindrical targets using a 1” die.  Finally, they were sintering in air in a closed furnace 

for 10-12 hours.  Specific recipes for the creation of individual targets are contained in 

Figure 3-3.   

Structural and Chemical Characterization 

X-Ray Diffraction 

The substrate temperature and oxygen partial pressure were manipulated in 

order to optimize thin film orientation and surface quality.  After growth, the structure 

and preferred growth orientation of the films were characterized by X-Ray Diffraction 

(XRD), using a Philips APD 3720 located in the UF Major Analytical Instrumentation 

Center (MAIC).  XRD is a technique which examines the crystalline orientation of a solid 

sample.  The main principle behind this technique is the Bragg condition for diffraction,  

nλ=2dsin(θ)  (3-1) 

where λ is the incident wavelength of the radiation, d is the distance between specific 

atomic planes, and θ is the angle between the atomic planes and the incident radiation.   
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In this technique, copper metal is used as the filament, through which high voltage is 

applied in order to create x-ray radiation corresponding to known transitions.  These 

transitions are the Kα1, Kα2, Kβ1, have known wavelengths and are emitted at known 

ratios of intensity.  An x-ray detector is placed at an angle to satisfy the geometry such 

that the angle between the atomic planes and the detector is 2θ, as shown in Figure 3-

4.  For the XRD θ-2θ scan, data in the form of x-ray counts is collected by the detector 

while both the sample and detector are rotated through the angles maintaining the θ-2θ 

geometry.   

This information from these θ-2θ scans was used to optimize growth temperature 

and oxygen pressure in order to maximize single oriented films and to eliminate impurity 

phases.  Laser energy and pulse frequency were also varied and high resolution XRD 

was conducted on the Philips MRD X’Pert System at the MAIC facility.  This system was 

used to obtain ω-rocking curves and Φ -scans.  The Φ-scans were used to examine the 

in-plane epitaxial relationship between the film and substrate.  Ω-rocking curves were 

conducted to examine the extent of crystallinity in the thin film samples.  As rocking 

curves indicate variation in the Bragg geometry, this may be interpreted as a degree of 

crystallinity of the epitaxial film.  The values of the full width at half maximum (FWHM) of 

the peak are compared to the FWHM of the corresponding bare substrate as a control 

value.  

Reflection High Energy Electron Spectroscopy 

 Reflection High Energy Electron Spectroscopy (RHEED) was used as an in situ 

tool to examine the surface of the substrates and grown thin films.  In this technique, a 

high energy beam of focused electrons is emitted from a heated filament.  Much like an 

electron microscope, magnetic fields are used to direct and focus the electron beam 
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onto a specific location on the sample at a low angle of incidence to the surface.  Due to 

the high energy and low angle of impact of the electrons onto the surface, they are 

mostly reflected and do not penetrate the sample deeply.  The electrons are then 

scattered according to Bragg’s law, and are collected on a phosphor screen.  Figure 3-5 

is a depiction of this technique.    

The pattern on the screen yields information about the surface structure of the 

material.  The lattice parameters of the sample can be estimated according to the Bragg 

diffraction condition due to the known parameters of the system angle of the electron 

beam incident on the surface, the known substrate orientation, and the distance 

between the sample and phosphor screen.  Using a high resolution CCD camera, the 

image from the phosphor screen and the intensity of specific regions corresponding to 

specific Bragg reflections in the diffraction pattern can be monitored as a function of 

time.   

Gaining knowledge about the growth modes of the thin film is one of the primary 

reasons for using RHEED.  By monitoring the intensity of the specular spot along with 

the background observed on the phosphor screen, one can gain vast insight into the 

growth modes, as well as diffusion of ions and complexes across the surface of the 

substrate/film.  The RHEED technique is very surface sensitive due to the high angle, 

high energy nature of the technique, and thus it is very quick to respond to changes on 

the sample surface.  As a result, realtime in situ information can be gathered during 

deposition from each pulse [125].  This is best illustrated in Figure 3-6. 

The measured specular spot intensity is directly related to surface coverage, Θ, 

where Θ=0.5 is a half complete surface and Θ=1 or 0 is a complete or empty surface.  
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As an incomplete layer of material is deposited on an atomically smooth surface, the 

measured intensity will decrease until Θ=0.5, where the surface is half complete.  Then, 

as deposition continues and the surface becomes more complete, the measured 

specular intensity increases and Θ gets closer to 1.  At Θ=1, the surface is complete 

and the measured specular intensity reaches a maximum.   

Thin film growth modes can be observed using this technique, using both the 

measured specular spot intensity and the changes in the RHEED pattern itself.   The 

different types of growth modes are depicted in Figure 3-7.  2-D Frank van der Merwe or 

layer by layer growth, can be characterized by the distinct oscillations in the specular 

spot intensity and conservation of the same observed pattern.  The period of these 

oscillations can be used to give a good estimate of the growth rate.   Volmer-Weber, or 

3-D island growth, is characterized by a sharp decrease in intensity of the specular spot 

as well as a quick change in the observed diffraction pattern to a full reciprocal lattice.  

2-D step flow growth is characterized by an increase in specular spot intensity which 

plateaus and remains constant through the growth.  Stranski-Krastanov growth is a mix 

of 2-D and 3-D growth that occurs during heteroepitaxial growth where the lattice 

mismatch between the film and substrate promotes increasing growth of 3-D islands as 

the film thickness increases in order to relieve the strain.  This growth mode can be 

observed via RHEED as the intensity of the specular spot shows a few strongly damped 

oscillations and the observed diffraction pattern broadens slightly and then begins to 

change to a full reciprocal lattice as the 3-D Volmer-Weber growth becomes the more 

favorable growth mode. 
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X-Ray Photoelectron Spectroscopy (XPS) 

Once the desired phase material is being grown preferentially and with good 

crystalline nature, other methods of characterization may then be performed.   Chemical 

confirmation could be obtained from X-Ray Photoelectron Spectroscopy (XPS), using a 

Perkin-Elmer PHI 5100 at the MAIC facility.  XPS was used to examine the cation and 

anion bond energies present in the films.  These values were compared to known 

energy values which correspond to specific chemical bonds and materials.  The known 

values were obtained from standards certified by the National Institute of Standards and 

Technology (NIST).  Electron Diffraction Spectroscopy (EDS) was also used as a final 

confirmation to check that the elemental composition is in the correct range.   

Scanning Probe Microscopy (SPM) 

Scanning Probe Microscopy (SPM) or Atomic Force Microscopy (AFM) was used 

to image the surface and measure roughness.  At the MAIC facility, a Digital 

Instruments Dimension 3100 was used for these measurements.  The RMS roughness 

value was compared from sample to sample.   The RMS roughness values for films 

were also compared to that of its corresponding bare substrate which will be the control 

value.   

Electronic Characterization 

Hall Effect 

In order to characterize the electronic properties of the semiconducting films, 

samples were measured making use of the Hall Effect to extract the number and type of 

carriers.  The Hall Effect is the deflection of charged carriers in the presence of a 

magnetic field according to the Lorentz force that each carrier experiences according to       

                  (3-2) 
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where   is the velocity and     is the external magnetic field.  As a result of this force, 

positively charged carriers (holes) are deflected to the direction of the cross product of 

the carriers’ motion and the applied magnetic field.  As electrons have opposite velocity 

vectors as holes, they are both deflected in the same direction from their Lorentz force 

(see Figure 3-8).  The Lorentz force is directly balanced by the Hall force, which is 

opposing in direction due the electronic field created by the accumulation of each carrier 

to one side of the sample.  From this force balance, values for the carrier type and 

density can be calculated from the known values of the applied field, current density and 

sample dimensions.   From measured resistivity values and calculated carrier densities, 

the carrier mobility was also estimated.   

The equipment used for these measurements was a Lakeshore 7507 Hall Effect-

Electronic measurement system at the UF Nanoscale Institute for Medical and 

Engineering Technology.  In order to conduct Hall Effect measurements, Indium metal 

contacts were soldered onto the corners of the thin film samples, in the van der Pauw 

orientation [126].  These contacts were then checked for Ohmic junctions with the film 

surface, by using the I-V curve measurement on the system and confirming that the 

sample follows the linear relationship dictated by Ohm’s Law.  The Lakeshore system 

was used at applied magnetic fields ranging from -10 to 10 kG.   Data was obtained for 

the resistivity and Hall coefficient as a function of applied field.  By graphing the Hall 

coefficient as a function of applied field and then taking the average slope, the true Hall 

coefficient could be estimated for a sample.  Then, the carrier density and mobility could 

be calculated.   
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Capacitance Measurements 

In order to measure the dielectric properties of the insulating perovskite films, 

interdigitated capacitors (IDC) were created.   Standard top and bottom electrode 

capacitance measurements could also be done using SrRuO3 or another conducting 

perovskite as a bottom electrode and evaporating a top contact without the need for any 

photolithography.  The advantage of using the IDC technique for capacitance 

measurements is the lack of need for a bottom electrode, however the mathematics 

used to extract the dielectric values are more complex.  The IDC contacts were created 

using standard photolithography methods to create a pattern (recipe shown in Figure 3-

9), then sputtering or evaporating Chromium/Gold metal contacts through the patterned 

photoresist, and subsequently removing the photoresist.  A Kurt Lesker KJL CMS-18 

Multi-target Sputter Deposition system at the UF Nanofab facility or a custom 

evaporator system was used to deposit contacts on the samples for C-V curve 

measurement.  An Agilent 3257 RLC Analyzer was used to measure the capacitance 

values, while samples were placed on a process controlled heat plate for the 

temperature controlled measurements.  The C-V measurements gave values for the 

capacitance and loss tangent, measured as a function of applied voltage and 

temperature.  Using conformal mapping of elliptical integrals for the localized electric 

field, Matlab was used to model the field and extract the values for the dielectric 

constant from the capacitance values and known sample parameters [127,128].  A three 

element model was used to obtain values for the components of the complex 

impedance to increase accuracy of calculations for samples that may have high loss 

tangents [129].  The modeling and Matlab program are discussed further in the 

Appendix. 
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Optical Characterization 

Optical absorption spectra of the semiconducting films were measured to give 

insight into the optical properties.  An optical transmission spectrometer at the UF MAIC 

facility was used to measure transmittance as a function of wavelength.  The results 

allowed for an estimation of the electronic bandgap.  This was done by correlating both 

(α)1/2 and (αhν)2 as a function of energy to observe if the bandgap is direct or indirect, 

respectively.  These relationships were expressed graphically, and a tangent line was 

estimated for the linear plot.  The x-intercept of the tangent lines was then extracted for 

use as an estimate of the dominant bandgap [130]. 

