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ABSTRACT 

 

As conventional memory technologies approach their limit of scalability, there is 

a quest to find new technologies to replace existing memories. Of the emerging 

switching phenomena, ferroelectric switching and resistive switching have been 

considered for this work. Ferroelectricity is a property by which a material develops a 

spontaneous polarization that can be reversed by and external electric field. Resistive 

switching, the basis for the novel “memristor” devices, is a property that enables a 

device switch to a low or high resistance state depending on the magnitude and polarity 

of the applied voltage. In this work, various nanostructures have been explored to 

achieve property enhancement in functional oxides. For example, vertically aligned 

nanocomposite structures consist of two different materials that are simultaneously 

deposited onto a single substrate, and grow as two distinct phases. Vertically aligned 

nanocomposite structures offer the advantage of strain tuning through the vertical 

interfaces between phases. 

First, to improve the ferroelectric properties of BaTiO3, a conventional 

ferroelectric material, epitaxial vertically aligned nanocomposite BaTiO3-CeO2 films 

have been deposited on SrTiO3 substrates. These films exhibit a columnar structure with 

high epitaxial quality. The films show a similar ferroelectric response as that of pure thin 

film BaTiO3, but with an improved Curie temperature, despite the incorporation of 

CeO2. These nanocomposite structures have been replicated on Si substrates using a 

double buffer layer of SrTiO3/TiN to achieve the eventual integration of these films on 
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Si. No reduction in ferroelectric properties has been observed, but the films again 

showed an improvement in the Curie temperature. 

Second, a simple resistive switching device has been demonstrated by the in situ 

partial oxidation of a TiN film under three different oxidation time periods. The oxidized 

region consists of near stoichiometric TiO2, and serves as the oxide layer, while the 

unoxidized TiN serves as the bottom electrode. All films exhibit bipolar resistive 

switching and all films are forming-free. The forming-free property is attributed to an 

oxygen deficient TiO2-x layer at the interface between the oxide and nitride regions. 

Third, ZnO, a piezoelectric, has been selected as another complementary second 

phase material for BaTiO3. Epitaxial and highly textured vertically aligned BaTiO3-ZnO 

composite films have been deposited on SrTiO3 substrates and SrTiO3/TiN buffered Si 

substrates, respectively. Electrical characterization shows that the films grown on both 

substrates are ferroelectric at room temperature and exhibit similar properties. 

Composition analysis shows that both the laser fluence and the oxygen partial pressure 

can modulate the Ba/Ti cation stoichiometry which, in turn, impacts the ferroelectric 

properties. This is the first demonstration of the vertically aligned nanocomposite of 

BaTiO3 and ZnO and its silicon based integration.  

Finally, based on the excellent buffer layer and diffusion barrier properties of 

TiN for integrating functional oxides on Si, TiN has been applied as a protective layer on 

metal surfaces. A 500 nm thick TiN layer has been demonstrated to serve as an excellent 

diffusion barrier in extreme environments. 
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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW 

 

The most commonly used memory technologies today are the volatile random 

access memories (RAM), static RAM (SRAM) and dynamic RAM (DRAM), and the 

non-volatile flash memory based on complementary metal oxide semiconductor (CMOS) 

technology.1-3  Data storage in all these memory types is based on the charge state. The 

semiconductor industry, due to the increasing technological demands, is scaling down 

transistors to double the transistor density per chip every 18 months, following Moore’s 

Law. While in the past, SRAM, DRAM, and flash have been successfully scaled down 

to improve device performance, increase chip density, and reduce the cost, they are soon 

approaching the feasible limits of size reduction. As a consequence attempts are 

underway to find new memory types that have a data storage principle different from 

existing technologies, also referred to as the “more than Moore” approach. These new 

materials should, in addition to being scalable and non-volatile, match or surpass the 

performance of existing technologies. Based on this, some potential non-volatile 

memory candidates have been explored based on ferroelectricity, magnetism, spin-

torque transfer, phase change, and resistance change. In this work the two main types 

considered are ferroelectricity and resistance change. The following is a brief review on 

oxide materials and their functionalities, with emphasis on these two phenomena. Also 

included is a brief discussion on TiN as a potential buffer layer and diffusion barrier for 

eventual integration of these materials on Si.  
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1.1 Functional oxide thin films 

1.1.1 Overview of functional oxide thin films 

Functional oxides, an overwhelming majority of which consist of transition metal 

oxides, are the basis for “smart” materials whose properties can be considerably altered 

by environmental changes or by external stimuli. In addition to memory devices, these 

materials offer great potential in sensing and actuating devices as well as in 

microelectromechanical systems (MEMS). Advances in nanotechnology and fabrication 

have enabled precise control of device dimensions down to the nanoscale, where unique 

functionalities have been realized, hitherto not observed in bulk materials. These 

functionalities are determined largely by the crystal structures, bonding, and defects in 

these oxides. 

1.1.2 Oxide crystal structures 

Crystal structures form the basis for crystal chemistry, and the understanding of 

these structures is crucial to the synthesis and design of new functionalities. Functional 

metal oxides present a wide variety of crystal structures based on the bonding between 

their component elements.4 Bonding in functional oxides is predominantly ionic, though 

varying levels of covalency are observed and could have a direct impact on the material 

properties.5 A brief classification of functional oxides crystal structures is summarized in 

Table 1.1.  
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Table 1.1 Common functional oxide crystal structures.  

System Structure Representative Materials 

Binary 

Rock salt MgO, TiO, VO, CoO, MnO 

Wurtzite ZnO, BeO 

Fluorite CeO2, ZrO2, TbO2, ThO2 

Antifluorite Li2O, Na2O, K2O 

Cuprite Cu2O, Ag2O, Pb2O 

Rutile TiO2, IrO2, MoO2, RuO2, WO2 

Bixbyite Pr2O3, Tl2O3 

Corundum Al2O3, V2O3, Cr2O3 

Ternary 

Ilmenite (Fe, Co, Ni, Mn)TiO3, LiNbO3 

Spinel LiTi2O4, NiFe2O4, MgAl2O4 

Perovskite SrTiO3, BaTiO3, BiFeO3, LaxSr1-xMnO3 

Layered perovskite YBa2Cu3O7 

Ruddlesden-popper series SrRuO3, Sr2RuO4, Sr3Ru2O7 

 

1.1.2.1 Binary oxides 

For binary oxides, which include monoxides (MO; M = metal), dioxides (MO2), 

and sesquioxides or binary trivalent oxides (M2O3), common structures include rock salt, 

wurtzite, rutile, fluorite, bixbyite, and corundum. These materials are typically insulators 
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(MgO, CeO2, Al2O3) or semiconductors (ZnO, TiO2), though some monoxides can be 

metallic (LaO), superconducting (NbO), or even magnetic (EuO). Several binary oxides 

used in this study are introduced in detail below.  

 CeO2, a rare earth oxide, has a fluorite structure belonging to the space group 

Fm3̅m.4 In this structure, shown in Figure 1.1, the unit cell consists of a face-centered 

cubic (f.c.c) of Ce cations, with O anions in the interstitial octahedral sites. CeO2 has a 

lattice constant a = 5.41 Å with a Ce-O bond length of 2.34 Å; the Ce4+ and O2- are 

eight-fold and four-fold coordinated, respectively.6 CeO2 is a wide bandgap insulator 

that has gained widespread popularity as an automotive emissions-reduction catalyst7 

and, more recently, as an oxygen ion transporting electrolyte in solid-oxide fuel cells.8  

 

 

FIG. 1.1 Crystal structure of CeO2.
9   
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 TiO2 is a semiconducting oxide that naturally crystallizes into three main 

polymorphs, namely rutile, anatase, and brookite.10 A few additional high pressure 

structures of TiO2 have been synthesized,11,12 but the most commonly used forms in thin 

film applications are rutile and anatase, shown in Figure 1.2. Rutile has a tetragonal 

structure with lattice parameters a = b = 4.584 Å and c = 2.953 Å, and belongs to the 

space group P42/mnm.10 Anatase is also tetragonal with lattice constants a = b = 3.782 Å 

and c = 9.502 Å, and belongs to the space group I41/amd.10 Both structures have six O 

atoms that surround each Ti in a distorted octahedron. In the case of rutile, one corner is 

shared by adjacent octahedra along the <110> directions, while in anatase, one corner is 

shared by adjacent octahedral forming (001) planes. In both cases, the stacked octahedral 

result in O atoms with three-fold coordination. TiO2 is used in a wide variety of 

applications including catalysis applications, optoelectronic devices like photodiodes and 

solar cells, optical coatings, and MOSFET devices.10,13-15 More recently, TiO2 has gained 

considerable popularity as a prototype resistive switching or “memristive” oxide for 

next-generation memory devices.16 
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FIG. 1.2 Crystal structure of rutile and anatase TiO2.
10  

 

ZnO is a direct bandgap semiconducting oxide that displays different crystal 

structures like rocksalt, cubic zincblende, and wurtzite, with hexagonal wurtzite being 

the most stable crystalline form.17 Shown in Fig. 1.3, wurtzite ZnO has hexagonal lattice 

constants a = 3.24 Å and c = 5.21 Å, and belongs to the space group P63mc.18 Each Zn2+ 

is surrounded by four O2-. This tetragonal coordination gives rise to a lack of symmetry, 
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responsible for properties like piezoelectricity. ZnO has very rich defect chemistry also 

with prominent point or one-dimensional defects, which include mostly O vacancies and 

Zn interstitials. Due to its wide bandgap of 3.4 eV, ZnO has huge potential in 

optoelectronic devices. ZnO is also a unique oxide system that can be doped to display n 

and p type characteristics for homoepitaxial oxide-based p-n junctions.19-21  

 

 

FIG. 1.3 Crystal structure of ZnO.22  

 

1.1.2.2 Ternary oxides 

More complex crystal structures are found among the ternary oxides, which 

include ilmenite ((AB)O3; A, B = metal), spinel (AB2O4), perovskite (ABO3), and 
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perovskite-derived structures like the Ruddlesden–Popper series and layered-perovskites 

(An+1BnO3n+1).
4,5 These materials display a variety of interesting properties like 

piezoelectricity, thermoelectricity, ferroelectricity, ferromagnetism, multiferroicity, and 

superconductivity.  

The perovskite structure, shown in Figure 1.4, is based on the ReO3 structure, 

with a corner shared octahedral in the unit cell with the A and B cations coordinated by 

12 and 6 oxygen ions, respectively; the ionic radius of A is larger than that of B.  

 

 

FIG. 1.4 The perovskite crystal structure.23 

 

For an ideal cubic perovskite, the lattice parameter a geometrically related to its 

three component ionic radii, rA,  rB, and rO by the following equation:24 

 𝑎 =  √2(𝑟𝐴 + 𝑟𝑩) = 2(𝑟𝐵 + 𝑟𝑂)        (1-1) 

Goldshmidt’s tolerance factor t is the ratio of the two expressions above, defined as24 
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 𝑡 =  
𝑟𝐴+𝑟𝑂

√2(𝑟𝐵+𝑟𝑂)
         (1-2) 

In the case of SrTiO3, a prototype ideal cubic perovskite, rA = 1.44 Å, rB = 0.605 Å, and 

rO = 1.40 Å, resulting in t = 1. A deviation from unity in the value of t represents a 

distortion to the cubic unit cell. With the exception of SrTiO3, most ABO3 perovskites 

have a distortion in the cubic cell structure. ABO3 stoichiometric perovskites can be 

divided into three classes depending on the valence states of A and B: A+1B+5O3 (A = 

Na, K, Ag; B = I, Nb, Ta), A+2B+4O3 (A = Ca, Sr, Ba, Pb; B = Ti, Zr, Fe, Mn, Sn, Mo, 

Hf), and A+3B+3O3 (A = Y, Bi, La, Pr, Sm ; B = Al, Ti, V, Fe, Co, Mn, Cr). Oxides from 

the third class are (anti)ferromagnetic (BiFeO3, La0.7Sr0.3MnO3), while those from the 

first two classes are ferroelectric (BaTiO3, NaNbO3). 

 

 

FIG. 1.5 Ionic displacements in BaTiO3.
25 
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 BaTiO3, a room temperature tetragonal perovskite shown in Figure 1.5, has 

lattice constants of a = 3.992 Å and c = 4.036 Å, and belongs to the space group 

P4mm.25  The tetragonal distortion from the cubic structure results in ionic 

displacements of 0.061 Å in the Ba2+, 0.012 Å in the Ti4+, and -0.036 Å in the O2- (only 

for the top and bottom faces, there is no change in the position of the O2- ions along the 

vertical faces). 

1.1.3 Functionality of oxides 

 Functional oxide thin films present a variety of interesting phenomena including 

dielectric, optical, ferroelectric, ferromagnetic, multiferroic, and resistance switching 

properties, that arise from their specific crystal structure, (a)symmetry, and defects. 

Ferroelectricity is a property of by which some materials possess a spontaneous 

polarization that can be reversed by an applied electric field. Resistive switching is a 

phenomenon by which a material switches to a low or high resistive state depending on 

the magnitude and/or polarity of the applied voltage. These two phenomena will be 

discussed in further detail in a later section. 

 HfO2, a high dielectric permittivity (high-) oxide has been successfully 

implemented as a gate oxide to replace SiO2.
26 Other binary oxides under consideration 

include ZrO2, TiO2, Al2O3, and Y2O3.
26-28 Dielectric permittivity in insulating 

perovskites is much higher than that of binary oxides, so a major application for these 

materials is in ceramic capacitors and high- dielectric applications.25 BaTiO3, SrTiO3, 

LaAlO3, and LaGdO3 are being considered as potential gate oxide materials in transistor 
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devices.27-29 In ferroelectric perovskites, the dielectric permittivity changes as a function 

of the applied field. These electrically tunable dielectrics are attractive for microwave 

devices that can be tuned either electrically or magnetically.30 Relaxor ferroelectrics,  

such as Pb(Mn,Nb)O3 and Pb(Zn,Nb)O3, have dielectric phase transitions over a wide 

range of temperature (called diffuse phase transitions).4 These materials are relatively 

temperature insensitive and have very high dielectric permittivity, and are thus used for 

compact chip capacitors.25  

ZnO has attracted the most attention among functional oxides as its electronic, 

magnetic, and optical properties can be tailored through doping, alloying, nano-

engineering, heterostructures, and quantum wells.31 It holds promise for optical devices 

based on excitonic effects due to its large exciton binding energy of 60 meV.32 It is a 

strong ultraviolet (UV) wavelength absorber and emitter owing to its wide and direct 

bandgap making it ideal for optoelectronic applications including UV and blue laser 

diodes, light-emitting diodes, and photodetectors.32 In TiO2, photogenerated carriers 

react with the lattice oxygen to create oxygen vacancies at the surface, changing its 

reactivity in the presence of light, making it an attractive photocatalyst material for 

photodegradation of environmental pollutants.33 It is also widely used in photovoltaic 

devices due to its ability to absorb light in the visible region.33 An important property of 

perovskite oxides, the electro-optic effect is a change in the refractive index of a 

dielectric due to an applied electric field.25 Some of these materials display electrically 

controlled bifringence and light scattering.4 Electro-optic materials are transparent in the 

visible to infrared wavelength range. Potential applications for electro-optic materials are 
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in optical displays, optical fibers, light valves, and beam deflectors. Typical materials are 

(Pb,La)(Zr,Ti)O3, LiNbO3, and LiTaO3. 

 Ferromagnetic materials develop a spontaneous magnetization in the absence of a 

magnetic field. Research on ferromagnetic materials continues to garner attention as 

spintronic devices are considered among the class of the so-called “next-generation” 

memory devices and potential candidates for “universal” memory devices to replace 

those based on current CMOS technology.34,35 The operating principle of spintronic 

devices is based on magnetoresistance, the property of a material by which its electrical 

resistivity changes under an external magnetic field. Multilayer devices have been 

engineered to exhibit interesting structures and properties based on the combination of 

ferromagnetic, insulating, nonmagnetic, and antiferromagnetic materials. The rare-earth 

perovskite manganate families of LaMnO3, i.e. (La,Sr)MnO3, (La,Ca)MnO3 are at the 

forefront of materials research in this area.36  

A multiferroic material is one that simultaneously displays the properties of 

ferroelectricity and ferromagnetism, making it possible to change the magnetization by 

an applied electric field or to change the polarization by an applied magnetic field. Like 

ferroelectrics and ferromagnetics, multiferroics also are an exciting prospects for 

memory applications, combining the properties of both while offering functionalities 

beyond both. The most common single phase multiferroic perovskites include BiFeO3, 

BiMnO3, YMnO3, and Pb(Fe,Nb)O3.
37,38 More recently, composite films of ferroelectric 

and ferromagnetic materials have been engineered to explore their magnetoelectric 

coupling, e.g. CoFe2O4 with ferroelectrics like Pb(Zr,Ti)O3 and BaTiO3. 
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 Superconductivity is a property by which a material has zero electrical resistance 

below a critical temperature, characterized by a sharp discontinuity in the resistivity at 

that temperature. In their superconducting state, superconductors have essentially zero 

loss, or zero power dissipation. However, this lossless property only exists below the 

critical transition temperature and the critical current density of the superconducting 

material. Below the transition temperature, superconductors also exhibit diamagnetism, 

with exclusion of the magnetic field below a critical field.  Prospective applications for 

superconductors include superconducting cables for electric power related transmission, 

motors, generators and magnets. Cuprate materials, like the families of La(2-x)SrxCuO4 

and YBa2Cu3O7-x are at the forefront of superconductor research.39,40  

1.1.3.1 Ferroelectricity 

1.1.3.1.1 Origin of ferroelectricity 

Based on crystallographic symmetry, there are 32 possible point groups of crystal 

structures, stemming from the seven basic crystal systems.41 Shown in Table 1.2, there 

are 21 point groups that are noncentrosymmetric, among which 20 develop an electrical 

polarization due to applied mechanical stress, namely piezoelectrics.25 The lack of a 

center of symmetry causes a shift in the relative positions of the anions and cations when 

mechanical stress is applied, resulting in the formation of electrical dipoles. The 

appearance of electrical charge as a result of mechanical stress is called the direct 

piezoelectric effect, while a strain induced due to an applied electric field is called the 

converse piezoelectric effect. The direct effect results in a generator action, where 
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mechanical energy is converted into electrical energy, and are used in sensing devices 

and more recently, energy harvesting devices.42,43 The result of the converse 

piezoelectric effect is a motor action, where electrical energy is converted into 

mechanical energy, used in acoustic and ultrasonic devices, microelectromechanical 

systems, and transducers.43,44 

 Several figures of merit are considered when evaluating the piezoelectric 

properties of a material:23,25,45 

The piezoelectric strain constant d (also called the piezoelectric charge 

coefficient) relates the induced polarization P to the applied mechanical stress X in the 

direct piezoelectric effect by 

 𝑃 = 𝑑𝑋         (1-3) 

d also relates the induced strain x to the external electric field E in the converse 

piezoelectric effect by 

 𝑥 = 𝑑𝐸          (1-4) 
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Table 1.2 Crystallographic classification of point groups according to centrosymmetry and polarity.25 The shaded groups are 

piezoelectric, while those within the bold line are pyroelectric. 