Magnetic Characterization 

Prior to SQUID measurement, any silver was removed from the back and sides 

of the substrate via sanding, and the sample was then cleaned in a methanol sonic bath 

for 10 minutes and blown dry with high pressure nitrogen gas.  The magnetic properties 

of the films were measured using a Quantum Design MPMS SQUID magnetometer.  

The magnetization as a function of applied field is measured at 10, 100 and 300 K.  The 

presence of ferromagnetism is indicated by the presence hysteresis loops shown in this 

data.  From the hysteresis loops, coercive field, remnant magnetization, and saturation 

magnetization can be compared from sample to sample giving quantitative information 

about the film’s ferromagnetic nature.  For any ferromagnetic films, the magnetization as 

a function of temperature was also measured.  The pinch off between the zero field 

cooled and field cooled magnetization vs temperature curves is indicative of the Curie 

temperature. 
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Table 3-1.  Properties of substrates and grown thin films. 

Substrate Structure 
Lattice 
parameter (Å) 

Dielectric 
Constant 

Coefficient of Thermal 
Expansion (/K) 

Al2O3 Hexagonal 
a=4.763, 
c=1.3 9.9 5.3x10

-6
  

MgAl2O4 Cubic (Spinel) a=8.086 8.3 7.5x10
-6

 

MgO Cubic (Rock Salt) a=4.203 9.7 8.0x10
-6

  

KTaO3 Cubic (Perovskite) a=3.989 250 6.7x10
-6

  

SrTiO3 Cubic (Perovskite) a=3.905 300 3.23x10
-5

 

LaAlO3 Cubic (Perovskite) a=3.788 25 2.246x10
-5

  

Film Structure 
Lattice 
parameter (Å) 

Mismatch 
w/(100) SrTiO3 

Mismatch  
w/(0001) Al2O3 

ZnCo2O4 Cubic (Spinel) 8.079 n/a 19.94%(c)  

KTa1-xNbxO3 
Orthorhombic  
  (Distorted Perovskite) 3.99-4.01(a) 2.18% n/a  

BaFeO3 
Orthorhombic  
  (Distorted Perovskite) 3.97-4.01(b)  1.66% n/a  

*Data taken from [131,132] 

(a) K(Ta,Nb)O3 thin film lattice parameters change with xNb 
(b) BaFeO3 thin film lattice parameters are 4.01 Å before anneal and 3.97 Å after anneal at 900°C for 3 

hrs in flowing oxygen gas 
(c) ZnCo2O4 mismatch calculated from (111) orientation on (0001) α-Al2O3.   
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Figure 3-1. A typical PLD setup w/RHEED. 
 

 

Figure 3-2. Unit cell step surface measured by AFM measurement of SrTiO3 substrate 

after etching in buffered HF and annealing in oxygen at 900°C 
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Figure 3-3. Recipes for PLD target fabrication 

 

 

Figure 3-4. XRD geometry  
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Figure 3-5. RHEED geometry.  



 

58 

 

Figure 3-6. Monitored specular spot intensity as a function of surface coverage. 

 

Figure 3-7. Thin film growth modes.  
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Figure 3-9. Hall effect showing Lorentz force acting on carriers. 

 

Figure 3-9. Photolithography recipe for patterning and deposition of interdigitated 
capacitors 
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CHAPTER 4 
STRUCTURAL, OPTICAL AND ELECTRONIC PROPERTIES OF ZnCoO4 THIN FILMS  

 In recent years, there has emerged increasing interest in magnetic 

semiconductors, including oxides, for spintronics [134-137].  Significant efforts have 

addressed the formation of magnetic semiconducting oxides via transition metal doping 

of non-magnetic conductive and insulating hosts [138-142].  In contrast, there are 

transition metal oxide compounds that are intrinsically magnetic, representing 

interesting candidate materials for spin-based electronic device concepts [143,144].  

One such material is ZnCo2O4 [13,78].  This semiconducting oxide exhibits the spinel 

crystal structure, with generalized chemical formula A+2(B+3)2O4.  Thin films of this 

compound deposited by sputter deposition have been reported to be either n-type or p-

type, depending on the preparation conditions.  It is optically transparent and reportedly 

ferromagnetic.  With a reported bandgap of 2.63 eV, ZnCo2O4 can also be placed in the 

realm of possible p-type materials for use in wide bandgap devices [13].  In this chapter, 

the properties of ZnCo2O4 thin films are examined for films deposited by pulsed laser 

deposition (PLD).   

Experimental Methods 

 The films were grown in the previously described Neocera PLD system.  

Samples were grown with a base pressure less than 1×10-5 Torr.  Stoichiometric 

ZnCo2O4 ablation targets were made by mixing ZnO and Co3O4 powders, then pressing 

and sintering in air at 1000ºC.  Substrates used in this study included c-plane sapphire, 

MgAl2O4 (spinel), and MgO.  A KrF excimer laser (248 nm) was used for ablation.  The 

laser energy density was approximately 1 J/cm2. The properties of films were examined 

for deposition temperatures varying from 25°C to 800°C.   The oxygen growth pressure 
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was varied from 10 to 200 mTorr.  Typical film thicknesses were on the order of 200 nm 

with growth rates of 0.4 Å/s. 

Results and Discussion 

Structural and Chemical Properties 

Figure 1 shows the X-ray diffraction results for ZnCo2O4 films deposited on 

(0001) sapphire, (001) MgO, and (001) MgAl2O4.  The films were grown at a 

temperature of 400ºC-500 ºC and oxygen pressures of 10-100 mTorr.  On (0001) 

sapphire, the films were (111) oriented, which is consistent with the 3-fold symmetry for 

cubic (111) plane mapping on the hexagonal template of the Al2O3 (0001) surface.  For 

the ZnCo2O4 film on sapphire, the ZnCo2O4 lattice spacing is 8.079 Å.  For the films 

grown on (001) MgAl2O4, the films are (00ℓ) oriented with the ZnCo2O4 (400) peak 

yielding a lattice constant of 8.063 Å.   On (001) MgO, the films were polycrystalline, 

with (311) and (00 ℓ) orientations and a ZnCo2O4 lattice parameter of 8.074 Å calculated 

from the (004) peak.   

The formation of ZnCo2O4 in the spinel structure was highly dependent on 

substrate temperature used during growth.  Figure 2 shows the x-ray diffraction results 

for films grown on c-plane sapphire in an oxygen pressure of 10 mTorr at various 

growth temperatures.  The results show that phase pure ZnCo2O4 films with (111) 

orientation are obtained at a growth temperature of 400°C.  Deposition at 500ºC 

resulted in a stronger intensity of the ZnCo2O4 (111) orientation, but also in the 

emergence of a minority ZnCo2O4 (220) orientation.  At the growth temperature of 

600ºC, a secondary ZnO impurity phase is seen.  At 750°C, the resulting film appears to 

be only CoO.   This degradation in film properties with increasing growth temperature is 

indicative of a deficiency of zinc due to its high vapor pressure at elevated growth 
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temperature.  Attempts were made to compensate for Zn loss at the higher growth 

temperature via growth from a segmented ZnO/ZnCo2O4 target as has been 

successfully done for other oxides that possess a volatile cation [102,110,111,145].  

While the stoichiometry could be controlled as desired, the resulting films were mixed 

phase between ZnCo2O4 and ZnO.  While the formation of spinel ZnCo2O4 was highly 

dependent on growth temperature, phase-pure films could be realized over a large 

range of oxygen pressure.  Figure 3 shows the X-ray diffraction results for ZnCo2O4 

films grown on (0001) sapphire at 400°C in various oxygen pressures.  In this case, the 

films are highly oriented at 400°C, with preferred growth in the (111) direction. There is 

no discernable impurity peak in the diffraction pattern for any of the growth pressures 

considered.  Also, the lattice spacing did not change with oxygen pressure.  High 

resolution XRD was also conducted for films grown on sapphire at 400°C.  Figure 4 

shows the omega rocking curve for the (333) peak of the ZnCo2O4 film grown at 400ºC 

in 50 mTorr O2.  The full width at half maximum was 0.39°, indicating good crystallinity.  

Similar results were obtained for films grown at higher and lower oxygen pressures. 

Figure 5 shows the results for an in-plane phi-scan of a ZnCo2O4 film grown at 400ºC 

and 300 mTorr oxygen.  Twinning is indicated by the 6-fold symmetry of the (111) 

oriented cubic spinel structure deposited on the c-plane sapphire.   The surface 

morphology was examined using AFM.  Figure 6 shows an AFM scan for a ZnCo2O4 film 

grown at 400°C and 150 mTorr.  The RMS roughness was 4.67 nm over a 3μm2 area.  

From this image, one can estimate the grain size to be relatively small, less than 100 

nm. 
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One of the challenges in characterizing these films is in determining whether any 

Co occupies the A-site in the AB2O4 spinel structure.  Note that the spinel Co3O4 has +2 

and +3 valence states due to occupancy at both cation sites.  With the lattice constant 

of Co3O4 nearly identical to that for ZnCo2O4, the diffraction results are of little use in 

this determination.  In order to examine this issue, XPS was employed.  Figure 7 shows 

the results of the high resolution XPS scan of the Co peak 2p3/2 and 2p1/2 locations in a 

film grown at 400ºC in 150 mTorr O2.  Due to the close proximity of the Co XPS peaks 

in ZnCo2O4, Co3O4, and CoO, it is difficult to resolve the state of the cobalt cation.  

However, the large height of the 2p3/2 and 2p1/2 satellite peaks is indicative of Co+2 in the 

films [141], suggesting that some of the Co does reside on the Zn site.   

Electron Dispersive Spectroscopy was used to quantify the Zn:Co ratio in the 

deposited films.  The EDS results in figure 8 show that the Zn:Co ratio is close to the 1:2 

ratio expected for ZnCo2O4 for the growth pressures considered for the deposition at 

400°C.  However, other films were found to be Zn-deficient, consistent with the 

presence of Co on the A-site.   

Transport and Optical Properties 

 The transport properties of the films were examined using room temperature Hall 

measurements. The carrier type for semiconducting ZnCo2O4 films grown by PLD 

depend on the oxygen pressure used during growth.  Thin films grown at 400°C were 

found to be n-type for oxygen growth pressures of 10 to 100 mTorr and p-type for 

pressures of 150 to 200 mTorr. Similar results were previously reported for films 

deposited by sputter deposition [8,76].  This is believed to be due to the incorporation of 

oxygen vacancies at the lower growth pressures.  Figure 9a shows the resistivity as a 

function of growth pressure.  In these films, resistivity was found to increase over two 
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orders of magnitude as the oxygen growth pressure increased.  The carrier density as a 

function of oxygen growth pressure is shown in Figure 9b.  The extracted carrier density 

decreased with increasing oxygen growth pressure.   Figure 9c shows that the 

calculated mobilities for these films were generally between 0.34 and 0.23 cm2/V∙s and 

decreased with increasing proximity to the transition between carrier types.   The 

mobility for the 150 mTorr sample is uncharacteristically higher.  This is believed to be 

due to a mixed carrier composition near the change in carrier type, making the 

calculation for mobility based on a single carrier type invalid.  For each sample, 

resistivity and carrier density were calculated by taking the mean of the measured field-

averaged value at multiple applied magnetic fields.   

The resistivity of the films grown at 400ºC was measured as a function of sample 

temperature for both n-type and p-type ZnCo2O4 films.  In both cases, the log of the 

conductivity has a T-1/4 dependence, as seen in Figure 4-10.  This is indicative of a 

variable-range hopping mechanism limiting conduction in the films [147].  The slightly 

smaller slope for the n-type sample is indicative of a larger density of states near the 

Fermi energy, which is in agreement with the evidence from the carrier densities 

observed in the Hall effect measurements [148].  This is consistent with previous work 

reported on ZnCo2O4 and Co3O4 [149].   

 The optical transmittance was measured for films grown at 400ºC on sapphire.  

The results are shown in Fig. 11.  An estimated bandgap energy of 2.2-2.4 eV is 

extracted graphing the Tauc relation of (αhν)2 vs. energy and obtaining the x-intercept of 

the tangent line.  This is slightly smaller than that seen in sputter deposited ZnCo2O4 

films, which yielded a bandap of 2.63 eV [8].  Note that a possible second band gap of 
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1.4 eV can be deduced from another linear region of the curve, which would be 

consistent with the presence of Co3O4 in the films based on the reported bandgap [150-

152].  The bandgap of CoO has been reported to be 2.5 eV [152,153].   

Magnetic Properties 

 The magnetic properties of ZnCo2O4 films grown at 400ºC were examined using 

SQUID magnetometry.  From these measurements, the n-type ZnCo2O4 films grown at 

10 mTorr were found to be strongly ferromagnetic, evident by the hysteresis and 

saturation in magnetization versus applied magnetic field behavior as shown in Figure 

12.  The Curie temperature was estimated to be above room temperature for the 10 and 

100 mTorr n-type ZnCo2O4  films due to the lack of pinch off and observable maximum 

in the zero field-cooled and field-cooled measurements of the magnetization as a 

function of temperature.  At higher growth pressures where the films were p-type, the 

magnetization behavior suggests a superparamagnetic-like response based on the lack 

of hysteresis in the M vs. H behavior.  The measurement of magnetization vs applied 

field at a large series of temperatures to fit to a Langevin function is needed elucidate 

this further [154].   

 One possible source of the ferromagnetic properties is metallic Co.  However, the 

XPS results do not show any evidence for cobalt metal in the films, eliminating this as a 

contributing factor to the magnetic properties.  Note, however, that Co+2 is indicated in 

the XPS data.  No CoO peaks are observed in the XRD results for these films.  This 

suggests that Co3O4 is the likely source of the Co+2 cation state.  However, Co3O4 is 

antiferromagnetic, leading us to conclude that the ZnCo2O4 is the source of the 

ferromagnetism.  Describing the source of the superparamagnetic-like response is more 

difficult.  It could be possible that an exchange interaction between the ferromagnetic 
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ZnCo2O4 and the antiferromagnetic Co3O4 results in a superparamagnetic-like behavior 

[22].  It also has been shown that Co3O4 nanoparticles can exhibit superparamagnetism 

[155].  A third possibility is a possible solid solution of ZnCo2O4-Co3O4, which prevents 

the ferromagnetic direct exchange between the Co atoms in the ZnCo2O4.   

Conclusions 

 In summary, highly oriented ZnCo2O4 has been grown on c-plane sapphire.  

These films have reasonable carrier density and resistivity, and change carrier type 

from n-type to p-type with increasing oxygen growth pressure.   It exhibits low mobility, 

which is consistent with the indicated variable range hopping conduction mechanism.  

Since it is a wide bandgap material, it could be used in heterojunctions which use 

ZnCo2O4 as the p-type material.  Due to the interesting magnetic properties and 

transparent nature of the material, the possibility for both spintronic and photonic 

devices exists as well.   
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Figures 

 

Figure 4-1. X-ray diffraction results for ZnCo2O4 film grown on sapphire, MgO, and 
MgAl2O4. 

 

Figure 4-2. X-ray diffraction results for ZnCo2O4 films grown on (0001) sapphire in 100 
mTorr oxygen at various temperatures. 
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Figure 4-3. X-ray diffraction results for ZnCo2O4 films grown on (0001) sapphire at 
400ºC in various oxygen pressures. 

 

Figure 4-4. X-ray diffraction Ω-rocking curve about the ZnCo2O4 (333) for a film grown at 
400ºC in 50 mTorr oxygen. 
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Figure 4-5. X-ray diffraction phi-scan of a ZnCo2O4 film grown on c-plane sapphire at 
400ºC in 300 mTorr.   

 

Figure 4-6. Atomic force microscopy image of ZnCo2O4 film grown at 400ºC in 150 
mTorr Oxygen 
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Figure 4-7. X-Ray Photoelectron Spectroscopy results for a ZnCo2O4 film grown at 
400ºC in 150 mTorr oxygen, showing the Co 2p3/2 and 2p1/2 peaks 

 

Figure 4-8. Energy Dispersive Spectroscopy results of ZnCo2O4 films growth at 400ºC 
and various oxygen pressures 
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Figure 4-9. Characterization of semiconducting properties of ZnCo2O4 films grown at 
400ºC showing (1) carrier concentration, (2) resistivity, and (3) mobility as a 
function of oxygen growth pressure. 
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Figure 4-10. Plot of resistivity as a function of temperature, showing exponential T-1/4 
behavior indicative of variable range hopping. 
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Figure 4-11. Optical transmittance vs. photon energy for ZnCo2O4 films grown at 400 ºC 
in 50 and 150 mTorr Oxygen.  
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Figure 4-12. Magnetization versus applied applied magnetic field for ZnCo2O4 films 
grown at 400ºC and various oxygen partial pressure. 
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CHAPTER 5 
REFLECTION HIGH ENERGY ELECTRON DIFFRACTION STUDY OF K(Ta,Nb)O3 

THIN FILMS 

An interesting ferroelectric material system for understanding and manipulating 

ferroelectric nanoscale properties is KNbxTa1-xO3 (KTN).  It is similar to (Sr,Ba)TiO3 in 

that the solid solution possesses a continuous transition from a paraelectric to a 

ferroelectric material.  KTaO3 is a cubic, paraelectric at all temperatures.  KNbO3, in 

contrast, exhibits a first-order ferroelectric phase transition accompanied by a change 

from the cubic to the tetragonal structure at 701 K [87].  As a solid solution, K(Ta,Nb)O3 

exhibits a continuous Curie temperature that varies according to the formula 

Tc(K)=676x+32 (x>0.047) [88].  The pseudo-cubic lattice parameter of KNbO3 (ap= 

4.014 Å, T=25°C) differs from that for KTaO3 by only 0.6%.  K(Ta,Nb)O3 exhibits large 

dielectric permittivity, low loss and high tunability, large electro-optic effects, as well as 

large piezoelectric and pyroelectric constants, and non-linear (Kerr) and linear (Pockels 

Effect) optical properties [84,89-94].   As such a material, it is a candidate for many 

applications, including electrooptic waveguides, high frequency communications, and 

pyroelectric detectors.   

While many studies have focused on the properties of K(Ta,Nb)O3 thin films 

grown via solution deposition [97-99], metal-organic chemical vapor deposition [98,99], 

and pulsed laser deposition [100-106] and grown in artificial superlattices [107-110].  

However, very little is published on the thin film growth mechanisms.  One of the 

challenges with K(Ta,Nb)O3 film growth is in compensating for the high volatility of 

potassium.  Understanding how epitaxy proceeds is important for the growth of 

heterostructures utilizing this material.  Surface quality is very important in minimizing 

loss in waveguides, stability of ferroelectric domains, and other optical applications in 
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which this material holds great promise.  Artificial superlattices require known growth 

rates which can be confirmed in situ via RHEED.  In addition, RHEED is essential for 

the synthesis of polar perovskite interfaces in artificial superlattice structures.  In this 

paper, we have examined the K(Ta,Nb)O3 thin film growth process using reflection high-

energy electron diffraction (RHEED), focusing on the effects of the volatile K cation.   

Experimental Procedures 

Thin film synthesis was performed by pulsed laser deposition.  Single crystal 

substrates included (100) oriented MgO, LaAlO3, SrTiO3 and KTaO3.  Prior to 

deposition, all substrates were cleaned in consecutive ultrasonic baths of 

trichloroethylene, acetone, and methanol, and subsequently blown dry with compressed 

nitrogen.  For SrTiO3 substrates, an etching and annealing step was used prior to 

ultrasonic cleaning, in order to achieve a TiO2 terminated surface [124,156].  These 

substrates were rinsed in deionized water for 5 minutes, etched in buffered oxide 

etchant (pH≈5.5) for 10-20 seconds, rinsed in deionized water for another 5 minutes, 

and then blown dry with compressed nitrogen.  The SrTiO3 substrates were then 

annealed for 3 hours at 900°C in flowing oxygen.  These substrates were examined via 

atomic force microscopy and unit cell height steps were confirmed on the substrate 

surface (see Figure 3-1).   