Polarity Symmetry 

Crystal System 

Cubic Hexagonal Tetragonal Rhombohedral Orthorhombic Monoclinic Triclinic 

non-polar 

(22) 

centro 

(11) 
𝑚3𝑚 𝑚3 6/𝑚𝑚𝑚 6/𝑚 4/𝑚𝑚𝑚 4/𝑚 3̅𝑚 3̅ 𝑚𝑚𝑚 2/𝑚 1̅ 

non-centro 

(11) 

432 

23 

622  

 

6̅𝑚2 

6̅ 

422  

 

4̅𝑚2 

4̅ 32  222   

4̅3𝑚 

polar 

 (10) 

non-centro 

(10) 
  6𝑚𝑚 6 4𝑚𝑚 4 3𝑚 3 𝑚𝑚2 

2  

 

𝑚 

1 
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d has units of C/N for the direct effect and m/V in the case of the converse effect. 

d is typically written as dij, indicating that the particular coefficient relates the 

polarization perpendicular to the i direction due to a mechanical stress applied in the j 

direction. For example, d33 denotes the coefficient for the polarization generated in the 

vertical direction due to a stress applied in the vertical direction, and d31 denotes the 

coefficient for the polarization in the vertical direction due to a stress applied in the 

lateral direction. A similar notation is used for other variables defined in this section. 

E is related to the externally applied stress X by the piezoelectric voltage constant g by 

 𝐸 = 𝑔𝑋         (1-5) 

The relationship between d and g is given by 

  𝑔 =  
𝑑

𝜀0𝜀
         (1-6) 

 where  is the permittivity of the piezoelectric material (also known as the 

dielectric constant) and 0 is the permittivity of free space. 

An important gauge for the rate of conversion between mechanical energy and 

electrical energy is the electromechanical coupling factor k given by 

 𝑘2 =  
𝑠𝑡𝑜𝑟𝑒𝑑 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦

𝑖𝑛𝑝𝑢𝑡 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦
=  

𝑠𝑡𝑜𝑟𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦

𝑖𝑛𝑝𝑢𝑡 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦
=  

𝑑

𝜀0𝜀∙𝑠
  (1-7) 

 where s is the elastic compliance of the material. 

 Among the 20 piezoelectric crystal classes, 10 spontaneously form permanent 

dipoles depending on the operating temperature.25 These materials are designated as 

pyroelectrics because the magnitude of the spontaneous polarization is temperature 

dependent. Within the lattice of these crystal classes, there exists a unique polar axis, due 
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to which they are also called polar materials.23 Ferroelectrics are a subgroup of 

pyroelectrics, which possess a spontaneous polarization that can be reversed by the 

application of an external electric field. The perovskite group, or the oxygen octahedral 

group, is the most commonly implemented family of ferroelectric materials. In the 

typical ABO3 unit cell, the polarization reversibility is primarily due to the displacement 

of the body centered B-site atom, housed within the corner-linked oxygen octahedral.23 

Upon the application of an electric field, the B-site atom assumes its new position along 

the direction of this field, corresponding to one of six polarization states depending on 

the direction of the applied field, polarization up and polarization down, shown in Figure 

1.6. The small ionic movement results in a change in the dimensions of the unit cell and 

consequently the ceramic material becomes polarized. The material is ferroelectric when 

the dipoles are oriented parallel to each other. In cases where they are oriented in an 

antiparallel arrangement, the material is antiferroelectric.4  

 

 

FIG. 1.6 Two of six possible polarization states caused by the ionic movement of the B-

site cation.23 
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1.3.1.1.2 Ferroelectric polarization hysteresis loop 

 Shown in Figure 1.7 is a typical ferroelectric polarization-electric field (P-E) 

hysteresis loop showing the change in polarization as a function of the applied field (or 

applied voltage), corresponding to two opposite polarization states.  

 

 

FIG. 1.7 Ferroelectric P-E loop corresponding to the two lattice distortions, polarization 

up and polarization down.46  

 

The origin of the hysteresis loop is the rearrangement of dipoles due to an 

applied field. In the virgin state, the dipoles are randomly oriented, resulting in zero net 
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polarization,4 and the applied electric field causes the dipoles to orient parallel to each 

other in the direction of the field. Some figures of merit are considered when evaluating 

a ferroelectric material.46 The spontaneous polarization (Ps) is the total dipole moment 

per unit volume of a poled ferroelectric material, also called the saturation polarization 

because its value does not further increase with increasing the electric field. The remnant 

polarization (Pr) is the polarization retained when the electric field is removed. The 

coercive field (Ec) is the magnitude of the electric field required to force the polarization 

to zero. The switching field (Es) is the magnitude of the field required for complete 

reversal of polarization. 

1.3.1.1.3 Curie temperature 

 Another important ferroelectric parameter is the Curie temperature (TC), a phase 

transition temperature beyond which, the crystal transforms from a noncentrosymmetric 

structure to a cubic centrosymmetric structure. In this so-called paraelectric phase, the 

thermal motion cancels out electron spins, and the spontaneous polarization completely 

disappears. To restore a poled ferroelectric back to its virgin state, the material must be 

heated beyond its TC, and cooled back down to its ferroelectric state in the absence of an 

electric field. This process, called thermal depoling, restores the random orientation of 

the dipoles resulting in a net polarization of zero.23 SrTiO3 has a TC of -168 oC, and is 

therefore cubic and paraelectric at room temperature.47 Table 1.3 shows a comparison of 

the ferroelectric properties of common ferroelectric materials. 
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Table 1.3 Remnant polarization and Curie temperature of common ferroelectrics. 

Material Pr (C/cm2) TC (oC) 

BaTiO3 25-27 120-130 

PbZrxTi1-xO3 35 328 

BiFeO3 50-60 825 

SrBi2TaO7 7-10 327 

 

 

The ferroelectric phase always has a lower symmetry than the paraelectric phase. 

An anomaly is observed in the change in dielectric constant with temperature at the 

phase transition points, with a maximum at the TC. The permittivity falls off with 

increasing temperature according to the Curie-Weiss law given by: 

𝜀 = 𝜀0 +
𝐶

𝑇−𝑇0
≈

𝐶

𝑇−𝑇0
         (1-8) 

 where C is the Curie constant, T0 (T0<TC) is the Curie-Weiss temperature. This 

anomaly in the dielectric constant at TC is observed in antiferroelectrics as well.4 Many 

ferroelectrics undergo several successive phase transitions which are all ferroelectric, 

which are accompanied by changes in the physical unit cell dimensions as well as  

dielectric, thermal, and elastic properties of the material, as shown in the example of 

BaTiO3 in Figure 1.8.48 

 Since all ferroelectrics are also pyroelectrics and piezoelectrics, their specific 

applications are limited  by their TC.25 For ferroelectric memory applications, the 

material should have a TC well above room temperature, i.e. it should be ferroelectric 

rather than paraelectric at room temperature. Conversely, for high-K dielectric capacitor 
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applications, the TC must be close to the operating temperature, to take advantage of the 

maximum value of the dielectric constant. In the case of pyroelectric sensors, the 

spontaneous polarization below the TC must be highly temperature dependent. Finally, 

piezoelectric sensors and actuators must have a TC far above room temperature so that 

they can be implemented in a wide temperature range. 

 

 

FIG. 1.8 Variation of the unit cell dimensions, spontaneous polarization, and dielectric 

constant as a function of temperature in BaTiO3.
48  
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1.3.1.1.4 Ferroelectric materials 

The most common piezoelectric and ferroelectric materials, by far, are the Pb-

based family of PbZrxTi1-xO3 (PZT), a combination of PbZrO3 and PbTiO3, because of 

their good thermal stability and strong electromechanical coupling.49 The optimal 

composition for superior piezoelectric and dielectric properties is at the morphotropic 

phase boundary between its rhombohedral and tetragonal phases at PbZr0.52Ti0.48O3. PZT 

materials have a reported d33 values up to 779 pC/N, an electromechanical coupling 

factor of 0.5, and a TC between 300-400 oC.23,50 Moreover, PZT ceramics get easily 

poled, they are easier to sinter, have a broad range of dielectric constants, and form 

solid-solutions in many different compositions.23 PZT is often doped to substitute Pb 

with La forming (Pb,La)(Zr,Ti)O3 (PLZT).  Other popular Pb-based material systems are 

Pb(Mg1/3Nb2/3)O3 (PMN) and Pb(Zn1/3Nb2/3)O3 (PZN).  

In recent years, however, the need to eliminate the use of Pb-based materials has 

become apparent due to a growing environmental consciousness, and especially owing 

to the toxic effects of Pb on humans.50,51 Though Pb-based devices are still the most 

popular due to their outstanding piezoelectric and ferroelectric properties, efforts are 

underway to develop materials that have properties that can match those of Pb-based 

materials. Potential Pb-free perovskites include titanates such as BaTiO3, (Ba,Sr)TiO3, 

(Bi,Ni)TiO3, and (Bi,K)TiO3, niobiates like LiNbO3, KNbO3, NaNbO3, tantalates such as 

NaTaO3, (Sr,Ba)TaO3, and bismuth perovskites including  BiFeO3 and BiScO3.
23,25,50,51 

Non-perovskites include the tungsten bronze group and the bismuth layer-structured 

materials. The main drawbacks to widespread implementation of these Pb-free materials 
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have been their relatively lower TC, poorer electromechanical coupling, and difficulty in 

poling.23,51  

1.3.1.1.5 Barium titanate 

BaTiO3 is a highly stable chemical compound, the first perovskite discovered to 

have piezoelectricity and ferroelectricity with an electromechanical coupling factor of 

0.35, and the first ceramic to be implemented in a piezoelectric transducer.23,45 However, 

it is severely limited in its range of applications owing to its low TC of ~120 oC. It is 

typically doped to modify its TC and improve its properties, depending on the intended 

application. For high permittivity dielectric applications, dopants called TC shifters like 

SrTiO3, PbTiO3, and CaZrO3 are incorporated to increase or decrease the TC. Sr can 

reduces the TC, while Pb can increase the TC, Ca can increase the temperature range for 

stability of the tetragonal phase, while Co can decrease the losses under high electric 

field without compromising on the piezoelectric constants. TC depressors like MgZrO3, 

Bi2(SnO2)3, and NiSnO3 are added to lower the peak in the dielectric constant at TC. 

 Shown in Figure 1.9 are the polarization directions for the different phases of 

BaTiO3.
52 In the cubic phase in Figure 1.9 (d) beyond the TC, spontaneous polarization 

disappears so no polarization axis is shown. For the rhombohedral phase for 

temperatures less than -90 oC in Figure 1.9 (a), the displacement of the Ti4+ atom is 

along the [111] direction. In the orthorhombic phase in the temperature range of -90 oC 

to 5 oC, it is along the [011] direction as shown in Figure 1.9 (b). Finally, in the 

tetragonal phase in Figure 1.9 (c), in the temperature range of 5 oC up to the TC, the 

polarization axis is in the [001] direction or along c-axis direction. Based on the above 
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discussion, the optimum room temperature ferroelectric response for BaTiO3 occurs 

when the out-of-plane film growth is c-axis oriented.53,54 In-plane compressive strain 

(and consequently out-of-plane tensile strain corresponding to an increase in the c lattice 

parameter) has been shown to increase the TC as well as improve the Pr in BaTiO3.
55 

 

 

FIG. 1.9 Orientation of the polarization axis for the (a) rhombohedral, (b) orthorhombic, 

(c) tetragonal, and (d) cubic phases of BaTiO3.
52 
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 The prospect of incorporating ferroelectric materials into nanoscale capacitor 

structures has prompted research on the influence of size effects on the dielectric and 

ferroelectric properties in thin films. Several thickness studies have been performed, 

both, experimentally and from theoretical calculations, on the decrease of polarization 

with decreasing thickness, and a complete loss of polarization below a critical thickness 

in BaTiO3. The reported critical thickness varies from 12 Å to 41.7 Å from the 

theoretical calculations, and 50 Å from experimental results for SrRuO3/BaTiO3/SrRuO3 

structures.56-59  For free standing relaxed BaTiO3 thin films it was found to be 36 Å from 

first principles calculations.60 The disappearance of polarization below the critical 

thickness has been attributed to dipoles quantum effects due to the interaction between 

the BaTiO3 film and the SrRuO3 electrodes.  

 Stoichiometry in complex oxide films is a critical parameter because the 

composition determines the unit cell structure and interaction between the constituent 

atoms which directly influence the physical and chemical properties of the material. In 

perovskite oxides, it is very common for the film to be deficient in the lighter elements 

in the system,61 which can be modulated by deposition parameters like laser fluence in 

pulsed laser deposition. It has been shown in BaTiO3 that for lower values of laser 

fluence, the deposited films are Ba-rich, as seen in Figure 1.10 (a), with a lower c lattice 

parameter, shown in Figure 1.10 (b), compared to films grown at higher values of laser 

fluence.62 The corresponding P-E loops in Figures 1.10 (c)-(e) show that the polarization 

response of the films improves as the Ba:Ti ratio approaches its stoichiometric value. 
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FIG. 1.10 The effect of laser fluence on the stoichiometry and ferroelectric properties of 

BaTiO3: (a) Ba/Ti ratio and (b) the change in the c lattice parameter as a function of  

increasing laser fluence; P-E loops for films deposited at (c) 0.9 J/cm2, (d) 1.3 J/cm2, and 

(e) 1.5 J/cm2.62 

 

 Another important parameter in oxide film growth is the oxygen partial pressure 

during deposition. For ferroelectric BaTiO3 films, it was found that the Ba/Ti ratio can 

be modulated by the gas pressure rather than the actual gas species. However, there are 
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mixed opinions about how the gas pressure affects the film composition. One study 

reported ideal stoichiometry in films deposited at low pressures less than 7.5 mTorr, Ti 

deficiency in films deposited in the intermediate range of 7.5-75 mTorr, and Ba 

deficiency at pressures higher than 75 mTorr.63 Conversely, another study found that 

oxygen pressures greater than 75 mTorr yielded Ti-deficient films, very low pressures 

caused the film to be oxygen deficient.64 The ideal Ba/Ti and oxygen stoichiometry was 

achieved at oxygen pressures in the range of 15-75 mTorr.64 In a more recent work, it 

was reported that BaTiO3 films are Ba-rich at a low oxygen pressure of 5 mTorr, and Ti-

rich at higher pressures.65 Shown in Figure 1.11 (a), the ideal stoichiometry was 

achieved at an intermediate pressure of 40 mTorr, which also corresponds to the best Pr 

values achieved, in Figure 1.11 (b). 

 

 

FIG. 1.11 (a) Ti/Ba stoichiometry and (b) Pr in BaTiO3 films as a function of oxygen 

pressure.65 
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1.1.3.2 Resistive switching 

 Resistive switching (RS) has been a long observed phenomenon in many metal 

oxide materials, dating back to almost two centuries.66 In a RS device, a certain voltage 

(SET voltage) is required to switch the device from a high resistance state (HRS) (low 

current state) to a low resistance state (LRS) (high current state), while another voltage 

(RESET voltage), that may be of a different polarity from SET, switches the device back 

from the LRS to the HRS. In 1971, Dr. Leon Chua proposed the idea of a fourth circuit 

element, the “memristor” or “memory resistor, independent of the resistive switching 

phenomenon. Shown in Figure 1.12 (a), the resistor relates the voltage v to the current i, 

the capacitor relates v to the electric charge q, and inductor relates i to the electric flux 

.67 He theorized, that based on the symmetry of these passive circuit elements, there 

must be a fourth element that relates q to , such that  

 d𝜑 = 𝑀d𝑞         (1-9) 

where M is the property of memristance with units of . 