One significant challenge in the growth of epitaxial K(Ta,Nb)O3 is the high vapor 

pressure of potassium.  To supply an overpressure of potassium, a segmented target of 

50% KNO3 and 50% K(Nb,Ta)O3 was used for ablation.  A KrF (λ=248 nm) excimer 

laser was used.   While varying the energy density and pulse frequency, the plume of 

target material could be manipulated to give a smaller or larger per pulse growth rate, 



 

77 

while maintaining the desired overall growth rate.  The films were grown in pure oxygen 

atmospheres, with pressures varying from vacuum to 50 mTorr.   

The crystal structure and orientation of the films was characterized by X-Ray 

Diffraction (XRD) using a Philips APD 3720.  Atomic Force Microscopy (AFM) was used 

to image the film surface and to quantify surface roughness.  A Digital Instruments 

Dimension 3100 was used for these measurements.  A Staib RH-35 electron gun was 

used for reflection high energy election diffraction of the substrates and in situ films.  A 

K-Space Associates 60D camera and kSA 400 software were used to monitor the 

RHEED images.    

Interdigitated capacitors were created to investigate the electronic properties of 

the K(Ta,Nb)O3 films.  This was accomplished with standard photolithography 

patterning and evaporating Cr/Au (10/100 nm) contacts onto the surface.  Interdigitated 

capacitors were used to avoid the need for a bottom electrode which could undesirably 

modify the film properties.  Capacitance and dissipation factor were measured at 100 

kHz and 1 MHz at room temperature, using a two element model with a parallel resistor.  

All films measured were 150 nm thick and grown on (100) MgO, LaAlO3 or SrTiO3.  

Values for the dielectric constant were extracted through a Matlab program model using 

conformal mapping of elliptic integrals for the electric field.   

Discussion of Results 

  Figure 5-1 shows the X-ray diffraction results for KTa0.6Nb0.4O3 films deposited 

on (100) oriented MgO (cubic, a0=4.212 Å), LaAlO3 (cubic, a0=3.821 Å), KTaO3 (cubic, 

a0=3.989 Å), and SrTiO3 (cubic, a0=3.90 Å).  The KTN films were shown to be highly 

(ℓ00) oriented, which is expected as MgO, LaAlO3, KTaO3, and SrTiO3 have cubic 

crystal structures and relatively low lattice mismatch (-5.06% on MgO, 4.66% on 
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LaAlO3, 0.25% on KTaO3, and 2.41% on SrTiO3).  The KTN samples grown on MgO 

exhibited a smaller peak at the (110) location.   From the 2θ location of the (200) KTN 

peak, the pseudocubic lattice constant is 4.016 Å on SrTiO3.  This is smaller than the 

KTN lattice constants for samples grown on KTaO3 (4.06 Å), LaAlO3 (4.03 Å), but larger 

than the measured lattice constant of MgO (4.007 Å).   It is possible that the presence of 

(110) oriented KTN in the sample grown on MgO allows for relief from the strain due to 

lattice mismatch, allowing for a more relaxed KTN film.  The coefficients of thermal 

expansion for these materials may also play a role in the epitaxial growth of KTN on 

various substrates, as they are larger for MgO (1.1x10-5/K), LaAlO3 (1.6x10-5/K) and 

SrTiO3 (1.12x10-5/K) than for KTaO3 (6.7x10-6/K) [139,140].   

High resolution XRD was also conducted for the K(Ta,Nb)O3 films grown on 

SrTiO3.  Figure 5-2 shows the omega rocking curves for a film grown at 750°C in 10 

mTorr O2.  The full width at half maximum was 0.20°, indicating good crystallinity. Figure 

5-3 shows for an in-plane phi scan of the (200) peak of the same KTN film.  The results 

show a 45° rotation between the film and substrate.  This is consistent with a distorted 

tetragonal crystal structure with very slight orthorhombic distortion between the a- and 

b-axes.  Calculated lattice constants were a=5.622 Å, b=5.621 Å and c=4.013 Å.  This is 

indicative of in-plane compressive strain and out of plane tensile strain, consistent with 

the lattice mismatch from the SrTiO3 substrate.   

Reflection high energy electron diffraction (RHEED) was used to examine the 

surface of the substrates and in situ films.  Figure 5-4 shows the RHEED patterns 

obtained during a growth of K(Ta,Nb)O3 on (100) SrTiO3.  By monitoring the intensity of 

the specular reflection, we can obtain information about the growth modes of the thin 
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films.  Figure 5-5 shows the monitored specular intensity as a function of time during 

film growth of KTN at 770°C in 10 mTorr at a laser energy density of approximately 1.78 

J/cm2.  We initially observe small oscillations while the specular intensity is decreasing 

over time.  The period of these oscillations (measured from successive peaks in Figure 

5-5) directly confirms the growth rate measured via profilometry, indicating the growth of 

single unit cells being completed with each oscillation.  The decreasing intensity with the 

oscillations is believed to indicate Stranksi-Krastanov growth comprised of a mix of 2-D 

layer by layer and 3-D island growth.   This is also corroborated by the streaky nature of 

the spots in the diffraction patterns, indicating a continuing surface of atomic steps of 

identical orientation.  By decreasing the laser energy density, the instantaneous growth 

rate and likelihood of particulate presence in the plume are decreased.  In addition to 

decreasing the laser energy density (to approximately 1.55 J/cm2), slightly decreasing 

the temperature (to 730°C) to slightly decrease potassium volatility allows for a better 

KTN surface.  This is confirmed in Figure 5-6, with the observation of oscillations which 

sustain intensity, indicative of 2-D layer-by-layer growth.  The growth rate is confirmed 

to be much slower than the , as indicated by the period of successive peaks, was 

approximately 1 unit cell every 60 seconds.  The observed diffraction pattern indicates 

streak strengthening (as seen in Figure 5-4(2)), which ultimately changes to a 3-D 

pattern.  As growth proceeds in all conditions, 3-D island growth appears to be the 

dominant growth mode and the diffraction pattern changes to that of 3-D islands.   This 

change to 3-D island growth is presumed to relax the strain caused by lattice mismatch 

between the SrTiO3 and KTN film.     
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Due to the high volatility of the potassium ion, a segmented target of 50% KNO3 

and 50% K(Ta,Nb)O3 was used for additional potassium compensation [100].  The 

response of the specular intensity after each laser plume is noticeably different with 

deposition on the KNO3 or K(Ta,Nb)O3 sides of the target, as evidenced in Figures 5-7 

and 5-8.  In Figure 5-7, the target rotation is fixed and ablation is held on one side of the 

target at a time.  There is a distinct decrease in intensity over time while ablating on the 

KTN side of the target, while a distinct increase with saturation occurs for ablation on 

the KNO3 side.  To examine this further, individual pulses of each half of the target were 

examined.  In Figure 5-8, a single pulse ablating on the KNO3 side of the target yields 

an increase in the specular intensity after each pulse (indicated by an arrow), with a 

decrease in intensity after the pulse.  The initial rise in intensity is believed to indicate 

the incorporation of potassium into the structure, creating a more complete surface (and 

subsequently larger specular intensity).  After the pulse, the decrease in intensity is 

indicative of the loss of potassium and potassium nitrate complexes from the surface.  

Meanwhile, a single pulse on the K(Ta,Nb)O3 side of the target yields a decrease in the 

observed specular intensity.  This initial decreased intensity is indicative that ablation of 

K(Ta,Nb)O3 yields a potassium deficient surface.  After the initial decrease, the specular 

intensity shows a rise to an equilibrium value, which is indicative of the surface recovery 

from diffusion period of the ablated Ta, Nb, and K species to a suitable surface site.  

The recovery times can be estimated from the RHEED recovery using a first-order, 

exponential fit, yielding time constants of ηKTN≈34 s and ηKNO3≈28.86 s.  These recovery 

times are larger to that observed for ablation during step flow growth of SrTiO3 (6.5 s) 

under similar conditions [133,134].  This is indicative of the large volatility of the K+ 
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cation with evaporation, in addition to the diffusion of the heavier Nb/Ta+5 cations to B 

sites, changing the surface reconstruction more slowly.  GaAs has also been heavily 

investigated via RHEED, and much larger time constants (120 s) have been observed 

with ablation on a GaAs target [157].   

To further investigate the dynamics of the composite target, ablation was 

performed on only the KNO3 side of the target at the ideal growth conditions of 750°C in 

10 mTorr of oxygen, at less than 1 Hz for a total of 5 minutes on a TiO2 terminated 

SrTiO3 substrate.  The sample was subsequently cooled after growth at the standard 

rate (12°C/minute) in the same atmosphere.   It was initially believed that ablation solely 

on the KNO3 side of the target would not deposit a lasting potassium layer to the 

surface.  Auger Electron Spectroscopy (AES) was conducted on this sample, the results 

(shown in Figure 5-7) of which indicate that a KNO3-δ complex will remain on the surface 

even at 750°C.  As a standard, a K(Ta,Nb)O3 film grown at the same conditions (750°C, 

10 mTorr oxygen) was also compared to look for the presence of nitrogen in the film.  

The Auger results films showed no presence of nitrogen in the film, indicative that the 

nitrogen complex is removed from the surface with the deposition of the Ta+5/Nb+5 B site 

cation.   

It can also be observed in the AES measurement, that the K+ to N-3 ratio was not 

1:1, but approximately to 1:2, indicative of loss of potassium from volatility.  This is 

consistent with the RHEED recovery of decreasing intensity observed after ablation on 

the KNO3 side of the target.  This behavior would indicate that the surface termination of 

these films will be Ta/Nb-rich, similar to RHEED studies of high temperature GaAs [158-

159] and LiNbO3 [160].  However, this is in contradiction with past studies on KTN 
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crystals, which indicated that at elevated temperatures Ruddleson-Popper type K-rich 

phases will form on the surface, creating K-deficient regions beneath the surface 

[161,162].    

Atomic Force Microscopy was used to examine the surface morphology for the 

KTN thin films.   Figure 5-8 shows AFM scans for a typical 150 nm KTN film grown at 

750°C in 10 mTorr of oxygen. The RMS roughness was 9.6 nm over a 5x5 μm area.  