M is a nonlinear circuit element, and a function of q, whose i-v characteristic is a 

Lissajous figure shown in Figure 1.12 (b). The voltage drop across the device is zero 

when no current flows through it. The frequency-dependent response is based on the q- 

nonlinear relationship for a sinusoidal input, and tends to a purely resistive state (shown 

by a straight line) as the frequency tends to infinity.  
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FIG. 1.12 (a) The four basic passive circuit elements. Highlighted is the fourth “missing” 

element, the memristor. (b) Lissajous figure: frequency response and current-voltage 

characteristics of a memristive device.67,68  

 

The basic current controlled memristive device can be described as  

𝑣 = ℛ(𝑤, 𝑖)𝑖          (1-10) 

d𝑤

d𝑡
= 𝑖           (1-11) 

 where ℛ is the resistance dependent on the original internal device state and w is 

the state variable set.  

The memristor is thus a two terminal device that has a resistance state  dependent 

on the past device condition.68 It was debated that several circuit models should have 

been more appropriately modeled as memristive systems, including the thermistor (a 

linear temperature dependent resistor), the ionic systems Hodgkin-Huxley circuit model 
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(describing the time varying potassium and sodium channel conductances for the nerve 

axon membrane), and the behaviors of discharge tubes.68 However, at the time, there was 

no definite material realization of the memristive property.  

In 2008, a group from HP Labs linked this missing memristor device to the 

resistive switching phenomenon, demonstrating the concept in a TiO2 thin film device 

whose current-voltage (I-V) characteristics are shown in Figure 1.13.  

 

 

FIG. 1.13 I-V characteristics of the TiO2 thin film memristive device demonstrated by 

HP Labs.67  

 

As described in Strukov et al.,67 it was proposed that the observed hysteretic 

behavior is due to the influence of atomic scale reordering on the current. This model 

describes a two terminal device in Figure 1.14 (a), consisting of a film of thickness D 

between metal contacts. The some depth w of the film has been heavily doped resulting 
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in a low resistance ℛ𝑂𝑁 in that region, while the remaining film is undoped and therefore 

has a high associated resistance ℛ𝑂𝐹𝐹, shown in Figure 1.14 (b). ℛ𝑂𝑁 and ℛ𝑂𝐹𝐹 are two 

variable resistors whose series resistance determines the total device resistance, in Figure 

1.14 (c).  

 

 

FIG. 1.14 Thin film model of coupled variable resistors: (a) doped and undoped regions 

of the film, (b) associated resistances, and (c) equivalent circuit.67 

 

When a voltage is applied across the device, the dopants will drift in the direction 

of the field, causing the boundary between the doped and undoped regions to move. 

Based on linear ionic drift and ohmic electron conduction, and assuming  ℛ𝑂𝑁 ≪ ℛ𝑂𝐹𝐹  

𝑣(𝑡) =  (ℛ𝑂𝑁
𝑤(𝑡)

𝐷
+  ℛ𝑂𝐹𝐹 (1 −

𝑤(𝑡)

𝐷
)) 𝑖(𝑡)  ≈  (ℛ𝑂𝐹𝐹 (1 −

𝑤(𝑡)

𝐷
)) 𝑖(𝑡) (1-12) 

d 𝑤(𝑡)

d𝑡
=  𝜇𝑉

ℛ𝑂𝑁

𝐷
𝑖(𝑡)        (1-13) 

where 𝜇𝑉 is the average ion mobility  

w(t) is calculated by integration yielding 

𝑤(𝑡) =  𝜇𝑉
ℛ𝑂𝑁

𝐷
𝑞(𝑡)        (1-14) 
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From Equations 1-12 and 1-14, the total M is then 

𝑀 =  ℛ𝑂𝐹𝐹 (1 − 𝜇𝑉
ℛ𝑂𝑁

𝐷2 ) 𝑞(𝑡)      (1-15) 

Since this groundbreaking work in 2008, there has been a renewed interest in the 

field of RS, primary due to the search of a “universal memory device”, which would be 

low cost, high density, high speed, and nonvolatile, and have high endurance and high 

integration density.69 The best reported results in RS devices have response times of less 

than 5 ns, on/off resistance ratios of 109, and endurance of more than 1012 cycles, and are 

scalable down to 10 nm, although not all in the same device, indicating that they hold 

promise in data storage and computing.70 The primary application is in memory devices 

in the form of resistive RAM (RRAM) to replace CMOS-based technologies like 

DRAM, SRAM, and flash, that are approaching their physical and technological limits 

of scalability.71 Another application is for logic devices, to improve the efficiency of 

field programmable gate arrays, using hybrid CMOS/memristor circuits and reduce the 

integration density.69 In addition, the memristor closely mimics the behavior of a 

synapse. Even though CMOS based computing offer superior calculation capabilities, 

the mammalian brain is far more advanced in adaptive and “learning” abilities like 

classification, voice and pattern recognition. Hybrid CMOS/memristor circuits could 

potentially compete with the behavior and complexity of the human brain. Large scale 

commercialization of RS devices has been hindered by device-to-device variation, 

reliability, and integration in manufacturing processes, but the main limitation is that in 

spite of the many hypotheses, theories, and observations, the fundamental principle of 

RS is still not well understood. 
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1.1.3.2.1 Classification of switching modes and systems 

 The basic architecture for most RS cells is a metal-insulator-metal (MIM) 

structure. There are two switching modes observed, unipolar switching and bipolar 

switching. In unipolar switching, the resistance change is not dependent on the polarity 

of SET/RESET voltages. In Figure 1.15 (a), for a device biased in the LRS or “ON” 

state, a RESET voltage switches the device to the HRS or “OFF” state. The SET voltage 

has the same polarity as, but a higher magnitude than the RESET voltage, and switches 

the device to the ON state. This behavior is observed at both voltage polarities. In the 

case of bipolar switching, shown in Figure 1.15 (b), a (positive) SET voltage switches 

the device to the ON state and a RESET voltage of the opposite (negative) polarity 

switches the device back to the OFF state. 

RS can be broadly classified into anion-based systems and cation-based systems, 

and is the result of mobile electrons and ionic species as well as localized 

electrochemical redox processes. Shown in Figure 1.16 are some important processes 

and redox reactions involved in resistive switching, though only some may be observed 

at a time depending on the switching mode and system.71 The electrodes are designated 

as M’ and M”, while the MX represents the ion-conducting or mixed ionic-electronic 

conducting electrolyte. 
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FIG. 1.15 (a) Unipolar switching and (b) bipolar switching.72 

 

 

 

FIG. 1.16 Redox reactions and electrochemical processes involved in RS.71 
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Cation-based systems are electrochemical metallization (ECM) cells, also known 

as atomic switches, programmable metallization cells, and conductive bridging cells, in 

which the mobile ionic species are metal ions.69,72 An ECM cell consists of an ion-

conducting solid electrolyte sandwiched between two metal electrodes. The active 

electrode is made of an electrochemically active metallic material like Cu, Ag, or their 

alloys, while the counter electrode is made of an electrochemically inert material like Pt, 

Au, Ir, W, and Ni.73 Shown in Figure 1.17 is the example of a Ag/H2O/Pt device.69 The 

Ag atoms are oxidized to Ag+ when a positive voltage is applied to the Ag anode. The 

Ag+ cations dissolve in the electrolyte by anodic dissolution and, under the influence of 

the electric field, drift toward the inert Pt electrode where they are reduced back to Ag 

atoms and recrystallize on the electrode surface by cathodic deposition. The Ag atoms 

form dendrites, in Figure 1.17 (a), which grow back toward the anode. At the SET 

voltage, there is a continuous metal bridge formed between the anode and cathode, 

switching the device to the ON state, shown in Figure 1.17 (b). A positive voltage is 

applied to the Pt electrode causes the Ag atoms to get reduced to Ag+, dissolve, and drift 

back toward the Ag electrode. At the RESET voltage, the Ag bridge between the two 

electrodes is ruptured, switching the device back to the OFF state. Though this example 

describes a case of bipolar switching, unipolar switching is also observed in cation-based 

devices, where Joule heating due to the high currents in the ON state cause the formed 

bridge to dissolve or melt.73 
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FIG. 1.17 A Ag/H2O/Pt ECM cell in (a) HRS and (b) LRS.69 

 

 Most anion-based systems, insulating oxide materials, exhibit RS because rather 

than the electronic structure of the oxide materials, the RS is driven by defects.69 The 

most common defects are Frenkel defects (anion or cation interstitial plus a vacancy) or 

Schottky pairs (anion and cation vacancy pairs).4 Anion-based systems, also called 

valence change systems, include metal oxides and oxide dielectrics, where the mobile 

species are anions, i.e. oxygen ions and oxygen vacancies.69 The oxygen vacancy 

formation reaction can be described in the Kröger-Vink notation as   

OO  ⇌  
1

2
O2(g) +  VO

 ̈ + 2e′       (1-16) 

 where OO and VO
 ̈

 represent oxygen ions and oxygen vacancies.72 

The vacancy carries a charge opposite to that of the anion, and is thus positively charged. 

The motion of these charged species causes changes in the valence states of the metal 
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cations, resulting in a change in the resistance. The mobility 𝜇𝑉0
 of oxygen vacancies is 

described by 

𝜇𝑉0
 ~ 𝐷0 𝑒𝑥𝑝 (−

𝑊𝐷

𝑘𝑇
)        (1-17) 

 where WD is the oxygen vacancy diffusion activation energy, k is Boltzmann’s 

constant, T is the temperature, and D0 is a constant.74 

Most research on RS has been done on TiO2 based devices, so it is considered to 

be a prototype material for this property.75 In addition, RS has been observed in many 

other binary oxides including transition metal oxides ZrOx, MgOx, HfOx, AlOx, VOx, 

SiOx, CrOx, SbOx, MnOx, FeOx, CoOx, NiOx, CuOx, ZnOx, GaOx, GeOx, NbOx, MoOx, 

TaOx, and WOx, rare-earth oxides YOx,  CeOx, GdOx, NdOx, PrOx, EuOx, DyOx, LuOx, 

and YbOx, perovskites SrTiO3, SrZrO3, BaTiO3, BiFeO3, (Ba,Sr)TiO3, (La,Co)MnO3, 

(La,Sr)MnO3, (La,Sr)FeO3, and (Pr,Ca)MnO3, as well as nitrides AlN, SiN, and WN, 

and chalcogenides Cu2S, Ag2S, GeSx, GexSey, ZnSe, and ZnTe.69,70,76 Typically oxide 

films for RS are of polycrystalline quality, rather than highly epitaxial. Both unipolar 

and bipolar switching have been observed in anion-based devices. The two main 

switching mechanisms observed are filamentary type and interface type switching which 

will be discussed in further detail in a later section. 

1.1.3.2.2 Nonstoichiometry in TiO2 

“Nonstoichiometric” suboxides of TiO2 (e.g. Ti4O7 or TiO1.75), PrO2 (eg. Pr6O11 

or PrO1.833), Nb2O5 (eg. Nb53O132 or NbO2.4906), have a deficiency in either the cation or 

anion lattice, resulting in a discrepancy between the number of atoms and the number of 

available sites in the unit cell.4,75 These nonstoichiometric oxides are crystalline, well-



 

38 

 

defined compounds whose electronic properties are dependent on the magnitude of 

nonstoichiometry. In TiO2, Magnéli phases or oxygen deficient phases are of the form 

TinO2n-1, with phases from Ti4O7 to Ti20O39 already discovered, and Ti4O7 being the most 

commonly formed.16,75,77 It has been determined that in TiO2, oxygen vacancies are the 

dominant defect type at lower temperatures, while Ti interstitials dominate at high 

temperatures.78 The positively charged oxygen vacancies serve as donors in TiO2, and a 

sufficiently large concentration of vacancies can lower the Schottky barrier height at the 

electrode-TiO2 interface.16,72 

1.1.3.2.3 Electroforming 

 Typically, an initial irreversible preconditioning step called the electroforming 

step is required to initiate RS in a virgin device. The electroforming voltage or forming 

voltage is of a higher magnitude than the SET/RESET voltages, and is required to cause 

local depletion of oxygen ions, increasing the concentration of oxygen vacancies. Under 

a high voltage bias, the negatively charged oxygen ions are attracted to the anode where 

they accumulate, discharge, and are expelled into the atmosphere, leaving behind 

positively charged oxygen vacancies which accumulate under the cathode. The higher 

concentration of the charged vacancies makes the region in which they accumulate more 

conducting, leading to a reduction of the electric field in that region, reducing the motion 

of the oxygen vacancies. This gives rise to a “virtual cathode” or an extension of the 

cathode into the oxide, greatly reducing the effective switching region as shown in 

Figure 1.18.72  
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FIG. 1.18 Virtual cathode formed due to the accumulation of oxygen vacancies under the 

cathode.72 

 

The gas expulsion and can cause physical deformation of the device, i.e. 

delamination and rupture, causing huge variation in device-to-device performance and 

threatening device integrity.79  Figure 1.19 (a) shows an AFM image of a virgin device, 

while Figure 1.19 (b) shows an AFM image of the same device after electroforming. The 

electroformed device has developed a bubble with a pointed tip under the metal 

electrode suggesting gas eruption.79 The forming voltage decreases with decreasing 

oxide thickness and has been eliminated in films with thickness less than 6 nm.71,79 

Another option is to include an oxygen deficient oxide layer in the oxide stack that 

would serve as a source of oxygen vacancies.80  
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FIG. 1.19 AFM images of (a) a virgin device and (b) the same device after 

electroforming.79 

 

1.1.3.2.4 Filamentary type switching 

 In filamentary switching, the switching occurs due to the formation and rupture 

of conducting filaments within the oxide, a thermochemical process, the energy for 

which is provided by Joule heating due to the current flow.16 The resistance is limited to 

resistance of the conducting filament(s) and independent of electrode area.16 A 

preliminary electroforming step is required to generate oxygen vacancies in the TiO2 

film.71 In the SET process, a locally high concentration of oxygen vacancies, generated 

in the direction of the electric field, leads to the formation of conducting filaments of 

Magnéli phases. The vacancies preferentially nucleate at the cathodic interface and the 

conducting filament grows towards the anode. The resultant conducting filament has a 

conical shape that is broader at the cathode and narrower at the anode.81 In the RESET 

process, Joule heating causes the conducting filament to melt and rupture. As the 

filament cools down, it crystallizes back to rutile or anatase, or to a defective rutile or 
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anatase TiO2- ( < 0.25) that is less conducting than the Magnéli phase.81 Filament 

formation and rupture has been directly observed by transmission electron microscopy 

(TEM) and in situ TEM studies,82,83 as shown in Figure 1.20.  

 

  

FIG. 1.20 (a) High resolution bright-field TEM image of a conical conducting filament 

consisting of a Ti4O7 Magnéli phase, (b) its corresponding diffraction pattern, and (c) a 

dark-field TEM image clearly showing the conical filament from the diffraction dot 

circled in (b).82 

 

 The filamentary type switching mechanism can give rise to, both, unipolar and 

bipolar switching. Unipolar switching is always filamentary type. In unipolar switching, 

the device consists of a metal oxide sandwiched between two inert metal electrodes.84 In 
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unipolar filamentary switching, the conducting filament connects the anode and cathode 

at the SET voltage, resulting in the ON state. The RESET voltage is of a higher 

magnitude than SET, at which Joule heating causes the filament to melt and rupture. In 

the case of bipolar filamentary switching, the device is of a similar structure to a 

unipolar device, except that one electrode is inert while the other has high oxygen 

reactivity. The preliminary electroforming step creates localized conduction paths within 

the oxide, doped with oxygen vacancies whose motion is polarity dependent.84 Figure 

1.21 (a) and (b) show the I-V characteristics of unipolar switching and bipolar 

filamentary switching, respectively.16 

 

 

FIG. 1.21 I-V characteristics of (a) unipolar switching and (b) bipolar filamentary 

switching.16 
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1.1.3.2.5 Interface type switching 

 In interface type switching, the resistance is inversely proportional to the 

electrode area. The device consists of a semiconducting oxide whose one electrode 

forms a Schottky contact (non-rectifying) and second electrode forms an Ohmic contact 

(rectifying) with the oxide. RS in interface type switching is believed to be driven by the 

lowering of the Schottky barrier height by the positively charged oxygen vacancies.71,72 

Another theory is that the external bias can change the state of interfacial charge traps at 

the Schottky junctions, resulting in the collapse (LRS) and recovery (HRS) of the 

Schottky barrier, shown in Figure 1.22.70 The rectifying behavior of a Nb-doped SrTiO3 

shown in Figure 1.22 (a). In Figure 1.22 (b), a forward bias on the Schottky junction 

draws out the electrons from the charge traps, while the traps left behind are now 

positively charged, reducing the built-in potential, putting the device in the ON state or 

LRS. A reverse bias on the Schottky junction in the ON state injects electrons back into 

the empty traps neutralizing their charge, resulting in a recovery of the Schottky barrier, 

putting the device back into the OFF state or HRS. Interface type switching is always 

bipolar, and exhibits a rectifying I-V behavior, shown in Figure 1.23.70,84 
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FIG. 1.22 (a) Device schematic and rectifying I-V behavior of a Nb-SrTiO3 device; (b) 

the drawing out of electrons from the interface charge traps resulting in a collapse of the 

Schottky barrier and (c) electron injection into the charge traps and recovery of the 

Schottky barrier.70  
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FIG. 1.23 I-V characteristics of (a) Au/Pr0.7Ca0.3MnO3 (p-type)/SrRuO3 and (b) 

SrRuO3/Nb-doped SrTiO3 (n-type)/Ag bipolar interface type (non-filamentary) 

switching devices.70 

 

1.1.4 Thin film growth 

 Functional thin films can be grown by a variety of deposition methods. Physical 

vapor deposition (PVD) techniques include thermal evaporation, e-beam evaporation, 

magnetron sputtering, pulsed laser deposition (PLD), and molecular beam epitaxy 

(MBE). Chemical vapor deposition (CVD) techniques include atmospheric pressure 

CVD, low pressure CVD, metal-organic CVD, and atomic layer deposition (ALD). 

Additional methods like liquid phase epitaxy and solution based methods like spin-
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coating and doctor-blading can also be used. Typically CVD techniques like ALD and 

PVD techniques like PLD and MBE are used for thin film deposition as they allow for 

very precise control of the deposition parameters, which can directly impact the film 

properties. 

1.1.5 Epitaxy and strain 

 Epitaxy, in reference to thin films, refers to the ordered single-crystal growth of a 

film onto a substrate that, in most cases, is also single-crystal. For epitaxial film growth 

on a single-crystal substrate, there is typically a certain relationship between the film 

orientation relative to that of the substrate. Homoepitaxy refers to the case where the 

film and substrate are of the same material. In heretoepitaxy, the film is of a different 

material than the substrate. For a film with unstrained lattice parameter af grown on a 

substrate with unstrained lattice parameter as, the lattice mismatch f is given by 

𝑓 = 2 × (
𝑎𝑓−𝑎𝑠

𝑎𝑓+𝑎𝑠
)        (1-18) 

Three modes arise in heteroepitaxial film growth based on the value of f, shown in 

Figure 1.24. In the lattice matched mode in Figure 1.24 (a), f ≈ 0 when as ≈ af, very 

similar to homoepitaxy. For f < 7 % in Figure 1.24 (b), the film is coherently strained so 

that the in-plane lattice parameter of the film af║ matches as, without relaxation or 

generation of misfit dislocations. The in-plane strain can be calculated as  

𝜀∥ =  
𝑎𝑓∥−𝑎𝑓

𝑎𝑓
         (1-19) 
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As a result of the change in the value of af║, the value of the out-of plane lattice 

parameter is changed to af┴.The resultant out-of-plane strain is calculated as 

𝜀⊥ =  
𝑎𝑓⊥−𝑎𝑓

𝑎𝑓
         (1-20) 

Beyond a certain critical thickness, the misfit dislocations form in the film and it 

transforms from a coherent strained structure to a relaxed incoherent structure. In the 

third mode, shown in Figure 1.24 (c), f > 7 %, the strain is too large for coherent film 

growth, resulting in a relaxed lattice mismatched condition. Domain matching epitaxy is 

a special case where domains of m lattice planes of the film are matched to n lattice 

planes of the substrate, resulting in epitaxial growth. Lattice mismatch within the 

domains then becomes 

𝑓 = 2 × (
𝑚𝑎𝑓−𝑛𝑎𝑠

𝑚𝑎𝑓+𝑛𝑎𝑠
)        (1-21) 

 where m and n are integers such that n = m ± 1. 

TiN/Si (001) with a large lattice mismatch of 24.6 % has been grown epitaxially by 

domain matched epitaxy with 3/4 matching of lattice planes along the film/substrate 

interface.85 The lattice mismatch for the domain matched condition is reduced to 4 %. 

Several other examples of domain matched epitaxy have been demonstrated like ZnO/-

Al2O3 (0001) with 6/7 matching and AlN/Si (001) with 4/5 matching.  
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FIG. 1.24 Heteroepitaxial film growth: (a) lattice-matched, (b) coherently strained 

lattice-mismatched, and (c) incoherent growth-relaxed epitaxy. 

 

1.1.5.1 Strain engineering in thin films 

  Based on this unavoidable epitaxial strain caused by lattice mismatch and 

differences in thermal expansion coefficients between thin film materials and the 

substrates, as well as defects formed during film growth, a unique opportunity presents 

itself for achieving enhanced functionalities in oxide thin films.86 Compared to bulk 
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materials, strains of several percent can be accommodated in thin film material. Strain 

engineered growth of such materials requires high-quality single-crystal substrates that 

are suitable, both, structurally and chemically. Strain engineering has been employed in 

enhancing semiconductor carrier mobility in strained SixGe1-x films.87,88 The 

paramagnetic to ferromagnetic transition temperature doubled in strained La2-xSrxCuO4 

thin films.89-91 In ZnO films grown epitaxially on GaN, the electrical resistivity has been 

increased with increasing strain, while the optical bandgap becomes wider and narrower 

for compressive and tensile strain, respectively.92 Some perovskite and related substrate 

materials include SrTiO3, LaAlO3, GdScO3, NdGaO3, and YAlO3, shown in Figure 

1.25.93  

 

 

FIG. 1.25 Epitaxial ferroelectric thin films and various perovskite substrates displayed 

above and below the number line, respectively. The number line represents the 

pseudocubic/pseudotetragonal a-axis lattice constants.93 
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 Strained ferroelectric films exhibit superior properties compared to bulk 

ferroelectric materials. The strong coupling between the polarization and the strain has 

enabled an increase in the TC and improvement in polarization in many ferroelectrics, 

including PbZrO3, BaTiO3, BiFeO3, and SrTiO3.
55,94-96 Phase field simulations of SrTiO3 

and BaTiO3 as a function of biaxial strain and temperature show that ferroelectricity in 

these materials can be modulated by the epitaxial strain.86,97,98  In the phase diagram for 

SrTiO3 in Figures 1.26 (a) and (b), it is seen that under high enough tensile strains, the 

normally room temperature paraelectric SrTiO3 can exhibit room temperature 

ferroelectricity. For the case of BaTiO3 in Figure 1.26 (c) and (d), the TC increases from 

the bulk value of 120 oC in an unstrained film beyond 800 oC for a 2 % strain. 

The Ps  in ferroelectric thin films can also be significantly enhanced by epitaxial 

strain. Shown in Figure 1.27 (a) is the polarization observed in common ferroelectric 

thin films as a function of epitaxial strain.99  Compared to other materials, BaTiO3 and 

PbTiO3 demonstrate a greater sensitivity of the polarization to the strain due to their 

higher electromechanical coupling in these materials.  Coherent epitaxial growth of 

BaTiO3 thin films on ReScO3 with a compressive biaxial strain as high as 1.7 % 

exhibited a substantial increase in Pr from the bulk value of 27 C/cm2 to 70 C/cm2, 

shown in Figure 1.27 (b), as well as an increase in the TC from 120 oC to 500 oC.55 
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FIG. 1.26 (a) Phase field simulations and (b) simplified strain phase diagram for SrTiO3; 

(c) phase field simulations and (d) simplified strain phase diagram for BaTiO3.
86 
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FIG. 1.27 (a) Spontaneous polarization as a function of epitaxial strain common 

ferroelectric thin films. (b) Polarization hysteresis loops showing the increase in the 

remnant polarization of BaTiO3 following the increase in epitaxial strain due to growth 

on different substrate; the inset shows the polarization hysteresis loop for an unstrained 

bulk BaTiO3 single crystal.99 

 

In addition to pure lattice mismatched strain, buffer layers, between the film and 

substrate, have been employed in heteroepitaxial thin films to reduce the lattice 

mismatch between the film and the substrate while simultaneously promoting epitaxial 

film growth.100 Conversely, they can also be used to introduce strain in the subsequently 

deposited thin film, which is dependent on the buffer layer thickness. Multilayered 

structures, of periodic layers of two or more materials, have been shown to improve the 

dielectric and ferroelectric properties in Pb(Zr,Ti)O3 thin films.101 An effective method 
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of strain control, the superlattice structure, is also repeating sequence of two or more 

materials, but in this case the individual layers thicknesses are on the order of a few 

nanometers, less than the critical thickness for misfit dislocation formation, as shown in 

the example of PbTiO3/SrTiO3 and BaTiO3/SrTiO3 superlattices in Figure 1.28.102 In this 

structure the in-plane lattice parameter is constrained to match that of the substrate, 

keeping the film completely coherent with the substrate, with the overall properties of 

the superlattice film is determined by the elastic strain.  

 

 

FIG. 1.28 PbTiO3/SrTiO3 and BaTiO3/SrTiO3 superlattices.102 
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1.1.6 Vertically aligned nanocomposites 

 As mentioned earlier, coherently strained epitaxial films begin to form misfit 

dislocations beyond a critical film thickness, after which the film becomes relaxed and 

incoherent. This maximum thickness for coherency varies from a few nanometers to a 

few tens of nanometers, depending on the film material and the growth conditions. 

However, in some materials, there is a minimum thickness above which it exhibits its 

particular functionality, e.g., ferroelectricity, making it difficult to tailor the strain in 

thicker films.56 A solution to this difficulty is the emergent architecture of vertically 

aligned nanocomposite (VAN) films, consisting of simultaneously grown two different 

epitaxial phases on a single substrate. This architecture offers the advantages of the 

insensitivity of the strain to the film thickness and very large vertical interfaces, over 

conventional single phase epitaxial strain.  

The development of functional oxide thin films is heading in the direction of 

nanostructured materials consisting of multilayered films, superlattices, nanoscale 

geometries and features like nanoparticles, nanorods, nanotubes, nanowires, nanorings, 

and nanoislands.103-106 VAN systems are a progression in the field of nanoengineering, 

with concurrent heteroepitaxial growth of two different phases on the same substrate. 

Shown in Figure 1.29 are three different types of nanostructured thin films. 
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FIG. 1.29 Nanostructured thin films: (a) nanoparticles in a matrix, (b) multilayers, and 

(c) VAN thin film. 

 

 The two-phase nanocomposite system was first introduced in 2002, a composite 

film of La0.67Ca0.33MnO3:MgO grown by a solution based technique.107 Tunability of the 

magnetotransport properties of La0.67Ca0.33MnO3 was reported, attributed to mechanical 

strain coupling with the surrounding MgO. Following this, a multiferroic system of 

ferromagnetic CoFe2O4 pillars in a ferroelectric BaTiO3 matrix was demonstrated using 

single composite ceramic target by PLD.108 Shortly after, strain control was reported in a 

checkerboard structure of BiFeO3:Sm2O3 and then in La0.7Sr0.3MnO3:ZnO. Following 

these pioneering works, several different two-phase systems have been demonstrated,109 

with significant enhancement in their functionalities for variety of applications like 

multiferroics, spintronics, superconductors, solid oxide fuel cells, and electrically 

tunable dielectrics.108,110-115 Summarized in Table 1.4 is a broad summary of reported 

VAN systems.116 
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Table 1.4 Reported VAN systems.116 

VAN System Crystal Structure 

BiFeO3:Sm2O3 Perovskite-rocksalt 

BiFeO3:CoFe2O4 Perovskite-spinel 

BiFeO3:NiFe2O4 Perovskite-spinel 

BiFeO3:Nd2O3 Perovskite-rocksalt 

BiFeO3:Eu2O3 Perovskite-rocksalt 

BiFeO3:BaZrO3 Perovskite-perovskite 

BaTiFeO3:Sm2O3 Perovskite-rocksalt 

BaTiO3:CoFe2O4 Perovskite-spinel 

BaTiO3: NiFe2O4 Perovskite-spinel 

BaTiO3:CeO2 Perovskite-fluorite 

La0.7Sr0.3MnO3:ZnO Perovskite-wurtzite 

La0.7Sr0.3MnO3:CeO2 Perovskite-fluorite 

La0.7Sr0.3MnO3:Mn3O4 Perovskite-spinel 

La0.7Sr0.3MnO3:MgO Perovskite-rocksalt 

PbTiO3:CoFe2O4 Perovskite-spinel 

BaZrO3:YBa2Cu3O7-x Perovskite-layered perovskite 

BaSnO3:YBa2Cu3O7-x Perovskite-layered perovskite 

SrTiO3:MgO Perovskite-rocksalt 

LaSrFeO4:Fe Perovskite-body centered cubic 

Ce0.9Gd0.1O1.95:Zr0.92Y0.08O1.96 Fluorite-tetragonal 

Ce0.9Gd0.1O1.95:La0.5Sr0.5CoO3 Fluorite-perovskite 

Ce0.9Gd0.1O1.95:PrBaCo2O5+x Fluorite-double perovskite 
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1.1.6.1 VAN growth 

 Some prerequisite conditions should be met for the successful growth of a VAN 

film. Most importantly, the two component phases must be immiscible, or have limited 

intermixing. Epitaxial or near epitaxial growth, individually, must be possible for both 

phases on the substrate. Additionally, both phases should have similar growth kinetics 

and thermodynamic and chemical stability with the substrate and with respect to each 

other. Three growth thin film growth modes are possible based on Young’s equation for 

heterogeneous nucleation,   

𝛾𝑠𝑣 =  𝛾𝑓𝑠 + 𝛾𝑓𝑣 cos 𝜃        (1-22) 

 where  is the wetting angle,  represents the interfacial energy, while the 

subscripts s, f, and v denote surface, film, and vapor, respectively. These include 

Volmer-Weber (island), Frank-Van der Merwe (layer-by-layer), and Stranski-Krastanov 

(combination of layer/island) growth. Minimizing the free energy of the system, the 

simplified growth model for a two phase VAN film includes adatom transportation and 

surface diffusion, followed by agglomeration of like species and island nucleation, and 

finally, columnar growth, as shown in Figure 1.30. 

 The microstructure of the resultant VAN film (column width, spacing, and 

arrangement) is determined by adatom diffusivity on the substrate surface, which is 

controlled by the deposition parameters, the materials selection of the substrate and 

component phases, as well as the ratio between the two phases.117 Different architectures 
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can be achieved, including, but not limited to checkerboard, circular nanopillar, 

rectangular nanopillar, and nanomaze structures, as shown in Figure 1.31. 

 

 

FIG. 1.30 Simplified growth modes for a two phase VAN system. 
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FIG. 1.31 Plan view transmission electron microscopy images of commonly observed 

VAN structures: (a) circular nanopillar, (b) checkerboard, (c) nanomaze, and (d) 

rectangular nanopillar. 

 

1.1.6.2 Strain in VAN systems 

VAN thin films have two types of strain; horizontal strain induced by the 

substrate at the film-substrate interface and the vertical strain along the interfaces 

between the two phases, shown in Figure 1.32.116 The substrate induced strain relaxes 

beyond a certain critical film thickness. However, the strain between the two phases in 
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the VAN system can be tailored by material selection and material composition. The 

differences in the out-of-plane lattice parameter, crystal orientation, and crystal structure 

cause one phase to be under tensile strain and the other to be under compressive strain in 

the vertical direction. The immense sensitivity of the material properties is due to the 

large ratio of the surface area of the interfaces to the volume of the nanostructure phases. 