Large 3-D nuclei are visible with an average height of approximately 7 nm and average 

diameter of approximately 200 nm.  The surface characteristics of ultra-thin KTN films 

(≈10 unit cells) grown on (100) SrTiO3  were examined via atomic force microscopy ex 

situ to gain further insight into the intitial thin film growth mechanisms.  Figure 5-9 shows 

the AFM scan for a KTaO3 film grown at 770°C in 10 mTorr of oxygen.  A 2-D step 

surface was clearly visible with the addition of large 3-D nuclei, agreeing with the mixed 

2-D layer by layer and 3-D island growth indicated by the RHEED results.  With the 

indications of a largely inhomogenous potassium concentration, it is possible that these 

“3-D nuclei” are actually Ruddleson-Popper phases of K-rich material, as observed in 

surface treatment studies with exposure to high temperature anneals [162,163].  This 

would then increase the relative probability of Nb/Ta diffusion to these island sites, 

increasing the island size, consistent with indications of the Stranski-Krastanov type 

growth.   

Interdigitated capacitance measurements were conducted measured at 25°C on 

150 nm thick KTa1-xNbxO3 films grown on LaAlO3, MgO, and SrTiO3 at 750°C in 10 

mTorr of oxygen.   The KTa0.6Nb0.4O3 film showed a typical capacitance response to 

bias voltage, shown in Figure 5-10, with a maximum of 19.12 pF.   The film exhibited 
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low voltage based tunability in the capacitance of 0.5%.   The dielectric constant was 

then estimated to be 238 via the Matlab model, as compared with >250 for measured 

films of other works [164,165].  The film also showed a low loss, with tan δ on the order 

of 3x10-3.  This is indicative that there are little oxygen vacancies or other defects which 

would contribute unbound charges.   

Conclusions 

Highly (100) oriented K(Ta,Nb)O3 thin films have been successfully grown on 

(100) MgO, LaAlO3, SrTiO3, and KTaO3 substrates.  In situ RHEED results indicate 2-D 

layer-by-layer and Stranksi-Krastanov growth with 2-D layer by layer and 3-D island 

growth as the thin film growth mechanisms, with dependence on the laser energy 

density and growth temperature.  This is believed to be dependent on the film surface 

stoichiometry (in particular the potassium content) and the presence of ablated 

particulates of target material in the plume.  RHEED dynamics indicate a vast difference 

between KNO3 and KTN ablation, with recovery times approximately 28 and 35 

seconds, respectively.  Auger electron spectroscopy indicates that a KNO3-δ complex 

will remain on the surface after KNO3 ablation.  However, there is noticeable loss in 

potassium observed as well.  Atomic Force Microscopy results on ultrathin films also 

indicate the presence of atomic steps on the surface, while on thicker films 3-D islands 

comprise the film surface with a roughness under 10 nm.  Dielectric values were 

extracted via IDC measurements and indicate a low loss KTN film with a dielectric 

constant of 238.  
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Figures 

 

Figure 5-1. X-ray diffraction results for K(Ta,Nb)O3 films deposited on (ℓ00) oriented 
MgO, LaAlO3, KTaO3, and SrTiO3 at 750°C in 10 mTorr O2. 

  



 

85 

 

Figure 5-2. X-ray diffraction Ω-rocking curve for K(Ta,Nb)O3 film grown at 750°C, 10 
mTorr O2 on (100) SrTiO3. 

 

Figure 5-3. X-ray diffraction θ-scan for K(Ta,Nb)O3 film grown at 750°C, 10 mTorr O2 on 
(100) SrTiO3. 
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Figure 5-4. RHEED patterns obtained during a growth of K(Ta,Nb)O3 on (100) SrTiO3 
at 750°C in 10 mTorr oxygen (1) before growth, (2) during early growth, and 
(3) indicating 3D island growth  

 

 

Figure 5-5. RHEED specular intensity as a function of time during growth of KTN on 
(100) SrTiO3 at 770°C in 10 mTorr oxygen at laser energy density of 1.7 
J/cm2
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Figure 5-6. RHEED specular intensity as a function of time during growth of KTN on 
(100) SrTiO3 at 730°C in 10 mTorr oxygen at laser energy density of 1.5 
J/cm2

 

 

Figure 5-7. RHEED specular spot intensity as a function of time showing ablation on the 
K(Ta,Nb)O3/KNO3 target, ablating on one side of the target at a time onto 
(100) SrTiO3 at 750°C in 10 mTorr oxygen.   
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Figure 5-8. RHEED specular spot intensity as a function of time during for a single pulse 
with full relaxation on each side of the K(Ta,Nb)O3/KNO3 target onto (100) 
SrTiO3 at 750°C in 10 mTorr oxygen.   

 

Figure 5-9. Auger Electron Spectroscopy results after KTN/KNO3 deposition on SrTiO3  
substrates at 750°C, 10 mTorr O2 
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Figure 5-10. AFM scan for a K(Ta,Nb)O3 film grown on (100) SrTiO3 at 750°C in 10 
mTorr oxygen. 

 

Figure 5-11. AFM scan for an ultra-thin K(Ta,Nb)O3 film grown on (100) SrTiO3 at 
T=770°C, PO2=50 mTorr (Laser energy=150 mJ/pulse, 1 Hz).  



 

90 

 

Figure 5-12. Capacitance measurements for a 150 nm KTa0.6Nb0.4O3 film grown on 
SrTiO3 at 750°C in 10 mTorr oxygen. 
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CHAPTER 6 
ELECTRONIC PROPERTIES OF K(Ta,Nb)O3-SrTiO3 SUPERLATTICES 

Artificial superlattices of oxide materials with different properties provide 

interesting material systems to investigate as nanoscale effects become increasingly 

important.   Their interfaces have shown both the enhancement of inherent properties of 

the base materials, as well as new properties that did not exist in either of the base 

materials.  2-D electron gases have been discovered at the polar discontinuity in 

heterostructures of LaAlO3 and SrTiO3.  Enhancement of the ferroelectric polarization 

has been observed via symmetry breaking in the trilayer Perovskite system of 

BaTiO3/CaTiO3/SrTiO3.   Symmetric superlattices of ferroelectric KNbO3 and 

paraelectric KTaO3 have been shown to exhibit antiferroelectricity at certain periodicities 

[109].  This chapter investigates the effect on the dielectric polarization and predicted 

potential of high mobility conduction between two insulating materials, KTa1-xNxbO3 and 

SrTiO3 [166,167].  With previous work establishing the growth regime of KTa1-xNxbO3 

thin films, superlattices with SrTiO3 (cubic, a0=3.905 Å, T=25°C) were been successfully 

grown to investigate their electronic properties.   

Experimental Procedures AND Results 

Pulsed laser deposition from alternate targets has been used to synthesize 

artificial superlattices of KTN and STO.  For the growth of KTN layers, a composite 

target of 50% KTN/50% KNO3 has been used to compensate loss of the volatile K ion.  

The films were grown in a KrF excimer laser with a wavelength of 248 nm.  Laser 

energy density was on the order of 1.5 J/cm2 while the laser pulse frequency was kept 

at 1 Hz.  Symmetric superlattices of various periodicities (3x3, 12x12, 24x24) were 

grown at 750°C in 10 mTorr of oxygen.  The thicknesses of samples were measured by 
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ex situ profilometry and cross sectional SEM to be approximately 150 nm, with varied 

numbers of layers to maintain the same overall thickness.   KTN growth rates were on 

the order of approximately 0.23 Å/s, while SrTiO3 growth rates were approximately 0.18 

Å/s.  The periodicities of these films were confirmed superlattice reflections observed 

via x-ray diffraction θ-2θ scans.   

To measure the capacitance, standard photolithographic methods were used to 

pattern interdigitated capacitors on the surface of the superlattice samples.  Cr/Au 

(10nm/100nm) contacts were evaporated onto the samples and the photoresist was 

removed to leave only the capacitors.  The complex impedance was then measured 

with an Agilent 3124 RLC analyzer.  The superlattice samples show significantly larger 

capacitance and loss tangents, as compared to the bare SrTiO3 and KTa0.6Nb0.4O3 

films.   This could be indicative of the presence of a contact surface charge contribution, 

ionic defects such as oxygen vacancies, or free carriers at one or more interfaces in the 

superlattice samples.   

Frequency dependence of the complex impedance was measured as well, as 

shown in Figures 6-2 and 6-3.  In the lossless or resistive portion, R, of the complex 

impedance, the superlattice samples show little frequency dependence, indicative of dc 

conduction which is dominant.  The KTN and STO thin films show significant frequency 

dependence, indicative of the polarization fields which become weaker at high 

frequency.  It should be noted that for the KTN and STO samples, the IDC geometry 

was different, with a longer finger length.  This accounts for the lower resistive 

component of the impedence for these films, as the larger finger length acts as a larger 

number of parallel resistors in comparison to the smaller finger length.  In the lossy 
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component, X, of the complex impedance, the superlattice samples decrease with 

increasing frequency.  This is an indication of the decreasing contribution of dc charges.  

For the thin films, the lossy component of the complex impedance increases, which is 

an indication of the resistance to the increased switching of polarizing field.   

A three element model with a series resistor and a capacitor and resistor in 

parallel was used to extract capacitance values.  Extracted capacitance values and 

measured loss tangent as a function of frequency are shown in Figure 6-4 and 6-5.  

Matlab modeling was used to extract the real and imaginary components of the 

dielectric constant as a function of frequency, shown in Figures 6-6 and 6-7.  The 

imaginary component of the dielectric constant shows large frequency dependence.  

This data can be modeled to the following two equations for the real and imaginary 

components of the dielectric constant [168]: 

 ε’=ε∞+( ωn(T)-1α(T)/ε0) (sin(n(T)π/2) (6-1) 

 ε”=ζdc/ωε0+( ω
n(T)-1α(T)/ε0)cos(n(T)π/2)     (6-2) 

These equations yield significant information about the presence of dc conductivity as 

well as space charge and interfacial and intrinsic polarizations. For the KTN-STO 

superlattices, the imaginary component of the dielectric constant shows significant 

frequency dependence, indicating that the first term in equation 6-2, the dc conductivity 

contribution is large.  This is indicative of free charges that will become immobile at high 

frequencies as shown in the large decrease in the dielectric constant, approaching the 

high frequency value of the thin films, ε∞.  The thin films samples indicate little frequency 

dependence.  From the equations, it can be seen that n=1, which is indicative of a small 

ion-ion coupling.  The real component of the dielectric constant indicates colossal 
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values for the superlattice samples, which do not make physical sense.  This is 

indicative of the inability of the three element model to account for a large density of 

mobile charges.  The depolarizing field due to carrier depletion at the electrode-material 

interface and free charge associated with the superlattice interfaces will also cause 

significant contributions to the complex impedance measurement and extracted 

dielectric constants [169,170].  To further elucidate this and avoid the issue of unreal 

dielectric constants, a more complex multi-element model should be used.  This model 

would have to take into account the presence of Maxwell-Wagner-type contact related 

depolarizing field [171,172], as well as contribution from individual layers and mobile 

carriers localized at individual interfaces.  However, this multi-element type model 

quickly becomes too difficult to manage, requiring excessive measurements over a 

range of frequencies (which would unrealistically assume no dispersion in several 

parameters over the range of frequency used) to estimate the multiple elements that 

would be used in such a model.  