Figure 1.33 shows the out-of-plane matching relationships between the two 

phases and the in-plane matching relationships of the individual phases with the SrTiO3 

substrates for the BaTiO3-CeO2 and La0.7Sr0.3MnO3-ZnO VAN systems. In the case of 

BaTiO3-CeO2, the out-of-plane lattice parameter is changed to 4.1 Å from the bulk value 

of 4.036 Å corresponding to an out-of plane tensile strain of 1.6% due to the presence of 

CeO2.
118 For La0.7Sr0.3MnO3-ZnO, the La0.7Sr0.3MnO3 out-of-plane lattice parameter is 

changed from 3.87 Å to 3.89 Å corresponding to an out-of-plane tensile strain of 

0.52%.111 Based on this, the strain in VAN systems can be tuned by selecting appropriate 

second phase materials. Shown in Figure 1.34 is a diagram with the theoretical out-of-

plane strain matching relationship for various coupled two phase VAN structures.116 
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FIG. 1.32 Schematic representation of (a) relaxed unit cells of the substrate and the 

individual VAN phases; (b) substrate induced strain at the film-substrate interface and 

(c) vertical strain due to coupling between the two phases in the VAN film.116 
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FIG. 1.33 Out-of-plane matching relationships between BaTiO3-CeO2 and 

La0.7Sr0.3MnO3-ZnO VAN films grown on SrTiO3 substrates.116 
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FIG. 1.34 Schematic showing theoretical out-of-plane strain matching relationship for 

various coupled two phase VAN structures.116 

 

1.1.6.3 Property enhancement in VAN systems 

 Two phase VAN systems using a variety of perovskite materials have been 

explored for property enhancement. BaTiO3-Sm2O3, BiFeO3-Sm2O3, Ba0.6Sr0.4TiO3, and 

BaTiO3-CeO2 have been used to enhance the ferroelectric response in BaTiO3 by 

reducing dielectric loss and leakage current and increasing the TC.115,119,120 In solid oxide 

fuel cell applications, a VAN electrolyte of Ce0.9Gd0.1O1.95- Zr0.92Y0.08O1.96 showed an 

enhancement in the out-of-plane ionic conductivity,114 while an interlayer of 

La0.8Sr0.2MnO3--Zr0.92Y0.08O1.96 between the electrode and electrolyte increased the 

oxygen catalytic properties.121 Low field magnetoresistance properties have been 

enhanced in La0.7Sr0.3MnO3-ZnO and La0.7Sr0.3MnO3-CeO2 due to the out-of-plane strain 
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induced in La0.7Sr0.3MnO3 by incorporating the second phase.111,122 The incorporation of 

CoFe2O4 as nanoparticles in superconducting YBa2Cu3O7-, as well as in a VAN buffer 

layer with CeO2 has provided a unique approach for analyzing the flux pinning 

properties in YBa2Cu3O7-.
113,123 In several instances, two different material properties 

have been combined for advanced functionalities. A VAN system of CoFe2O4:SrRuO3 

has been shown to reveal a light-induced change in magnetization in the CoFe2O4.
124 

Ferroelectrics are coupled with ferromagnetics for exploration of multiferroic properties 

like magnetoelectric coupling in BaTiO3:CoFe2O4,
125-127 and magnetic anisotropy in 

BiFeO3:CoFe2O4 systems.128,129  

1.2 Functional nitride thin films 

1.2.1 Overview of refractory nitrides 

 The term refractory nitrides, also known as transition metal nitrides, 

refers to the nitrides of  Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W. They exhibit mixed 

metallic, ionic, and covalent bonding. Refractory nitrides typically have a f.c.c. B1-NaCl 

crystal structure, where the nitrogen atoms occupy octahedral interstitial lattice 

positions, as shown in the case of TiN in Figure 1.35. The filled interstices make for a 

very hard and very brittle material. The nitrogen atoms are too far apart to bond with 

each other, and bond very strongly with the metal. The metal atoms, however, are 

typically large enough to bond with each other, resulting in a strong metallic character, 

due to which refractory nitrides are sometimes called interstitial alloys.130 Refractory 
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nitrides have some very similar physical properties. They are hard, brittle, wear-resistant, 

chemically inert materials with high melting temperatures, with good corrosion 

resistance and high electrical and thermal conductivity. Their high melting temperatures 

are a result of bonding with nitrogen, which stabilize the metal structures. The property 

differences among the refractory nitrides arise from the differences in their relative sizes 

and electronegativity.131 

 

 

FIG. 1.35 The B1-NaCl structure. Shown is the example of TiN.131 
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1.2.2 Properties of titanium nitride 

 TiN, a Group IV interstitial nitride, has a broad range of compositions, from 

TiN0.38 to TiN1.18.
132 The lattice parameter of TiN has a maximum of 4.24 Å at the 

stoichiometric composition, and decreases at other TiN1-x nonstoichiometric ratios.133 

TiN has a high melting point of 2950 oC and a room temperature thermal conductivity of 

19.2 W/m-K. Its Vickers hardness and Young’s modulus, like other Group IV nitrides, 

have high values of 18-21 GPa and 251 GPa, respectively, for bulk TiN. These values 

are higher than those of other nitride groups, rendering it with superior mechanical 

stability.133 Even higher values have been reported for TiN in thin film form, 33.58 GPa 

and 407 GPa for the hardness and elastic modulus, respectively.134 It is a good electrical 

conductor with a resistivity of 20-25 -cm, slightly higher than its parent Ti, and has a 

work function of 4.09 eV.133,135 It also has excellent radiation tolerance properties.136 

1.2.3 Applications of titanium nitride 

TiN has been implemented in a variety of protective and, due to its golden color, 

decorative coating applications. TiN has been successfully used as a coating on the 

heads of steel cutting and forming tools to improve their wear lifetime.137,138 In the 

biomedical industry, it has been implemented as a coating for prosthetics and surgical 

implements.139,140 Owing to its excellent erosion and corrosion resistance, it has been 

proposed as a protective coating in extreme environments.141,142 Its low electrical 

resistance and low work function make it a good candidate for transistor gate electrodes, 
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low barrier voltage Ohmic contacts, and low barrier Schottky diodes. The applications 

explored in this work will be for diffusion barrier coatings, and buffer layers for 

heteroepitaxial film growth and integration of functional oxide thin films on Si. 

1.2.3.1 Diffusion barrier 

 TiN has been used extensively in the semiconductor industry as a reliable 

diffusion barrier and adhesion promoter between Al interconnects and the underlying 

active areas in the Si substrate. However, with the change of the interconnect metal to 

Cu due to miniaturization of CMOS technologies, barrier layers thicknesses were 

reduced to below 20 nm.143  The formerly excellent TiN-based diffusion barriers were 

found to fail through a metallurgical reaction with Cu at 350 oC and by diffusion along 

grain boundaries within the TiN film. In the past few years, however, there has been a 

renewed interest in TiN diffusion barriers as further miniaturization of semiconductor 

chips has moved in the direction of three dimensional technologies like through-silicon-

via (TSV), self-aligned TSV, and wafer-on-wafer, which enable device wiring through 

the chip, rather than along the edges.144-146 Another proposal on the horizon is the 

integration of multiple functionalities, including magnetic materials, MEMS 

components, and high-capacity thin film Li-ion batteries onto a single chip.144,147,148 Vias 

in TSV are high aspect ratio trenches with depth to width dimensions on the order of 

100:10 m that are subsequently filled with Cu for vertical wiring and stacking of the 

chips. TiN is a potential candidate material for a diffusion barrier layer preventing 

diffusion between the Si wafer and the Cu due to the lower processing temperatures (less 
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than 200 oC) and greater thicknesses (~ 50 nm) of the barrier layer. TiN diffusion barrier 

layers deposited by CVD, with thicknesses ranging from 30 nm to 70 nm have excellent 

step coverage and show promising results preventing Cu and Li diffusion in Si up to 

temperatures of 700 oC.  

1.2.3.2 Buffer layer for silicon integration 

 The epitaxial growth of functional oxide films, especially VAN systems, requires 

high quality and very expensive single-crystal substrates like SrTiO3, MgO, and LaAlO3, 

which can significantly drive up the cost of fabrication. There is thus a great need for 

future integration of oxide based materials and devices, including the new VAN 

architectures, with conventional Si-based CMOS technologies. It is also more 

economically desirable to use Si, the workhorse of the integrated circuit fabrication 

industry with its long established processing systems and vast knowledge base, as the 

basis for growing these VAN films. However, the epitaxial growth of functional oxides 

on Si posed significant challenges as the oxygen rich growth atmosphere for oxide 

growth oxidizes the Si surface and leads to poor growth quality. For example, the 

epitaxial growth of BaTiO3 directly on Si requires highly controlled expensive 

deposition techniques like MBE or ALD.54,149,150 Moreover, significant interdiffusion 

and intermediate phase formation is observed in the direct growth of BaTiO3 on Si.151 A 

SrTiO3 layer could be grown epitaxially on Si to improve the quality of the 

BaTiO3,
152,153 but again, MBE is needed for substrate-like quality.154 It was 

demonstrated that a  thin TiN seed layer deposited by PLD could promote the growth of 
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single crystal substrate like SrTiO3 on Si.155 Other high quality films of materials like 

diamond, Mg0.1Zn0.9O, and ZnO have also been grown on Si using a TiN buffer layer.156-

159 The double layer SrTiO3/TiN buffer has been implemented for integration of 

functional oxides like L0.7C0.3MnO3,
160 and VAN systems like La0.7Sr0.3MnO3-ZnO and 

BaTiO3-CeO2 on Si, with properties comparable to films grown on single crystal 

STO.112,118  
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CHAPTER II 

RESEARCH METHODOLOGY 

 

2.1 Pulsed laser deposition 

 PVD techniques are thin film deposition methods that involve the condensation 

of vaporized materials from a target onto the intended substrate in a vacuum chamber. 

PLD is a PVD technique that uses a high energy laser as the energy source for the 

deposition. Shown in Figure 2.1 is the schematic of a PLD chamber. The PLD system 

consisted of a vacuum chamber houses a mount for the target, typically a multiple target 

carousel with rotating target mounts, and a heated substrate holder. The laser beam is 

incident on the target surface at an angle of 45o, while the substrate holder is positioned 

4-5 cm directly in front of the target. The focused laser beam on the target surface causes 

local melting and vaporization. The interaction between the laser beam and the vapor 

gives rise to a plasma or plume that grows out toward the substrate holder. The thin film 

is grown on the substrate by the condensation of the vaporized target material.  

The film quality is controlled by deposition parameters such as laser energy density, 

pulse repetition rate, substrate temperature, target-substrate distance, working gas partial 

pressure, and gas species. 
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FIG. 2.1 Schematic of a pulsed laser deposition system.161 

 

 Typical wavelengths for PLD laser sources are in the deep ultraviolet to blue 

range (~200-400 nm). Common laser sources include excimer lasers and solid-state 

lasers like neodymium-doped yttrium aluminum garnet lasers, with excimer lasers being 

more popular. The excimer laser is a gas-based laser system which produces high energy 

radiation through the dissociation of excimer molecules formed by excitation of their 

component gases. The excimer laser gas is a mixture of a noble gas (Ar, Kr, Xe) and a 

halogen (F or Cl). The output wavelength of the laser depends on the specific gas 
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species; ArF, KrF, XeCl produce wavelengths of 193 nm, 248 nm, and 308 nm, 

respectively. Optical components, including mirrors, apertures, and lenses, are used to 

direct and focus the beam. For thin film deposition, the laser is typically operated in a 

pulsed mode, with a pulse duration of 20-25 ns, rather than continuous to better control 

the film growth. 

For a laser beam incident on a target, the interaction between the two can be 

divided into three stages.161,162 Shown in Figure 2.2 (a) is a schematic explaining the 

laser-target interaction. Figure 2.2 (b) shows the laser beam incident on a target. The first 

is the interaction of the laser beam with the target material, and is highly dependent on 

the laser beam and the target material. The electromagnetic energy is absorbed by the 

target surface and first converted to electronic excitation and then into thermal, 

chemical, and mechanical energy, with localized temperatures greater than 2000 K, 

causing melting, evaporation, ablation, excitation, and exfoliation of the target material. 

The second stage is the interaction between the laser beam and the evaporated material, 

which forms a plasma or plume as the target continues to absorb energy. The plasma, 

which consists of mixture of energetic species including small particles, molted globules, 

clusters, molecules, atoms, ions, and electrons, begins to isothermally expand outward 

while being supplemented by evaporated material. The first two stages begin at the start 

of the laser pulse and last through its duration. The third stage, anisotropic adiabatic 

plasma expansion, occurs immediately after the laser pulse ends. This adiabatic plasma 

expansion results in deposition onto the substrate. The ablated materials are deposited 

onto the substrate surface where they nucleate and grow.  
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FIG. 2.2 (a) Schematic of laser-target interactions, (b) laser pulse on the target and 

plasma formation during deposition. 

 

2.2 Material properties 

2.2.1 X-ray diffraction 

 X-ray diffraction (XRD) is a non-destructive analytical technique that is used to 

identify the structure and chemical composition of crystalline materials. It can also be 

used to determine the crystal orientation, crystallite size, and stress in single crystal, 

powder, and thin film specimens.41 Diffraction, or Bragg diffraction, is the scattering of 

light in crystalline structures, whose wavelength is on the same order of magnitude as 

the spacing of the crystal planes, and occurs due the interference between the light waves 



 

74 

 

as they reflect from the crystal planes, shown in Figure 2.3. For a coherent incident x-ray 

beam with wavelength  with incident angle , the path length difference between 

diffracted rays from consecutive planes with interplanar spacing d must vary by an 

integral number of wavelengths for constructive interference, i.e. n. Thus the path 

length difference is given by Braggs’ Law as 

𝑛𝜆 = 2𝑑 sin 𝜃         (2-1) 

 where n is a whole number. 

 

 

FIG. 2.3 Bragg diffraction for a set of crystal planes with interplanar spacing d. 

 

As the incident angle   is varied, the Bragg diffraction is satisfied for certain crystallite 

orientations in a polycrystalline sample. For an x-ray source of known wavelength, the 

angle of the diffracted beam is measured, from which the interplanar spacing d can be 

calculated. This is the most basic form of XRD measurement and analysis, referred to as 

powder diffraction. Thin film diffraction is a set of advanced XRD techniques for 

characterizing thin film samples of epitaxial or highly textured quality to determine the 

lattice constant, epitaxial quality, defects, texture, mosaicity, and surface roughness in 
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thin film materials lattice constant, lattice distortion,. Shown in Figure 2.4 are the 

geometry and tilt axes of a thin film diffractometer. 

 

 

FIG. 2.4 Geometry and tilt axes of a thin film diffractometer.41 

 

2.2.2 Transmission electron microscopy 

 TEM is a powerful tool for characterization of materials that offers information 

on sample morphology, crystallography, as well as chemistry sub-nanometer resolution. 

It is a microscopy technique that is similar to optical microscopy, but in this case, 

information is obtained from the interaction of an electron beam as it is transmitted 
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through an ultra-thin sample (~ 100 nm). The resolving power or spatial resolution of an 

imaging device is given by the Rayleigh criterion as 

𝑅 =  
0.61𝜆

𝑛 𝑠𝑖𝑛𝛼
         (2-2) 

 where  is the wavelength of the light, n is the refractive index of the lens, and  

is the half angle of the maximum cone of light that can enter or exit the lens. The product 

n sin is also referred to as the numerical aperture of the lens. 

The spatial resolution in conventional optical microscopes is limited by the minimum 

visible wavelength. The TEM uses an electron beam as the illuminating species rather 

than photons, enabling far greater resolution owing to the significantly shorter 

wavelength of electrons, by several orders of magnitude. The wavelength  in nm of an 

electron beam at an accelerating voltage V is given by 

𝜆 =  
1.22

√𝑉
         (2-3) 

Typically, an accelerating voltage of 200 kV is used, resulting in an electron beam 

wavelength of 0.0027 nm. 

Shown in Figure 2.5 is a block diagram of a TEM. A typical TEM consists of 

four main components: the electron source, the system of electromagnetic lenses, the 

sample stage, and the image acquisition systems, all of which are housed in a high 

vacuum column. The electron source consists of an electron gun, extraction, and 

acceleration optics to ensure a parallel, single wavelength beam. The condenser lens 

system provides illumination to the specimen, while the objective, intermediate, and 

projector lenses as well as their associated apertures are used for focusing and 
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magnification of the image onto a viewing screen or an image acquisition system. The 

TEM has two basic modes of operation; namely the diffraction mode and the imaging 

mode, shown in Figure 2.6 along with the imaging optics in the TEM. Either mode can 

be selected by changing the focal length of the intermediate lens. In the diffraction 

mode, the image plane coincides with the back focal plane of the objective lens, while in 

the imaging mode, the image plane coincides with the image plane of the objective lens.  

 

 

FIG. 2.5 Block diagram showing the layout and major components of a TEM.163 
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FIG. 2.6 The two basic modes of operation in a TEM: (a) diffraction and (b) imaging.164 

 

The contrast of the imaging mode can be improved by inserting appropriate 

objective apertures at the back focal plane of the objective lens, allowing only certain 

regions of the diffraction pattern to pass through. When only undiffracted electrons are 

allowed to pass, a bright-field image is formed, shown in Figure 2.7 (a); when only 

certain diffracted electrons are allowed, a dark-field image is formed, shown in Figure 

2.7 (b).  
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FIG. 2.7 Schematic diagram showing the (a) bright-field and (b) dark-field imaging 

modes.163 

 

 Additional imaging techniques in TEM can be used to provide very specific 

information. High-resolution TEM (HRTEM) allows imaging of the sample at the 

atomic scale and resolution of its crystallographic structure, making it very useful in the 

study of material properties on the nanoscale. In this mode, image contrast is highly 
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dependent on the microscope and specimen parameters, as well as the condition of the 

microscope and its components. Appropriate accelerating voltages, focal lengths, and 

aperture sizes must be selected to minimize chromatic aberration, diffraction effects, and 

astimgmatism. Another invaluable imaging mode is scanning TEM (STEM), where the 

rastering of the beam across the sample elemental mapping techniques like electron 

dispersive x-ray spectroscopy (EDS) and electron energy loss spectroscopy are possible. 

STEM imaging uses a high angle annular dark-field (HAADF) detector that is capable of 

acquiring atomic resolution images with contrast that is dependent on the atomic (Z) 

number. 

2.2.3 Scanning electron microscopy 

 Scanning electron microscopy (SEM), like TEM, is an electron microscopy 

technique and uses electrons at the illumination source.165 It has, for the most part, 

similar layout and components as the TEM, but has a different working principle. Rather 

than being transmitted through the sample, the electron beam interacts with the sample 

surface, leading to the emission of various types of secondary electrons and photons, 

providing information about the topography and chemical composition of the sample. 

The resolution of the SEM is lower than that of the TEM, the best case is on the order of 

a few nm, with a magnification up to 500 kX. Shown in Figure 2.8 is the schematic 

showing the layout and components in a SEM, all under high vacuum like the TEM.166 

Unlike the TEM, however, the objective lens and associated apertures are situated before 

the sample.  
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FIG. 2.8 The major components and their layout in a SEM.166  

 

The electron beam is focused to a fine probe performs a raster scan across the 

sample surface. The secondary species are projected onto an imaging detector, directly 

mapping every point scanned by the electron beam. Several interactions occur due to the 

electron penetration of the surface, which cause the emission of the different secondary 

species, as shown in Figure 2.9.  

 



 

82 

 

 

FIG. 2.9 Relative escape depths for different secondary species created due to interaction 

with an incident electron beam.166  

 

 The three primary image types produced in the SEM are secondary electron (SE) 

images, backscattered electron (BSE) images, and elemental x-ray maps. SEs are 

produced primarily due to inelastic scattering of the primary beam with the atomic 

electrons in the sample. The energy of emitted SEs is typically less than 50 eV from an 

escape depth of 5-50 nm. SEs give topographical information about the sample surface. 

BSEs are higher energy electrons produced by elastic scattering of the primary beam by 

the nuclei of the atoms in the sample. BSEs have energies greater than 50 eV, typically 

close to the energy of the primary beam, and BSEs have depths a hundred times greater 
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than those of SEs. Backscattering is more likely due atom with a higher Z number, so the 

BSE intensity due to a higher Z number atom will be greater than with a  lower Z 

number atom. BSE images provide contrast based on Z number differences and are 

especially useful in the analysis of composite materials. The third type of image, or 

elemental x-ray analysis (also known as electron microprobe), can use either energy 

dispersive or wavelength dispersive detectors, based on the characteristic x-rays emitted 

from the sample. Though elemental x-ray analysis is described here in relation to SEM, 

it is equally be implemented in TEM with the same working principle.  

 

 

FIG. 2.10 Electronic processes in EDS.166 
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In EDS, the electron beam bombardment on a sample causes a core level electron 

to get ejected from its shell leaving behind a hole, as shown in Figure 2.10. An electron 

from an outer shell fills the hole, emitting a characteristic x-ray photon whose energy is 

equal to the energy difference between the outer shell and lower energy shell. EDS is 

used to get quantitative information about the chemical composition of the sample. The 

lateral resolution in EDS is limited by the ability to focus the primary beam (probe size) 

and the interaction volume of the beam in the sample. 

2.2.4 Secondary ion mass spectrometry 

 One of the most sensitive materials analysis techniques, secondary ion mass 

spectrometry (SIMS), also known as the ion microprobe, has limits of detection in the 

range of parts per million (ppm) or lower.165 It has a depth resolution as low as 2 nm and 

a lateral resolution of 2 to 5 m depending on the mode of operation. The operating 

principle of SIMS is based on sputtering and ionization of atoms from a sample surface 

using a primary beam of heavy ions. Magnetic lenses deflect the ionized species to a 

detector where they are collected and analyzed based on particle mass to provide the 

chemical composition of the sample. For quantification, reference materials of identical 

composition must be analyzed under similar conditions as a comparison. Unlike the non-

destructive materials analysis techniques discussed so far, SIMS is a destructive 

technique.  

Ions like O2
+, Cs+, and Ar+ are used as the primary species. Primary ion energies 

range between 1-20 keV. When the primary ion beam bombards the sample, energy and 
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momentum are transferred to the atoms in the sample causing their ejection from the 

surface in the form of neutral particles and charged particles (atomic ions and ionized 

clusters). The interaction volume between the primary beam and the sample atoms is 

referred to as the mixing zone, whose depth is a dependent on the incident angle, mass, 

and energy of the primary ions and of the sample, and is a resolution limiting factor in 

this technique. SIMS measures only the charged species, not the neutral ones, so its 

detection limit depends on the ionization probability of the ejected particles. Shown in 

Figure 2.11 is a schematic showing the layout of the SIMS system.  

 

 

FIG. 2.11 Schematic layout of a SIMS system.166 

 

 SIMS has four basic operation modes: depth profiling, bulk analysis for lateral 

resolution, mass scanning to determine the mass spectrum in an entire volume of a 

sample, and imaging to determine lateral distribution of specific elements (can be used 

in conjunction with depth profiling). The main types of instrumentation are mass 
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separation by the electromagnetic field and time-of-flight measurements. Mass 

separation due to the electromagnetic field is based on physically separating ions 

depending on their charge to mass ratios by changing the magnetic field strength. In 

time-of-flight measurements, the primary ion beam is pulsed following which the 

secondary ions drift to the detector; mass separation in this case is based to the time 

required by different masses to reach the detector. 

2.3 Polarization-electric field measurement 

 Ferroelectric P-E measurements are typically performed using sophisticated 

commercially available testers. In addition to the P-E measurement, several other 

measurements can be performed, like retention, imprint, fatigue, capacitance-voltage, 

and leakage current measurements on ferroelectrics, as well as resistive and dielectric 

materials. The basic measurement circuit is a modified version or the original circuit 

used by Sawyer and Tower for their measurements on Rochelle salt. Shown in Figure 

2.12 (a) is the original Sawyer- Tower circuit. 
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FIG. 2.12 (a) The original and (b) simplified Sawyer-Tower circuit.167 

 

 From the simplified Sawyer-Tower circuit in Figure 2.12 (b), a voltage source is 

connected to the ferroelectric capacitor CF which is connected in series to a sense 

capacitor C1 of known capacitance such that C1 >> CF.  

The charge Q across a parallel plate capacitor is given by  

𝑄 = 𝐶𝑉         (2-4) 

 where C is the capacitance and V is the applied voltage. The charge can also be 

written as  

𝑄 = 2𝑃𝑟𝐴         (2-5) 

 where A is the cross-sectional area. 

From Eqns. 2-4 and 2-5, the relationship between the capacitance and polarization is 

given by  

𝐶 ∝
𝑑𝑃𝑟

𝑑𝑉
         (2-6) 

Thus, the polarization is measured by monitoring the change in the voltage across the 

sense capacitor C1 in Fig. 2.12 (b). Shown in Figure 2.13 (a) and (b) are the capacitance 

and polarization hysteresis loops, respectively, for a Pb(Zr,Ti)O3-Pb(Fe,Ta)O3 composite 
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structure. As described in Eqn. 2-6, it is observed that the maxima of the capacitance 

curves occur at the coercive voltages ±VC of the polarization loop.  

 

 

FIG. 2.13 (a) Capacitance and (b) polarization hysteresis loops, respectively, for a 

Pb(Zr,Ti)O3-Pb(Fe,Ta)O3 composite structure.168 
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CHAPTER III 

FERROELECTRIC PROPERTIES OF BARIUM TITANATE – CERIUM OXIDE 

NANOCOMPOSITES ON STRONTIUM TITNATE SUBSTRATES* 

 

3.1 Overview 

 Epitaxial (BaTiO3)0.5(CeO2)0.5 films have been deposited in vertically aligned 

nanocomposite form on SrTiO3 substrates. X-ray diffraction and transmission electron 

microscopy characterization show that the films consist of distinct c-axis oriented 

BaTiO3 and CeO2 phases. Polarization measurements show that the BaTiO3-CeO2 films 

are actually ferroelectric at room temperature, and the ferroelectric response is 

comparable to that of pure BaTiO3 on SrTiO3 single crystalline substrates. Capacitance-

voltage measurements show that, instead of decreasing, the Curie temperature increases 

to 175 oC. This work is an essential step towards integrating novel nanostructured 

materials with advanced functionalities into Si-based devices. 

  

*This chapter is adapted with permission from “Ferroelectric Properties of Vertically 

Aligned Nanostructured BaTiO3-CeO2 Thin Films and Their Integration on Silicon” 

by F. Khatkhatay, A. P. Chen, J. H. Lee, W. R. Zhang, H. Abdel-Raziq, and H. Y. 

Wang, ACS Applied Materials & Interfaces, 5, 12541 (2013). Copyright © 2013 by 

the American Chemical Society. 
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3.2 Introduction 

 Efforts on developing lead-free materials for ferroelectric applications have 

gained momentum, owing largely to the great technological needs for such materials and 

the toxic nature of lead, along with an increasing environmental consciousness.50,51,169 

BaTiO3 (BTO), a representative ferroelectric perovskite oxide, has long been the 

frontrunner among alternatives to lead-based materials in the development of thin-film 

ferroelectric devices. Bulk BTO exhibits a tetragonal structure at room temperature, with 

an in-plane lattice parameter a = 3.992 Å and out-of-plane lattice parameter c = 4.036 Å, 

and a remnant polarization (Pr) of about 25-27 C/cm2.25 A major impediment to the 

implementation of BTO in ferroelectric devices has been its low Curie temperature (TC) 

of 120 oC to 130 oC, where the BTO crystal structure changes from tetragonal to 

cubic.23,25 As the temperature is increased, the spontaneous polarization (Ps) decreases, 

disappearing completely once TC is exceeded.25 The optimum ferroelectric response for 

BTO occurs when the out-of-plane film growth is c axis oriented.53,54 In-plane 

compressive strain has been shown to increase the TC as well as improve the Pr in 

BTO.55  

Recently, a new method of introducing strain by incorporating a secondary phase 

into thin film architectures has evolved, namely self-assembled vertically aligned 

nanocomposites (VANs).116 A VAN system, a class of two phase thin-film materials, 

typically consists of two immiscible phases that show periodic vertical growth of 

alternating nanoscale heteroepitaxial domains. The unique architecture of these 
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structures allows for precise tuning of their mechanical, electronic, and magnetic 

properties through vertical strain control, as well as interfacial coupling of those 

properties for advanced functionalities in a variety of applications like 

multiferroics108,110, spintronics111,112, superconductors113, solid oxide fuel cells114,  and 

electrically tunable dielectrics115. 

The area of electrically tunable dielectrics is a potential application for 

ferroelectric perovskites like BTO, owing to the variability of their dielectric constants 

with applied DC bias.30 The main drawback is that ferroelectrics suffer from high 

dielectric losses, which can be reduced by doping or by addition of a second phase low 

dielectric constant material. For this purpose CeO2, a rare-earth fluorite oxide, has long 

been considered as a prospective dopant in BTO.170 BTO and CeO2 have liquid 

immiscibility in the 20 to 85 % CeO2 range171,172, and can both grow epitaxially on 

SrTiO3 (STO) substrates, with cube-on-cube growth53 and 45o in-plane rotation173, 

respectively, based on their lattice parameters (aBTO = 3.992 Å; aCeO2 = 5.411 Å; aSTO = 

3.905 Å). However, previous studies have shown that even small additions of CeO2 

reduce the BTO tetragonal to cubic phase transition temperature and thereby the TC to 

below room temperature.171,172,174,175 It is possible, by carefully controlling the 

processing conditions, that BTO and CeO2 could still be retained as two separate phases 

in the same composite material, and grow epitaxially in VAN form on STO. In this 

work, ferroelectric BTO-CeO2 VAN films have been deposited on single crystal STO 

substrates. 
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3.3 Experimental 

 All films were deposited in a vacuum chamber with a base pressure of 

approximately 10-7 Torr at a temperature of 700 oC by pulsed laser deposition (PLD) 

using a Lambda Physik Compex Pro 205 KrF excimer laser ( = 248 nm). SrRuO3 

(SRO) bottom electrodes and BTO-CeO2 films were deposited at a pulse rate of 5 Hz at 

an optimized oxygen partial pressure of 40 mTorr. Immediately following the 

deposition, the films were annealed at a temperature of 500 oC for 30 mins at an oxygen 

partial pressure of 500 Torr. 100 nm thick Au top contacts of 0.1 mm2 area, were 

deposited on the BTO-CeO2 film surface.  

X-ray diffraction (XRD) spectra were measured using a PANalytical Empyrean 2 

diffractometer. Leakage current and capacitance-voltage (C-V) measurements were 

conducted using an Agilent E4980A Precision LCR meter.  Ferroelectric polarization-

electric field hysteresis (P-E) measurements were conducted on a TF Analyzer 1000 

with leakage current compensation from aixACCT Systems GmbH. Transmission 

electron microscopy (TEM) and scanning tunneling electron microscopy (STEM) 

images were taken using a FEI Tecnai G2 F20 ST FE-TEM and electron diffraction 

images were acquired using a JEOL JEM-2010 TEM. 
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3.4 Results and discussion 

3.4.1 BTO-CeO2 film growth 

 Fig. 3.1 shows the XRD -2 pattern of BTO-CeO2 grown at a pulse rate of 5 Hz 

on single crystalline STO substrates with an SRO bottom electrode. Clear peaks were 

observed for BTO (00l) and CeO2 (00l), suggesting a preferential out-of-plane 

orientation of (00l) for both phases. No additional peaks associated with the BTO-CeO2 

system were observed, indicating that there is no intermixing between the two phases. 

The c value is determined to be 4.10 Å for the BTO phase. The peak position error is 

found to be ±144 arcsec, corresponding to a d-spacing error of ±0.002 Å. -scans, to 

investigate the in-plane orientation, were conducted on the BTO-CeO2 films on STO, 

shown in the inset in Fig. 3.1. A comparison of the -scans of the STO (110) and BTO 

(110) planes shows four small  peaks for the BTO phase which exactly coincide with 

four sharp peaks for the STO substrate, indicating the cube-on-cube growth for the BTO 

phase as expected.  From the comparison of the -scans of the STO (111) and CeO2 

(111) planes, it is evident that the four smaller peaks from the CeO2 phase are offset 

from the four sharp STO peaks by exactly 45o, indicating that the CeO2 phase has an in-

plane rotation of 45o relative to the STO substrate. The in-plane orientation again shows 

that the BTO and CeO2 have grown as two distinct phases and that there is no obvious 

intermixing between the two phases. 
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FIG. 3.1 XRD -2 scan of the for BTO-CeO2 films grown on STO, the substrate peaks 

are denoted as “*”. The inset shows the -scan of the BTO (110) plane relative to the 

STO (110) plane and the CeO2 (111) plane relative to the STO (111) plane.  

 

3.4.2 Microstructure characterization 

TEM cross-section images of the BTO-CeO2 films grown on STO are shown in 

Fig. 3.2.  The low magnification image of the cross-section is shown in Fig. 3.2 (a), with 
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the inset showing the corresponding selected area electron diffraction (SAED) pattern. 

The BTO-CeO2 layer is approximately 65 nm thick and has obvious columnar structure 

of the two phases. The SAED pattern shows the in-plane matching relationship to be 

(010)BTO║ (011)CeO2║(010)STO, confirming the observations in the XRD -scans in Fig. 

3.1, where BTO matches STO as cube-on-cube and CeO2 matches with STO with a 45o 

in plane rotation. The c and a values for the BTO phase are determined to be 4.06 Å and 

3.98 Å, respectively, suggesting in a c/a ratio of 1.02, an out-of-plane tensile strain of 

0.59 % and an in-plane compressive strain of 0.3 %, compared to the bulk values of 

4.036 Å and 3.992 Å for c and a (c/a ratio of 1.011). The calculation of the lattice 

parameters based on the TEM diffraction pattern was conducted to verify the 

calculations from the XRD measurements. The lattice parameters based on the XRD data 

should still be taken as the accurate values. The high resolution image in Fig. 3.2 (b) 

shows that the film has grown epitaxially on the thick SRO layer with distinct vertically 

aligned BTO and CeO2 phases, both with column widths of 3-5 nm. The high resolution 

image of the film in Fig. 3.2 (c) of the BTO-CeO2/SRO/STO interfaces shows that the 

interfaces are sharp and abrupt. The 7 nm thick SRO film grows highly epitaxially on the 

STO substrate, so does the nanostructured BTO-CeO2 film. 
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FIG. 3.2 TEM micrographs for the BTO-CeO2 films deposited on STO. (a) Low 

resolution image showing the film stack with the inset showing the corresponding SAD 

pattern; (b) high resolution image showing vertically aligned nanocolumns of BTO (B) 

and CeO2 (C); (c) high resolution image of the interface between the BTO-CeO2 film, 

SRO bottom electrode, and STO substrate. 
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FIG. 3.2 Continued. 

 

3.4.3 Electrical measurements 

 Figure 3.3 presents the electrical properties measured for the BTO-CeO2 films 

grown on STO. Figure 3.3 (a) shows the leakage current, while Figure 3.3 (b) shows the 

P-E curve measured on the at 1 kHz up to a voltage of 10 V at room temperature. There 

is a distinct ferroelectric response at room temperature, indicating that the TC is above 

room temperature. In the ferroelectric P-E curve, Ps is the saturation polarization value, 

a 
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Pr is the remnant polarization when the applied field reduced to zero, Vc and Ec are the 

coercive voltage and coercive field, respectively, required to force the polarization value 

to zero. The Pr is determined to be 21 C/cm2, with a coercive voltage (Vc) of 3.5 V, 

coercive field (Ec) of 538 kV/cm, and Ps of 37 C/cm2.  These values are consistent with 

the Pr of 14 C/cm2 and Ps of 27 C/cm2 measured for pure BTO films grown on STO.65  

The C-V hysteresis curves in Figure 3.3 (c), measured at 10 kHz, shows a butterfly 

curve. However, the maxima of the C-V curve at ±0.2 V do not correspond to the Vc 

values observed in Figure 3.3 (b). This disparity could be attributed to artifacts due to the 

instrument configuration or the high leakage current, or both. Figure 3.3 (d) shows the 

change in the measured dielectric permittivity (/0) as a function of measurement 

temperature. The peak in the /0 curve at 175 oC suggests that the TC has increased 

beyond the values of 120-130 oC for bulk BTO. This suggests that the incorporation of 

CeO2 with BTO in VAN form presents a promising approach for increasing TC of BTO. 
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FIG. 3.3 Electrical measurements on BTO-CeO2 films deposited on STO substrates: (a) 

leakage current, (b) polarization hysteresis at 1 kHz, (c) room temperature capacitance-

voltage curve at 10 kHz, and (d) the variation of the dielectric constant with temperature 

at 10 kHz. 
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3.4.4 Discussion 

 The data presented so far show that the ferroelectric properties of the BTO-CeO2 

films deposited on STO substrates are comparable to reports of pure BTO deposited on 

STO substrates.65,176,177 The remarkable property of BTO-CeO2 composite thin films is 

the exhibition of ferroelectric properties at and beyond room temperature, despite the 

high concentration of CeO2. However, in previous reports, CeO2 has been shown to 

decrease the tetragonal to cubic phase transition temperature and hence the TC in 

BTO.171,172,174,175 Even in a vertically oriented BTO and CeO2 composite, the TC was 

reported to steadily decrease with increasing concentrations of CeO2, down to as low as -

80 oC.178 Increasing the CeO2 concentration in BTO was found to cause an expansion of 

the a axis, a shrinking of the c axis, resulting in a net decrease in the c/a ratio, which was 

believed to be caused due to Ce substitution of Ba in the BTO lattice.170,179,180 It was 

determined that in reducing environments above 1250 oC, CeO2 undergoes a chemical 

change to Ce2O3, where the stable tetravalent Ce4+ state changes to Ce3+, which is 

responsible for the substitution of the Ba.180 Most of these previous reports involved 

processing temperatures far beyond 1250 oC. A high temperature processing step in 

target preparation could result in a reaction involving the Ba and Ce and thus any films 

deposited using that target would be affected accordingly.  