 To gain further insight into the dielectric response of the films, an examination of 

the temperature dependence of the complex impedance for the superlattice samples 

was taken at 1 MHz.  In Figure 6-8, the capacitance is shown to increase with 

increasing temperature.  This is indicative of the thermal activation of carriers, creating a 

larger polarizing field, and increasing the non-viability of the three element model for this 

material.  For the 24x24 superlattice, the loss tangent exhibits a possible peak in the 

temperature dependence, as shown in Figure 6-9.   

To further investigate the electronic properties of these superlattices, Hall effect 

measurements were conducted.  Cr/Au (10 nm/100 nm) contacts were evaporated onto 
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the corners of the grown superlattice samples in a van der Pauw orientation, with gold 

wires were bonded to the contacts and instrument leads.  Temperature dependent Hall 

measurements were conducted in a Quantum Design PPMS, as well as room 

temperature measurements in a Lakeshore 7507 Hall effect system.  The samples are 

consistently n-type, as observed from the graph of Hall voltage as a function of 

magnetic field.  Room temperature measurements indicate consistent n-type 

conduction, with sheet carrier densities on the order of 1013/cm2 and mobilities on the 

order of 0.3-0.5 cm2/V∙s.  The results of both room temperature and temperature 

dependent Hall measurements, in Figure 6-9, show an increase in mobility at low 

temperatures, which indicates the possibility of a two dimensional electron gas at the 

interfaces of the two insulating materials.  As temperature decreases, resistivity 

increases, carrier densities decrease and are observed on the order of 1016-1014/cm3, 

and mobilities are observed on the order of 102 cm2/V∙s in the range of 2-30 K.  While 

the films are most definitely n-type, these carrier densities are lower than the idealized 

0.5e- per unit cell by conduction at the TaO2
+/SrO0 n-type interface.  This is not 

unexpected without perfect 2-D RHEED oscillations yielding exact times for layer 

termination throughout the deposition, and is indicative of either intermixing and/or a mix 

of p-type, n-type, or mixed polarity interfaces contributing to the transport properties of 

these superlattices. 

Transmission electron microscopy shows distinct layers of differing brightness, 

indicative of the difference in mass between SrTiO3 (183.47 g/mol) and KTa0.6Nb0.4O3 

(232.83 g/mol).  As seen in Figure 6-10, the lattice is shown to exhibit good atomic 

ordering from layer to layer with non atomically sharp interfaces.  However, without 
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electron energy loss spectroscopy or scanning transmission electron miscroscopy for 

indications of the interfacial composition, the extent of intermixing remains unknown.  

Intermixing defects of Ta+5/Nb+5 substitution on the Ti+4 site, as well as Sr+2 on the K+ 

site would act as an n-type donors, as indicated by the carrier type measured via the 

Hall effect and the high loss measured via the capacitance measurements.  This has 

been indicated in higher pressure growths of the LAO-STO two-dimensional electron 

gas systems [173-176]. 

Conclusions 

KTa0.6Nb0.4O3-SrTiO3 superlattices were grown via pulsed laser deposition.  

Complex impedance indicates significant frequency dependence in the superlattice 

samples, indicative of a significant contribution of dc conductivity.  Hall effect 

measurements indicate significant contribution from mobile carriers as well, indicated by 

a high mobility at low temperature.  This conduction is most likely caused by interface 

conduction caused by either charge polarity at n-type Ta+5/SrO0 interfaces or interfacial 

diffusion related n-type doping.  Electron energy loss spectroscopy and scanning 

transmission electron miscroscopy would add insight into the chemical composition at 

the interfaces.   



 

97 

Figures 

 

 
Figure 6-1. XRD θ-2θ scan of a 12x12 KTN-STO superlattice grown at 750°C in 10 

mTorr of oxygen on a (100) SrTiO3 substrate. 
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Figure 6-2. Reactive component of the complex impedance measured for superlattice 
and thin film samples as a function of frequency at 25°C.  Note: IDC geometry 
for STO and KTN thin films are different with larger finger length, L. 

 

Figure 6-3. Dispersive component of the complex impedance measured for superlattice 
and thin film samples as a function of frequency at 25°C.   
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Figure 6-4. Measured capacitance values from KTN-STO superlattices of varied 

periodicity and individual films measured at 25°C. 

 
Figure 6-5. Measured dielectric loss tangent from KTN-STO superlattices of varied 

periodicity and individual films measured at 25°C.  
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Figure 6-6. Real component of the extracted dielectric constant as a function of 
frequency from KTN-STO superlattices of varied periodicity and individual 
films measured at 25°C. 

 

Figure 6-7. Imaginary component of the dielectric constant as a function of frequency 
from KTN-STO superlattices of varied periodicity and individual films 
measured at 25°C. 
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Figure 6-8. Extracted capacitance as a function of temperature from a 24x24 KTN-STO 
superlattice measured at 1 MHz measured at 1 MHz. 

 

Figure 6-9. Measured loss tangent as a function of temperature for a 24x24 KTN-STO 
superlattice measured at 1 MHz. 
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Figure 6-10. Electronic properties of a 6x6 KTN-STO superlattice showing: (1) 
resistivity, (2) mobility, and (3) carrier concentration, measured as a function 
of temperature.  
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Figure 6-11. HR-TEM images of 6x6 KTN-STO superlattice grown at 750°C in 10 mTorr 
of oxygen on a (100) SrTiO3 substrate.  
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CHAPTER 7 
MULTIFERROIC PROPERTIES OF BaFeO3-K(Ta,Nb)O3 SUPERLATTICES 

Multiferroic materials hold great potential for memory applications, with the 

possibility of multiple state devices instantly increasing data density, as well as the 

simplicity of electric control of magnetic data bits.  Artificial superlattices, comprised of 

one ferromagnetic material and one ferroelectric material, provide an alternative method 

for the synthesis of multiferroic thin films.  Based on the epitaxial growth of two well 

known materials with good lattice matching, superlattices could provide enhanced 

properties over single phase multiferroics, including larger coercive fields and 

magnetizations, and large Curie temperatures for room temperature devices.  To this 

effect, superlattices have been investigated for the creation of multiferroic materials 

based on combinations of ferroelectric (Pb(Zr,Ti)O3, BiFeO3, Ba(Sr,Ti)O3) and magnetic 

(BiFeO3, (La,Sr)MnO3, (La,Ca)MnO3) perovskites [50-56].  However, little success has 

been found on the room temperature coexistence of large polarization and large 

saturation magnetization within superlattices.   This paper investigates superlattices 

comprised of alternating layers of ferroelectric KTa0.47Nb0.53O3 (TC≈117°C) and 

ferromagnetic BaFeO3. 

BaFeO3 (BFO) thin films have been shown to exhibit multiple polymorphs of a 

distorted pseudocubic structure with lattice constants of 4.01-4.18 Å[114-119].  Much 

investigation has gone into the role of oxygen vacancies in this material, as most as-

grown films are found to be oxygen deficient and weakly ferromagnetic.   However, with 

an ex situ annealing step, the ferromagnetic Fe+4-O-Fe+4 superexchange is believed to 

be the source of the ferromagnetic ordering [118,177].  Additionally, Zr-doping of 

BaFeO3 has been shown to increase the dielectric and magnetic properties [118,119].  



 

105 

BaFeO3 has also shown promise as a magnetoelectric material when used in solid 

solutions with multiferroic BiFeO3 [120].   

Experimental Procedures 

Thin film synthesis was performed by pulsed laser deposition with a KrF (248 

nm) excimer laser.  Single crystal substrates included (100) oriented LaAlO3 and 

SrTiO3.  Prior to deposition, all substrates were cleaned in consecutive ultrasonic baths 

of trichloroethylene, acetone, and methanol, and subsequently blown dry with 

compressed nitrogen.  For SrTiO3 substrates, an etching and annealing step was used 

prior to ultrasonic cleaning [124,156].  These substrates were examined via atomic force 

microscopy and unit cell height steps were confirmed on the substrate surface.  

Deposition was conducted at a substrate temperature of 750°C in 10 mTorr of oxygen.  

The laser energy density was approximately 1.5 J/cm2 with a pulse frequency of 1 Hz.  

The thicknesses of samples were measured by ex situ profilometry and cross sectional 

SEM to be approximately 100 nm, with varied numbers of layers to maintain the same 

overall thickness.   KTN growth rates were on the order of approximately 0.23 Å/s, while 

BaFeO3 growth rates were approximately 0.1 Å/s. 

Results and Discussion 

Artificial superlattices of varying periodicity were grown via deposition from 

alternating targets.  The backside of samples were sanded to remove any leftover silver 

paste and cleaned in acetone and then methanol and blown dry in nitrogen.  The 

samples were then annealed at 900°C in flowing oxygen for 3 hours.  X-ray diffraction 

was used to compare the samples before and after annealing.  As seen in Figure 7-1, 

no superlattice reflections were observed via x-ray diffraction ϴ-2ϴ scans.  This could 

be an indication of poor superlattice layering or high interfacial roughness.  As seen in 
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Figure 7-1, the pseudocubic (002) peak has a lattice parameter which increases with 

annealing from 4.01 Å to 4.03 Å.  This peak position could correspond to pseudocubic 

BaFeO3 and/or KTa0.47Nb0.53O3.  The peak at 42.8° to 43.4° corresponds to a (20  0) 

BFO peak shows an increase in the measured out of plane pseudocubic lattice 

parameter from 4.18 Å to 4.22 Å with the anneal step.  This is indicative that at least 

some, if not all, of the BaFeO3 in the superlattice actually takes a hexagonal perovskite 

structure.  This is consistent with observations in past work by Matsui et al. and is an 

indication of a bulk-like hexagonal BFO structure with high oxygen content [118].  