Conversely, in our case, the sintering temperature for the composite target was 

maintained at 1200 oC, preventing Ce/Ba substitution reaction from occurring. The c/a 

ratio for the BTO-CeO2 film is 1.02, which shows that tetragonality is maintained in the 
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BTO lattice at room temperature. Previously, VAN structures of BTO-Sm2O3
119 and 

Ba0.6Sr0.4TiO3-Sm2O3
115 on STO substrates both show an increased TC, where the onset 

of the tetragonal to cubic phase transition was delayed in the strained BTO matrix by the 

considerably harder Sm2O3 phase. CeO2 has a reported elastic modulus in the range of 

112 to 264 GPa,181 so it serves a similar function as the Sm2O3 (elastic modulus of 125 

GPa119) described above. Thus, the retention of ferroelectric properties at room 

temperature is due to the processing conditions of the composite target, while the 

extension of the TC beyond the bulk value can be attributed to the strained configuration 

owing to the VAN structure.  

3.5 Conclusions 

We have successfully demonstrated, for the first time, a room temperature 

ferroelectric response in BTO-CeO2 1:1 molar ratio composites, and an increase in the 

TC to 175 oC owing to a strained VAN structure. The BTO-CeO2 films grow in a VAN 

architecture of 3-5 nm column widths on STO substrates. The BTO-CeO2 composite 

shows no Ce substitution of the Ba in the BTO lattice, no obvious intermixing, and no 

intermediate phase formation. These results show that by precise tailoring of processing 

and deposition conditions, it is possible to improve the ferroelectric response and the TC 

of the BTO-CeO2 system. 



 

102 

 

CHAPTER IV 

INTEGRATION OF BARIUM TITANATE – CERIUM OXIDE 

NANOCOMPOSITES ON SILICON* 

 

4.1 Overview 

 Epitaxial (BaTiO3)0.5(CeO2)0.5 films have been deposited in vertically aligned 

nanocomposite form on SrTiO3/TiN buffered Si substrates to achieve high quality 

ferroelectrics on Si. The thin TiN seed layer promotes the epitaxial growth of the SrTiO3 

buffer on Si, which in turn is essential for the high quality growth of the vertically 

aligned nanocomposite structure. X-ray diffraction and transmission electron microscopy 

characterization show that the films consist of distinct c-axis oriented BaTiO3 and CeO2 

phases. Polarization measurements show that, the BaTiO3-CeO2 films on Si are actually 

ferroelectric at room temperature, and the ferroelectric response is comparable to pure 

BaTiO3 as well as the BaTiO3-CeO2 films on SrTiO3 single crystalline substrates. 

Capacitance-voltage measurements show that, the Curie temperature increases to 150 oC. 

This work is an essential step towards integrating novel nanostructured materials with 

advanced functionalities into Si-based devices. 

  

*This chapter is adapted with permission from “Ferroelectric Properties of Vertically 

Aligned Nanostructured BaTiO3-CeO2 Thin Films and Their Integration on Silicon” 

by F. Khatkhatay, A. P. Chen, J. H. Lee, W. R. Zhang, H. Abdel-Raziq, and H. Y. 

Wang, ACS Applied Materials & Interfaces, 5, 12541 (2013). Copyright © 2013 by 

the American Chemical Society. 
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4.2 Introduction 

 In the previous chapter, we have demonstrated that the ferroelectric properties of 

BaTiO3 (BTO) can be improved by incorporating it with CeO2 into a vertically aligned 

nanocomposite (VAN) structure. Most epitaxial VAN systems thus far, including our 

BTO-CeO2 system, have been demonstrated on expensive single-crystal oxide substrates 

such as STO, MgO, and LaAlO3, with very few exceptions.116  Instead, it is more 

economically desirable to integrate the proposed BTO-CeO2 VANs on Si substrates, 

which simultaneously opens up the possibility of future incorporation of VAN systems 

in conventional Si-based devices. Previously, epitaxial BTO thin films on Si have been 

demonstrated using molecular beam epitaxy and atomic layer deposition.54,149,150 To 

improve the quality of BTO grown on Si, an epitaxially grown STO buffer layer can be 

implemented152-154, while a thin TiN buffer layer can be used to promote the growth of 

single-crystal-like epitaxial STO. In this work, ferroelectric BTO-CeO2 VAN films have 

been deposited on Si substrates. Various buffer layer combinations, including no buffer, 

STO only, TiN only, and STO/TiN, have been explored to determine the best epitaxial 

quality of the VAN films and their ferroelectric properties. Finally, the VAN film 

deposition frequency was varied to determine the optimal ferroelectric properties for the 

VAN structures on Si. 
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4.3 Experimental 

 All films were deposited in a vacuum chamber with a base pressure of 

approximately 10-7 Torr at a temperature of 700 oC by pulsed laser deposition (PLD) 

using a Lambda Physik Compex Pro 205 KrF excimer laser ( = 248 nm). The TiN and 

STO targets used for PLD were hot-pressed stoichiometric TiN and STO, respectively, 

purchased from Plasmaterials, Inc. The BTO-CeO2 (1:1 molar ratio, sintered at 1200 oC) 

and SrRuO3 (SRO) targets were custom made from powders purchased from Alfa Aesar. 

The substrates used for deposition were Si (001). The substrates were subjected to a 5 

min buffered oxide etch to strip the native oxide prior to loading in the vacuum chamber. 

The TiN seed layer was deposited under vacuum at a pulse rate of 10 Hz. The STO 

buffer and SRO bottom electrode were deposited at a pulse rate of 5 Hz, while the 

deposition frequency for the BTO-CeO2 films was varied as 2 Hz, 5 Hz, and 10 Hz, all at 

an optimized oxygen partial pressure of 40 mTorr. Immediately following the 

deposition, the films were annealed at a temperature of 500 oC for 30 mins at an oxygen 

partial pressure of 500 Torr. 100 nm thick Au top contacts of 0.1 mm2 area, were 

deposited on the BTO-CeO2 film surface in a custom-built magnetron sputtering system 

using a 99.99% pure Au sputter target from Williams Advanced Materials.  

X-ray diffraction (XRD) spectra were measured using a PANalytical Empyrean 2 

diffractometer. Leakage current and capacitance-voltage (C-V) measurements were 

conducted using an Agilent E4980A Precision LCR meter.  Ferroelectric polarization-

electric field hysteresis (P-E) measurements were conducted on a TF Analyzer 1000 
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with leakage current compensation from aixACCT Systems GmbH. Transmission 

electron microscopy (TEM) and scanning tunneling electron microscopy (STEM) 

images were taken using a FEI Tecnai G2 F20 ST FE-TEM and electron diffraction 

images were acquired using a JEOL JEM-2010 TEM.  

4.4 Results and discussion 

4.4.1 Effect of buffer layers 

4.4.1.1 BTO-CeO2 VAN growth on Si 

 A set of BTO-CeO2 VAN thin films were deposited on Si substrates with various 

combinations of buffer layers.  Figure 4.1 shows the XRD spectra of the BTO-CeO2 

samples deposited at 5 Hz on Si (a) with STO/TiN buffer, (b) with TiN only, (c) with 

STO only, and (d) without any buffer. In Figure 4.1 (a), the films on the STO/TiN 

buffered Si shows clear peaks for BTO (00l), CeO2 (002), and STO (00l) peaks which, 

similar to the films grown directly on the STO substrate, indicates a preferential out-of-

plane orientation of (00l) for both phases as well as the STO buffer layer. This suggests 

that the VAN films grown on STO/TiN buffered Si have comparable crystallinity and 

film quality as those on the STO substrates. No peaks associated with TiN buffer are 

observed, except for a small TiO2 (004) peak, indicating that the thin TiN seed layer (10 

nm) has been partially oxidized during the subsequent oxide layer growth.  
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Among the other samples, in Figure 4.1 (b-d), only the sample with TiN buffer shows 

two small peaks from BTO (00l), while the sample with the STO buffer and the one 

without any buffer both don’t show any obvious film peaks. The buffer layer study 

clearly suggests that the TiN seed layer serves as a critical epitaxial template for the STO 

buffer growth, which in turn is crucial for the highly epitaxial growth of the BTO-CeO2 

nanostructured film on Si.  Despite the large lattice mismatch between TiN and Si (over 

24%), TiN has been reported to grow on Si epitaxially through domain matching 

epitaxy182.  

Figure 4.2 shows the -scans for the BTO-CeO2 films on STO/TiN buffered Si 

substrates, including STO (110) and BTO (110) planes relative to the Si (110) plane and 

CeO2 (111) relative to Si (111). This is consistent with -scans of the samples directly 

grown on STO substrates, i.e., cube-on-cube growth for BTO and STO relative to the Si, 

and a 45o in-plane rotation between CeO2 and Si.  
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FIG. 4.1 Comparison of the XRD -2 scans for BTO-CeO2 films deposited at 5 Hz as a 

function of buffer layers. 
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FIG. 4.2 -scan of the BTO (110) and STO (110) planes relative to the Si (110) plane 

and the -scan of the Si (111) plane showing four small CeO2 (111) peaks (denoted as 

“”) offset 45o from the Si (111) peaks. 

 

4.4.1.2 Microstructure characterization 

 Shown in Figure 4.3 are the TEM cross-section images of the BTO-CeO2 films 

grown on STO/TiN buffered Si substrates. The low magnification cross-section TEM 

image is shown in Figure 4.3 (a), with the inset for the corresponding SAED pattern. The 

BTO-CeO2 layer is approximately 65 nm thick and the STO buffer layer is 

approximately 40 nm thick. The distinct diffraction dots from all the film layers in the 

SAED pattern confirm the high quality epitaxial growth of the buffer layers and the 

VAN films. The in-plane matching relationship is determined to be (011)BTO║ 

(010)CeO2║(011)STO ║(011)Si confirming the observations made in the XRD -scans in 
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Figure 4.2. The c and a values for the BTO phase are determined to be 4.04 Å and 3.98 

Å, respectively, suggesting in a c/a ratio of 1.01, an out-of-plane tensile strain of 0.1% 

and an in-plane compressive strain of 0.3 %. Figure 4.3 (b) shows the STEM image of 

the sample in high angle annular dark-field mode (HAADF, also called Z-contrast 

image, where the image contrast is proportional to Z1.7). The BTO-CeO2 film shows 

clear columnar growth of the BTO (darker contrast) and CeO2 (brighter contrast) phases. 

The high resolution TEM image in Figure 4.3 (c) shows the growth of the epitaxial TiN 

and STO buffer layers on Si substrate where the interfaces are sharp and there is no 

intermixing of the layers, except a thin (1-2 nm) native SiOx layer at the TiN/Si interface 

formed during substrate heating prior to deposition. Figure 4.3 (d), the 7 nm thick SRO 

film has grown highly epitaxially on the STO buffer, which provides an epitaxial 

template for the BTO-CeO2 film growth. The high quality epitaxial growth of BTO and 

CeO2 phases is evident with clear phase boundaries and the average column widths are 

both 3-5 nm. It is noted that compared to the BTO-CeO2 films grown on STO substrates 

the columnar structure in the films grown on the STO/TiN buffered Si substrates are less 

defined. This corresponds to the higher quality film growth observed on the STO 

substrates compared that on STO/TiN buffered Si.  
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FIG. 4.3 TEM micrographs for BTO-CeO2 films grown on the SRO/STO/TiN/Si stack at 

5 Hz. (a) Low resolution image of the film stack with the inset showing the 

corresponding SAED pattern; (b) STEM dark field image showing the vertically aligned 

nanocolumns of BTO (B, darker contrast) and CeO2 (C, lighter contrast); (c) high 

resolution image showing the STO and TiN layers grown on the Si substrate; (d) high 

resolution image showing the vertically aligned nanocolumns of BTO (B) and CeO2 (C) 

on the SRO bottom electrode. 
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 4.4.1.3 Effect of buffer layers on electrical results 

In the ferroelectric P-E curve, Ps is the saturation polarization value, Pr is the 

remnant polarization when the applied field reduced to zero, Vc and Ec are the coercive 

voltage and coercive field, respectively, required to force the polarization value to zero. 

The P-E measurements for the VAN films deposited on Si with various buffer layers are 

presented in Fig. 7. As expected, the best response is observed in the STO/TiN buffered 

Si substrate, with a Pr of 13 C/cm2, Vc of 2 V, Ec of 307 kV/cm, and Ps of 29 C/cm2, 

respectively. In comparison, the sample without the buffer layers shows no ferroelectric 

response, and the hysteresis loop is characteristic of a lossy dielectric. Oddly however, 

the sample deposited without the TiN seed layer also shows a ferroelectric response, 

though not as good as that of the sample grown on the STO/TiN/Si stack. It is possible 

that there may be some localized ordering in the STO layer that has prompted some local 

texturing of the BTO phase, not obvious through the XRD characterization. It is also 

interesting to note that despite the lack of obvious texturing in the samples with only 

STO buffer, the ferroelectric response implies that there is no intermediate phase 

formation between the BTO and CeO2 regardless of the presence of buffer layers.   
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FIG. 4.4 Comparison of the polarization hysteresis measurements for BTO-CeO2 films 

deposited at 5 Hz as a function of various buffer layers measured at (a) 1.5 V, (b) 4 V, 

and (c) 9 V. 
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FIG. 4.4 Continued.  

 

In Figure 4.5, the electrical properties measured for the BTO-CeO2 films grown 

on Si. The C-V hysteresis curves in Figure 4.5 (a), measured at 10 kHz, show butterfly 

curves, however, the maxima of the C-V curve at -0.2 V and 0.1 V in the case of the 

STO/TiN buffered Si substrate, do not correspond to the Vc values observed in Figure 

4.4 (c). This disparity could be attributed to artifacts due to the instrument configuration 

or a high leakage current, or both. Figure 4.5 (b) shows the change in the measured 

dielectric permittivity (/0) as a function of measurement temperature. The peak in the 

/0 curve 150 oC for the Si substrate suggests that the TC has increased beyond the 

values of 120-130 oC for bulk BTO. This suggests that the incorporation of CeO2 with 

BTO in VAN form presents a promising approach for increasing TC of BTO. 
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FIG. 4.5 Electrical measurements on BTO-CeO2 films deposited on STO/TiN buffered 

Si substrates: (a) the room temperature capacitance-voltage curve at a measurement 

frequency of 10 kHz and (b) the variation of the dielectric constant with temperature at a 

measurement frequency of 10 kHz. 

4.4.2 Frequency optimization 

In addition to the effect of the buffer layers, the deposition frequency also has a 

strong impact on the epitaxial growth of the BTO-CeO2 films as well as their 

ferroelectric properties. 

4.4.2.1 Film quality 

Shown in Figure 4.6 is the XRD data for BTO-CeO2 films, all approximately 65 

nm thick, grown on the STO/TiN/Si stack as a function of deposition frequency. Figures 

4.6 (a), (b), and (c) show the data for the samples deposited at 5 Hz, 2 Hz, and 10 Hz, 
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respectively. All three samples show distinct BTO, STO, and CeO2 (00l) peaks. Upon 

closer examination of the BTO (001) peak position in Figure 4.6 (d), there appears to be 

a correlation between the deposition frequency and the BTO (001) peak position. The 

peak for the 10 Hz sample has the smallest 2 position, followed by the 5 Hz sample, 

and then the 2 Hz sample, corresponding to c value of 4.07 Å, 4.06 Å, and 4.06 Å, 

respectively. The corresponding out-of-plane tensile strain is calculated to be 0.57%, 

0.68%, and 0.81%, respectively. The full width at half maximum (FWHM) for the BTO 

(001) peak is measured to be 0.293o, 0.329o, and 0.361o for the 5 Hz, 2 Hz, and 10 Hz 

samples, respectively. 

 

 

FIG. 4.6 Comparison of the XRD -2 scans for BTO peak for the BTO-CeO2 films 

deposited on the SRO/STO/TiN/Si stack at (a) 5 Hz, (b) 2 Hz, and (c) 10 Hz; (d) position 

of the BTO (001) peak as a function of deposition frequency. 
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4.4.2.2 Frequency dependence of electrical results 

It is expected that, based on the c value and out-of-plane strain, the 10 Hz sample 

should have the best ferroelectric response. However, from the P-E measurement data in 

Figure 4.7, the 5 Hz sample still shows the best ferroelectric response, closely followed 

by the 2 Hz sample, while the response of the 10 Hz sample is much poorer, which 

directly correlates to their FWHM values. This shows that 5 Hz is the optimum 

deposition frequency to achieve the best epitaxial quality of the BTO-CeO2 films on the 

SRO/STO/TiN/Si stack, resulting in the optimum ferroelectric response. 