SQUID magnetometry was used to measure the magnetic properties of the 

samples.  As expected from past work on BaFeO3 thin films, the annealing step has a 

large effect on the magnetic properties of the films and superlattices [118,177].  The 

post annealed superlattices show strong ferromagnetism indicated by large hysteresis 

loops (see Figure 7-2), even at 300 K.   Meanwhile the annealed BaFeO3 films are 

weakly ferromagnetic or diamagnetic at 300 K.  The results of the SQUID 

measurements indicate little difference between growth on the LaAlO3 and SrTiO3 

substrates in the magnetic properties.  As seen in Figure 7-3, the remnant 

magnetization, saturation magnetization, and coercive field all show large increases for 

superlattices compared to the bare BFO films.  To obtain an estimate of the Curie 

temperature for the samples, magnetization was measured at constant field as a 

function of temperature from 10 K to 300 K.  This data, shown in Figure 7-4, was then 

fitted to Equation 2-1 in order to estimate the Curie temperature, TC, and Bloch 

exponent, P.  The results of these measurements indicate a large increase in the 

estimated Curie temperature to over 425K in the superlattice samples, relative to the 



 

107 

estimated Curie temperature of approximately 300 K in the bare BaFeO3 films.  The 

Bloch exponent, P, was on the order of 1.5 for all samples, ranging from 1.4-1.75.  This 

is an indication of that the ferromagnetism does follow Bloch’s 3/2 law, indicative of 

ferromagnetism originating from a 3-D crystalline lattice, and not from nanoparticle 

contributions [17,178,179].  This increased magnetic stability could be the result of 

either surface chemical reduction of Fe in the air or a possible ferromagnetic-

ferroelectric coupling stabilizing magnetic domains.  With the exception of coercive field, 

these properties all increase with increased superlattice periodicity.  This is indicative of 

increased stability with larger domain size.   

To investigate the possibility of precipititated Fe metal and FeOx as the source of 

the ferromagnetism, x-ray photoelectron spectroscopy was performed on an annealed 

6x6 BaFeO3-KTa0.47Nb0.53O3 superlattice deposited on SrTiO3.  As shown in Figure 7-5, 

high resolution multiplex scans indicate that the binding energy of the Fe 2p3/2 peak 

indicates binding energies higher than that of the largest measured from Iron (III) Oxide, 

most likely resulting from iron in the +4 valence state.  In addition, the relative height of 

the 2p3/2 satellite peak is also indicative of iron in the +4 valence state [180].  However, 

as the width of the 2p3/2 peak is quite large, it is possible that a combination of Fe (III) 

and Fe (IV) are present in the samples.  Gaussian fitting of the peak would be the ideal 

method for quantitative estimation of percentages of the two possible states.  However, 

with no standard data available for Fe (IV) binding energy, there is no possible way to 

resolve quantitative percentages of the valence state.   

Transmission electron microscopy was used to examine the superlattice 

structure and lattice coherence, as well as confirm XPS results on the iron valence.  
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Before annealing, the samples exhibit good superlattice layering, however, after the 

annealed samples show a distinct loss of the superlattice layering, with clear 

discontinuity of layering in some areas (seen in Figure 7-6(2) of the sample.  As seen in 

Figure 7-7, indications of good atomic ordering are seen from layer to layer in some 

areas.  The areas with discontinuities are located near brighter areas as viewed in the 

bright field images.   As this is indicative of regions of lower atomic mass, energy 

dispersive spectroscopy was conducted to gain insight into the composition of these 

regions.  It was hypothesized that these regions are possibly caused by the precipitation 

of Ba-deficient nanoparticulate regions consisting of Fe2O3 seen in the brighter regions 

of the images.  If this is true, it could be the source of the strong ferromagnetism relative 

to the bare BaFeO3 films, as nanoparticles of different compositions have been shown 

to exhibit robust superparamagnetism and ferromagnetism [150,181].  However, EDS 

results, shown in Figure 7-8 (which were shifted in the image by the EDS software), 

indicate there is actually little Fe signal in the area in question.   While there is no 

indication of Fe(0) or Fe(II) via XPS results, the technique is limited to approximately 2.4 

nm beneath the surface, and therefore could be missing Fe content from precipitates 

deeper in the samples.  High resolution imaging of the nanoparticle regions in different 

sections of the TEM sample show distinct differences, as shown in Figure 7-9.  While 

some areas appear bright and amorphous (Figure 7-9(1)) and EDS indicates no 

significant rise in any constituent, other areas appear crystalline (Figure 7-9(2)).    As 

the samples seem to follow Bloch’s 3/2 law, and there is no visible Fe in the 

nanoparticle regions, the composition and impact of these regions on the 

ferromagnetism remains as yet undetermined.   
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As the heterostructures are comprised of ferroelectric composition of 

KTa0.47Nb0.53O3, remnant polarization measurements were conducted to gain insight of 

the ferroelectric response of the films.  However, ferroelectricity was not observed, as 

the films exhibited significant leakage current.  While the films were not electrically 

conductive, the presence of voids and poor superlattice layering could be the cause of 

the instability of the leakage.  The thickness of the ferroelectric layer could also play a 

role, as past work has shown that the most ideal BaTiO3 films have only been shown to 

be ferroelectric down to 4nm (≈10 unit cells) thickness [49].   

To investigate the possibility of magnetoelectric coupling in the material, BFO-

KTN superlattices could be grown with a KTa0.9Nb0.1O3 (TC=97°K) target.  The magnetic 

properties could then be investigated above and below the ferroelectric-paraelectric 

transition.  A material with a magnetoelectric coupling should exhibit a discontinuity in 

the slope of the magnetization measured as a function of temperature at constant 

applied field [181].   To further investigate the possibility of simultaneous room 

temperature ferromagnetism and ferroelectricity in this superlattice system, thicker KTN 

layers must be utilized to gain further insight into the thickness dependence of the 

ferroelectricity.  In order to further investigate the possible magnetoelectric coupling 

(assuming ferroelectricity is observed in future films), ferroelectric measurements could 

be conducted in the presence of magnetic fields of differing magnitude.   
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Figures 

 

 

 

  

Figure 7-1. X-ray diffraction scan of a 24x24 BaFeO3-KTa0.47Nb0.53O3 superlattice 
deposited on a SrTiO3 substrate, comparing as-grown and post-anneal 
samples. 
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Figure 7-2. Magnetic hysteresis loops of BaFeO3-KTa0.47Nb0.53O3 superlattices and 

BaFeO3 thin films deposited on SrTiO3 substrates ex situ annealed in flowing 
oxygen at 900°C for 3 hours and measured at 300 K. 

 
Figure 7-3. Magnetic properties of BFO-KTN superlattices and thin films, measured at 

300 K, compared as a function of superlattice periodicity. 
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Figure 7-4. Field cooled and zero field cooled magnetization measured as a function of 

temperature and Curie temperature estimation for a 6x6 BaFeO3-
KTa0.47Nb0.53O3 superlattice deposited on a SrTiO3 substrate and ex situ 
annealed in flowing oxygen at 900°C for 3 hours. 

  
Figure 7-5. X-ray photoelectron spectroscopy data for 6x6 BaFeO3-KTa0.47Nb0.53O3 

superlattice deposited on a SrTiO3 substrate and annealed in flowing oxygen 
at 900°C for 3 hours.  Fe 2p3/2 peak locations from [180]. 
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Figure 7-6. Superlattice layering observed via transmission electron microscopy in a 
24x24 BaFeO3-KTa0.47Nb0.53O3 superlattice deposited on a SrTiO3 substrate 
as grown (1) and annealed (2) in flowing oxygen at 900°C for 3 hours.   

  
Figure 7-7. Atomic ordering and superlattice layering observed via transmission electron 

microscopy of a 24x24 BaFeO3-KTa0.47Nb0.53O3 superlattice deposited on a 
SrTiO3 substrate after annealing in flowing oxygen at 900°C for 3 hours.   
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Figure 7-8. Energy dispersive spectroscopy measured via scanning transmission 
electron microscopy for a 24x24 BaFeO3-KTa0.47Nb0.53O3 superlattice 
deposited on a SrTiO3 substrate annealed in flowing oxygen at 900°C for 3 
hours. 

 
1 

 
2 

Figure 7-9. Nanoscale precipitates exhibiting (1) crystalline and (2) amorphous regions 
observable via transmission electron microscopy in a 24x24 BaFeO3-
KTa0.47Nb0.53O3 superlattice deposited on a SrTiO3 substrate annealed in 
flowing oxygen at 900°C for 3 hours.  
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CHAPTER 8 
CONCLUSIONS 

Complex oxides hold great promise for their many useful properties.  This 

dissertation has covered the growth of several complex oxide compositions via pulsed 

laser deposition, with interest in their functional properties.   

ZnCo2O4 has investigated for its magnetic and transport properties as a function 

of oxygen growth pressure.  It has been found to exhibit ferromagnetism, as well as a 

change in carrier type from n-type to p-type with increasing oxygen content.  It has been 

indicated that Co metal and CoO are not the sources of ferromagnetism observed, 

however without TEM imaging of the lattice, no certain conclusion can be made.   XPS 

and EDS results indicate the possibility of Zn-deficient material causing a solid solution 

of ZnCo2O4-Co3O4.   

K(Ta,Nb)O3 has been investigated for its interesting properties and use as a 

dielectric material.  RHEED has been used to establish an epitaxial growth regime.  2-D 

layer-by-layer growth and Stranksi-Krastanov 2D+3D growth appear to be the dominant 

growth modes.  RHEED dynamics indicate a vast difference between KNO3 and KTN 

ablation, with recovery times approximately 28 and 35 seconds, respectively.  Auger 

electron spectroscopy indicates that a KNO3-δ complex will remain on the surface after 

KNO3 ablation.  However, there is noticeable loss in potassium observed as well.  

Maintaining film stoichiometry, in particular potassium, is believed to be the main issue 

in stabilizing layer-by-layer growth in this system.   

Superlattices of KTN and SrTiO3 were synthesized successfully as well.  These 

superlattices show clear interfaces, as observed via high resolution TEM and strong 

XRD reflections.  Capacitance measurements of the superlattice samples exhibit high 
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loss and significant frequency dependence, indicative of dc conductivity contributing to 

the dielectric response.  Temperature-dependent Hall measurements also indicate 

conductivity, with low temperature mobilities measured as high as 500 V/cm2/s.  This is 

indicative of either the presence of a two dimensional electron gas or intrinsic doping 

related to interfacial diffusion.   

Superlattices of K(Ta,Nb)O3 and BaFeO3 has been investigated with interest in 

the fundamental changes in magnetic properties exhibited in BaFeO3 when confined at 

the nanoscale and in the presence of a ferroelectric material.  It has been shown that 

these superlattices exhibit a large enhancement in room temperature magnetization as 

well as in Curie temperature, as compared to bare BaFeO3 films.  Possible sources 

include stabilization of the ferromagnetic exchange by strain, or a coupling to the 

ferroelectric polarization increasing stabilization in the ferromagnetic moment.  The 

superlattices samples proved too leaky for meaningful remnant polarization 

measurements.  Transmission electron microscopy indicates a loss of superlattice 

layering and nanoscale precipitate regions in the annealed samples.   The source of the 

leakage preventing ferroelectric measurements could be the presence of these 

precipitates or an inherent depolarizing field in the presence of the metallic contacts 

which is not overcome for small thicknesses of ferroelectric material.     

The research on these topics is far from complete.  Future works on these topics 

must investigate many topics including: the spin transfer and device performance of p-

type ZnCo2O4, the possibility of impurity Co3O4 phases contributing to ferromagnetism in 

the ZnCo2O4 films, the composition of interdiffused cations across the interface and 

thickness of the conductive layers in K(Ta,Nb)O3-SrTiO3 superlattices, and the 
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possibility of thickness-dependent multiferroicity with or without magnetoelectric 

coupling exhibited by K(Ta,Nb)O3-BaFeO3 superlattices. 
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APPENDIX  
EXTRACTED CAPACITANCE AND MATLAB DIELECTRIC CONSTANT MODEL 

A three element model circuit, with a resistive element in series with a capacitor 

and resistor in parallel, was used for equivalent modeling of the capacitance from the 

measured complex impedance.  This type of model has been shown to be more 

accurate for the modeling of capacitance of real materials which exhibit higher losses 

than idealized materials [137].  This model allows for the calculation via two 

measurements at two frequencies where there is little to no dispersion in the value of 

the real portion of the complex impedance:   

  
            

  
      

   
          (A-1) 

Interdigitated capactiors allow for the measurement of capacitance on thin film 

samples via two probe measurement, without the requirement for a bottom layer 

electrode modifying sample media.  Photolithography is required to pattern the samples, 

after which metal capacitor contacts are deposited.  The two probes are then placed on 

the surface and the capacitance may be measured between them with or without an 

applied bias voltage.   

The modeling of the electric field was based on conformal mapping of elliptical 

integrals.  The mathematical basis of the models was developed by Gevorgian et al. 

and published in a series of IEEE publications in 1996 [135,136].  The capacitance 

calculation is based on a the sums of three capacitances, Cn, Cend, and C3, which 

account for the contributions from n fingers.  Each of these capacitances is modeled 

equations by relating known values such as: layer thicknesses, dielectric constants, and 

geometry such as finger length and width (as shown in Figure A-1).  They can then be 
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solved for the dielectric constant of the film as a function of measured values and known 

media/mask values (as described in the Gevorgian paper), seen in equation A-1.     

The computer modeling was performed in Matlab.  This was set up such that the 

capacitance data column from a Microsoft Excel data sheet could be read and could 

then be apply the Matlab subroutine to calculate the dielectric constant calculated for 

each point.  This data array was then output to the same Excel data sheet in a new 

column.  The code is shown on the below and on the following page.   

 

              

    
   

      
       

    

 
    

  
 
 

         
    

     

        
        

    

 
      

  
 
 

        

    
  

     
      

    

 
    

  
 
   

            

    
  

     
              

    
     

        
       

    
   

      
   

Figure A-1. Final equation solving for film dielectric constant as a function of known 
values 

function [e] = OUT(File,Sheet) 
%UNTITLED Reads array from excel file 
%   Input 'Example.xls' for File and 'B2:B45' for Cells 
Cells='G2:G100'; 
Cread=xlsread(File,Sheet,Cells); 
e=eva(Cread,100) 
Cells='I2:I100'; 
xlswrite(File,e,Sheet,Cells) 
status=xlswrite(File,e,Sheet,Cells); 
end 

  

Figure A-2. Matlab Code for Excel read/write of data  
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function [e2] = eva(Cin,x0) 

  
% ** Constants/Film parameters ** 
 e0=8.85E-12; % Superstrate thickness (Substrate+film) 
h1=2*10^-3+150*10^-6; % Sample thickness 
h2=150*10^-6; % IDC Geometry 
s=20*10^-6; % IDC Geometry 
x=0.5*s;  
g=20*10^-6; % IDC Geometry 
l=250*10^-6; % IDC Geometry 
n=26; 
e1=300; % Substrate dielectric constant input 
Pi=3.14159265358979323846264338327950288; 
% ** Formulas for Capacitance calculation ** 
 %Moduli of Elliptic Integrals 
k1n=(sinh(Pi*s/(2*h1))/sinh(Pi*(s+g)/(2*h1)))*sqrt(((cosh(Pi*(s+g)/(2*h1)))^2

+(sinh((Pi*(s+g))/(2*h1)))^2)/((cosh(Pi*s/(2*h1)))^2+(sinh(Pi*(s+g)/(2*h1)))^

2)); 
k2n=(sinh(Pi*s/(2*h2))/sinh(Pi*(s+g)/(2*h2)))*sqrt(((cosh(Pi*(s+g)/(2*h2)))^2

+(sinh((Pi*(s+g))/(2*h2)))^2)/((cosh(Pi*s/(2*h2)))^2+(sinh(Pi*(s+g)/(2*h2)))^

2)); 
 % Alternate approximation for k2n on next line: 
 % k2n=sqrt(2)*exp(-Pi*g/(2*h2)) 
k1p=sqrt(1-(k1n)^2); 
k2p=sqrt(1-(k2n)^2); 
k0=s/(s+g); 
k0p=sqrt(1-(k0)^2); 
 %Application of Elliptic Integrals 
q1n=mfun('EllipticK',k1n)*mfun('EllipticK',k0p)/(mfun('EllipticK',k1p)*mfun('

EllipticK',k0)); 
q2n=mfun('EllipticK',k2n)*mfun('EllipticK',k0p)/(mfun('EllipticK',k2p)*mfun('

EllipticK',k0)); 
 %en=1+q1n*(e1-1)/2+q2n*(e2-e1)/2; 
 %Calculation of C3 
s1=s; % For external and middle fingers with equal widths 
k03=s/(s+g)*sqrt((1-((s+2*g)/(s+2*s1+2*g))^2)/(1-((s)/(s+2*s1+2*g))^2)); 
k03p=sqrt(1-(k03)^2);  % formula for k03p not listed but assumed 
k13=(sinh(Pi*s/(2*h1))/sinh(Pi*(s+2*g)/(2*h1)))*sqrt((1-

(sinh(Pi*(s+2*g)/(2*h1)))^2/(sinh((Pi*(s+2*s1+2*g))/(2*h1)))^2)/(1-

(sinh(Pi*s/(2*h1)))^2/(sinh(Pi*(s+2*s1+2*g)/(2*h1)))^2)); 
k23=(sinh(Pi*s/(2*h2))/sinh(Pi*(s+2*g)/(2*h2)))*sqrt((1-

(sinh(Pi*(s+2*g)/(2*h2)))^2/(sinh((Pi*(s+2*s1+2*g))/(2*h2)))^2)/(1-

(sinh(Pi*s/(2*h2)))^2/(sinh(Pi*(s+2*s1+2*g)/(2*h2)))^2)); 
k13p=sqrt(1-(k13)^2); 
k23p=sqrt(1-(k23)^2); 
q13=mfun('EllipticK',k13)*mfun('EllipticK',k03p)/(mfun('EllipticK',k13p)*mfun

('EllipticK',k03)); 
q23=mfun('EllipticK',k23)*mfun('EllipticK',k03p)/(mfun('EllipticK',k23p)*mfun

('EllipticK',k03)); 
% Finger end capactitance 
gend=g; % for finger ends with spacing equal on ends as in middle 
k0end=x/(x+2*gend); 
k0endp=sqrt(1-(k0end)^2); 
k1end=sinh((Pi*x)/(2*h1))/sinh((Pi*(x+gend))/(2*h1)); 
k2end=sinh((Pi*x)/(2*h2))/sinh((Pi*(x+gend))/(2*h2)); 
k1endp=sqrt(1-(k1end)^2);  % formula for k1endp not in paper but assumed 
k2endp=sqrt(1-(k2end)^2);  % formula for k2endp not listed but assumed 
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q1end=mfun('EllipticK',k1end)*mfun('EllipticK',k0p)/(mfun('EllipticK',k1endp)

*mfun('EllipticK',k0)); 
q2end=mfun('EllipticK',k2end)*mfun('EllipticK',k0p)/(mfun('EllipticK',k2endp)

*mfun('EllipticK',k0)); 
% ** Solving the equations ** 
Big1=(4*e0*(mfun('EllipticK',k03p)/mfun('EllipticK',k03))*l*(1+q13*(e1-1)/2-

e1/2*q23)+4*n*s*(2+Pi)*e0*(mfun('EllipticK',k0end)/mfun('EllipticK',k0endp))*

(1+q1end*(e1-1)/2-q2n*e1/2)+(n-

3)*e0*(mfun('EllipticK',k0)/mfun('EllipticK',k0p))*l*(1+q1n*(e1-1)/2-

q2n*e1/2)); 

Big2=((4*e0*(mfun('EllipticK',k03p)/mfun('EllipticK',k03))*l*q23/2+4*n*s*(2+P

i)*e0*(mfun('EllipticK',k0end)/mfun('EllipticK',k0endp))*q2end/2+(n-

3)*e0*(mfun('EllipticK',k0)/mfun('EllipticK',k0p))*l*q2n/2)); 

e2=2*(Cin-(Big1))/(Big2); 
return 

 
Figure A-3. Matlab Code for dielectric constant estimation from measured capacitance 
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Figure A-4.  Top and side views of IDC geometry. 
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