4.4.3 Discussion 

The ferroelectric response of the BTO-CeO2 films deposited on Si is slightly 

lower than, but still in the same range as that of the BTO-CeO2 films on STO, discussed 

in Chapter III. The FWHM of 0.263o for the films grown on the STO substrate is close   

a 
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FIG. 4.7 Comparison of the polarization hysteresis measurements for BTO-CeO2 films 

deposited on the SRO/STO/TiN/Si stack as a function of deposition frequency measured 

at (a) 1.5 V, (b) 4 V, and (c) 9 V.  
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FIG. 4.7 Continued.  

 

to, but still better than that of any of the films grown on Si, indicating that the quality of 

the films on the STO substrate are slightly better than those grown on Si. This can be 

attributed to the quality of the STO buffer layer compared to the STO substrates; 

improving the epitaxial quality of this layer will most likely improve the ferroelectric 

response of the films deposited on Si substrates. It must be noted, moreover, that the 

properties of BTO-CeO2 films deposited on Si are also comparable to those of BTO and 

other BTO-based materials deposited on Si.183-186 

4.5 Conclusions 

We have successfully demonstrated, for the first time, a room temperature 

ferroelectric response in BTO-CeO2 1:1 molar ratio composites, and an increase in the 

TC to at least 150 oC owing to the strained VAN structure integrated on Si. The BTO-
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CeO2 films grow in a VAN architecture of 3-5 nm column widths on TiN/STO buffered 

Si substrates. The BTO-CeO2 composite shows no Ce substitution of the Ba in the BTO 

lattice, no obvious intermixing, and no intermediate phase formation. The TiN seed layer 

protects the underlying Si substrate from oxidation, while providing a template for the 

near epitaxial growth of the STO buffer layer as well as a highly epitaxial VAN 

structure. These results show that by careful selection of buffer layers, the integration of 

high quality functional VAN architectures on Si substrates is highly feasible, opening the 

door to future incorporation of functional oxide materials in conventional Si-based 

devices. 
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CHAPTER V 

RESISTIVE SWITCHING IN OXIDIZED TITANIUM NITRIDE 

 

5.1 Overview 

Forming-free resistive switching devices have been fabricated by in situ thermal 

oxidation of epitaxial TiN films on Si substrates, with the oxidized region serving as the 

oxide layer and the nitride region serving as the bottom electrode. X-ray diffraction and 

transmission electron microscopy characterizations confirm the formation of an oxide 

layer and its thickness is directly dependent on the oxidation time. Secondary ion mass 

spectrometry profiles show that the oxide formed is near stoichiometric TiO2, and there 

is a non-stoichiometric oxygen-deficient layer at the TiO2/TiN interface. From current-

voltage hysteresis measurements, all films show forming-free bipolar resistive switching, 

regardless of the oxide layer thickness. The elimination of the electroforming step is 

attributed to the oxygen deficient layer at the oxide/nitride interface.  This work 

demonstrates a one-step fabrication process for a simple resistive switching device. 
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5.2 Introduction 

There has been a renewed interest in resistive switching, a phenomenon long 

observed in oxide materials and the basis for resistive random access memory devices 

(RRAM),71 since the physical realization in 2008 of the missing fourth passive circuit 

element,67 the “memristor”, theorized in the 1970s187. In addition to some nitride188, 

carbide189, and chalcogenide73 materials, to date, resistive switching has been observed 

in most oxides, with TiO2, by far, as the most popular and well-studied.69 Resistive 

switching in transition metal oxides like TiO2 is believed to be driven by the movement 

of point defects under an applied electric field; oxygen ions and their corresponding 

oxygen vacancies are the dominant mobile defects at room temperature.190 This redox 

reaction causes a localized change in electronic conductivity due to the change in oxygen 

stoichiometry.72 Typically, a preliminary irreversible step, called the “electroforming” or 

“forming” voltage, is required to initiate the switching process by electrically depleting a 

region of oxygen ions, thereby increasing the local oxygen vacancy concentration.72,79,80 

However, electroforming is a highly unpredictable process and can damage the device, 

leading to severe variation in device-to-device variability and threatening device 

integrity.79,80 Therefore it is highly desirable to eliminate this step. It has been shown 

that, by introducing an oxygen deficient TiO2-x layer, in addition to the insulating TiO2, 

the need for the electroforming step can be eliminated.80 

TiN, a transition metal nitride, is implemented in a variety of industrial 

applications due to its very high electrical and thermal conductivity, high hardness, and 
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significant corrosion and erosion resistance.131,133,135,136,191 It is very widely used in the 

semiconductor chip fabrication industry as a diffusion barrier material.192 However, TiN 

has poor oxidation resistance.191 In the oxidation process, oxygen reacts with the TiN to 

form TiO2, while the nitrogen gas is expelled from the film into the atmosphere.193 The 

oxidation rate is limited by the diffusion of oxygen through the TiO2,
191 with a reported 

activation energy of 155-232 kJ/mol in an oxygen environment193-195. In some cases, an 

interlayer is formed at the interface of the oxide and nitride regions that is believed to be 

an oxynitride, a mixture of oxide and nitride phases,193,196 or an oxygen deficient TiO2-x 

layer.197 In other instances, it is believed that no interlayer is formed and that there is a 

sharp interface between the oxide and the nitride regions.195,198 Using the poor oxidation 

resistance behavior of TiN to our advantage, in this work we demonstrate a one step in 

situ oxidation process of epitaxial TiN films in a pulsed laser deposition chamber for a 

simple resistive switching device. The oxidized TiN serves as the oxide region, while the 

remaining TiN, with a conductivity on the order of 15 -cm,199 serves as the bottom 

electrode. The effect of this interlayer, if present, on the resistive switching behavior of 

such oxide/nitride memristor device is investigated. 

5.3 Experimental 

All films were deposited in a vacuum chamber with a base pressure of 

approximately 10-7 Torr at a temperature of 700 oC by PLD using a Lambda Physik 

Compex Pro 205 KrF excimer laser ( = 248 nm). The targets used for PLD were hot-

pressed stoichiometric TiN, purchased from Plasmaterials, Inc. The substrates used for 
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deposition were Si (001), purchased from Desert Silicon, Inc. The Si substrates were 

subject to a 5 min buffered oxide etch to strip the native oxide. The TiN films were 

deposited under vacuum at a pulse rate of 10 Hz. Immediately following the deposition, 

the films were annealed at a temperature of 700 oC and an oxygen partial pressure of 500 

Torr; the annealing times were controlled as 1, 2, and 5 min. Finally, 100 nm thick 

circular Au top contacts, of 0.1 mm2 area, were sputtered on the oxidized film surface 

using a 99.99% pure Au sputter target from Williams Advanced Materials.  X-ray 

diffraction (XRD) spectra were measured on a PANalytical Empyrean 2 diffractometer. 

Current-voltage (I-V) measurements were conducted using an Agilent E4980A Precision 

LCR meter.  Transmission electron microscopy (TEM) was conducted using a FEI 

Tecnai G2 F20 ST FE-TEM. Secondary ion mass spectrometry (SIMS) for film 

composition and depth profiling was performed using a custom-modified CAMECA 

IMS 4f ion microprobe. 

5.4 Results and discussion 

5.4.1 TiN film growth and TiO2 formation 

Figure 5.1 shows the XRD -2 patterns for the oxidized TiN films as a function 

of oxidation time, i.e., 1 min, 2 min, and 5 min. In addition to the Si substrate peaks, a 

distinct strong peak is observed for TiN (002) in all three films, indicating that the TiN 

films have grown highly textured along Si (001). A comparison of the TiN (002) peak 

for the three samples shows a systematic reduction in peak intensity with increasing 
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oxidation time. This suggests that the TiN layer has become progressively thinner with 

increasing oxidation time, there is an oxidized region above the TiN film that has 

become thicker with increasing oxidation time, or both. Additional small peaks have 

been observed corresponding to anatase TiO2 (denoted as “A”) in the sample oxidized 

for 1 min and rutile TiO2 (denoted as “R”) in the 2 min and 5 min samples, suggesting 

that the oxide formed is of polycrystalline quality. 

 

 

FIG. 5.1 XRD patterns for the samples oxidized for (a) 1 min, (b) 2 min, and (c) 5 min. 

The Si substrate peaks are denoted as “*”, while peaks corresponding to rutile TiO2 and 

anatase TiO2 are denoted as “R” and “A”, respectively. 
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5.4.2 Microstructure characterization 

Figures 5.2 (a)-(c) show the cross-section TEM images for all three samples. The 

low magnification images confirm that in all three films, the top section of the TiN layer 

has been oxidized, resulting in thicker oxide and thinner nitride layers with increasing 

oxidation time. The thickness of the oxide layer is 85 nm, 120 nm, and 210 nm for the 

samples oxidized for 1 min, 2 min, and 5 min, respectively, while the remaining TiN 

layer thickness is 152 nm, 95 nm, and 62 nm, respectively. Figure 5.2 (d) is the high 

resolution image of the interface between the oxide and nitride layers for the sample 

oxidized for 5 min. The TiN region, at the bottom of the image, shows an obvious 

epitaxial lattice structure. The TiOx region, at the top of the image, shows polycrystalline 

nature. An obvious transition region is observed between the oxide and nitride regions, 

of about 15 to 20 nm thick, is of near amorphous quality. The samples oxidized for 1 and 

2 minutes showed a similar transition region of similar thickness between the oxide and 

nitride regions.  
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FIG. 5.2 Cross-section TEM images of the samples oxidized for (a) 1 min, (b) 2 min, 

and (c) 5 min. (d) High resolution image of the interface between the oxide and nitride 

regions for the sample oxidized for 5 min. 
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5.4.3 Film composition and depth profiling 

To investigate the composition of the oxide layer and of the transition region 

between the oxide and nitride regions, a detailed SIMS depth profile study was 

conducted using both positive and negative secondary ions (SI). Figures 5.3 (a)-(c) show 

the SIMS profiles for the samples oxidized for 1 min, 2 min, and 5 min. The ion mass is 

given in the superscript preceding the element name, while the “+” or “-” in the 

superscript following it denotes the charge of the emitted ion. The SI intensities in the 

profiles reflect the qualitative film composition and the ionization probabilities of the 

emitted ions. To determine the film stoichiometry in the oxidized TiN region, the 

relative intensities between the 16O+ and the 50Ti+ profiles were compared to those of a 

reference stoichiometric TiO2 film. As shown in Table 1 below, it was found that in all 

three samples, the oxidized TiN regions are near stoichiometric TiO2 with a possibility 

of slight oxygen deficiency if considering instrument errors. 
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Table 5.1 Film composition/stoichiometry calculated from relative 16O+ and 50Ti+ 

intensities in the oxidized TiN region, based on comparison to a reference TiO2 film. 

 

Sample 
16O+ 

(counts/sec) 

50Ti+ 

(counts/sec) 

16O+/50Ti+ 

(counts/sec) 

Ti : O 

stoichiometry 

TiO2 reference 552 5540 0.0996  

1 min 501 5040 0.0995 1 : 2.00 

2 min 346 3502 0.0988 1 : 1.99 

5 min 399 4026 0.0990 1 : 1.99 

 

 

Figure 5.3 (a) shows the SI profiles for the sample oxidized for 1 min. In the 

positive mode, once stabilized, the 16O+ and the 50Ti+ intensities are steady throughout 

the oxide region until the interface between the oxide and the nitride, where the 

intensities quickly drop. Significantly lower intensities have been observed for both the 

16O+ and the 50Ti+ in the nitride region; for the case of 50Ti+ it is due to a lower ionization 

probability in the TiN region, and, for the case of 16O+, it is most likely due to some 

unavoidable oxygen and/or organic contamination of the same mass. Both profiles drop 

off sharply after the interface between the TiN and Si. In the negative mode, the 14N– 

profile shows an increase in intensity by one order of magnitude in the TiN regions 

relative to the background intensity, corresponding to the TiN thickness. It may be noted 

that the profile slopes of the 48Ti– and 14N– profiles are more gradual as compared to 

those of 50Ti+ and 16O+. It appears that the 48Ti– and 14N– profiles have gone some 
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apparent depth into the Si substrate, while the 50Ti+ and 16O+ profiles drop off more 

quickly. This is due to the knock-on effect where atoms from the outer layers are 

knocked deeper into the film and subsequently into the substrate due to the significantly 

higher primary Cs+ ion beam energy of 14.5 keV in the negative mode relative to 5.5 

keV in the positive mode. The most interesting observation is at the 48Ti– profile just 

before the interface between the oxide and nitride regions, where a noticeable peak at the 

interface (highlighted in the figure) shows an increase in the ionization probability of the 

emitted Ti atoms. This peak shows an obvious increase in the intensity that is not 

observed in any of the other profiles. This oxygen deficient layer is approximately 20 nm 

thick, which is in agreement with the observation made in TEM in Figure 5.2 (d). 

Similar profiles have been observed in the samples oxidized for 2 min and 5 min in 

Figures 5.3 (b) and (c), respectively, with a small peak in the 48Ti- profile just before the 

interface between the oxide and nitride regions. 
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FIG. 5.3 SIMS profiles for the samples oxidized for (a) 1 min, (b) 2 min, and (c) 5 min. 

The ion mass is given in the superscript preceding the element name, while the “+” or “-

” in the superscript following it denotes the charge of the emitted ion. The primary ion 

beam consisted 13 nA Cs+ ions at 5.5 keV for the positive mode and 14.5 keV for the 

negative mode. 
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FIG. 5.3 Continued.  
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FIG. 5.3 Continued.  

 

5.4.4 Electrical characterization 

Figure 5.4 (a) and (b) show the I-V characteristics of all three samples in the 

linear and log scale, respectively. It is noted that all three films show characteristics 

typical of bipolar non-filamentary resistive switching84. A positive (SET) voltage 

switches the device from the high resistance state (HRS) to the low resistance state 

(LRS), while a negative (RESET) voltage switches the device back to the HRS. The 

diode-like current behavior at the positive and negative biases can be attributed to the 
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work functions of the top and bottom electrodes200 or to the thermodynamic reactions at 

the oxide/electrode interface77. The magnitude of, both, the LRS and HRS state currents 

decreases as a function of increasing oxidation time, while the SET / RESET voltages 

increase as 2.8 V / -1.4 V, 3.3 V / -2.5 V, and 3.9 V / 3 V, for the 1 min, 2 min and 5 min 

samples, respectively. The resistance of the LRS and HRS differs by an order of 

magnitude for the films oxidized for 1 min and by almost two orders of magnitude for 

the films oxidized for 2 and 5 min. Most importantly, none of the samples show any 

need for the preliminary electroforming step or forming voltage. Shown in Fig. 5.4 (c), is 

the HRS and LRS retention data for all three samples up to a time of 105 s. All three 

samples show consistent retention of the HRS and LRS. The 2 min oxidized sample 

shows the best results based on the long term retention HRS/LRS ratio. 
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FIG. 5.4 I-V hysteresis curves for all samples plotted on the (a) linear scale and (b) 

logarithmic scale. All samples display bipolar resistive switching and all films are 

forming-free. (c) HRS and LRS retention data for all three samples. 
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5.4.5 Discussion 

We believe that the elimination of the need for the forming voltage is because of 

the presence of the oxygen deficient layer. It has been demonstrated that an amorphous 

30 nm thick oxygen deficient layer serves as a source of oxygen vacancies, while the 

switching occurs primarily in the amorphous 5 nm thick stoichiometric/insulating 

region.80 A previous study on the resistive switching in a plasma oxidized TiN film 

showed the formation of an amorphous 4 nm TiO2-x layer with an amorphous ~26 nm 

TiNxOy layer at the interface between the oxide and nitride regions, with an 

electroforming step required to initiate the switching process.201 In both cases, the 

SET/RESET voltages were lower (~ ±1 V). In our case the thickness of the oxide layer is 

~10 times greater and higher SET/RESET voltages (~ ±3 V) are observed, while the 

current is on a similar order of magnitude. This indicates that though our polycrystalline 

films are considerably thicker, a similar electric field strength is required, and the 

presence of grain boundaries provides paths for oxygen vacancy diffusion and current 

conduction. While the plasma oxidized thin film still required a forming voltage, it was 

avoided in our case, in spite of a far greater film thickness. 

From the results presented, it is apparent that having a double layer film 

consisting of an oxygen deficient TiO2-x layer and a near stoichiometric TiO2 layer can 

eliminate the need for the electroforming step. In addition, the resistive switching and 

current conduction can be further impacted by the crystalline quality of the film. To 

further this study, the crystalline quality of the TiO2 layer can be varied along with that 
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of the oxygen deficient layer.  It is also possible that the SET/RESET voltages could be 

reduced for thinner films. For this purpose, future work on thinner films can be 

conducted by this unique growth and thermal oxidation combined method by better 

controlling the combination of annealing temperature, oxygen ambient conditions, and 

oxidation times.  

5.5 Conclusions 

We have successfully demonstrated forming-free resistive switching in TiO2 

films fabricated by in situ thermal oxidation of thick epitaxial TiN films for three 

different oxidation periods. In all cases, a near stoichiometric polycrystalline TiO2 layer 

is formed, whose thickness increases as the oxidation time increases. A 20 nm thick 

oxygen deficient layer is formed at the interface between the oxide and nitride region 

that acts as a source of oxygen vacancies. All three samples are of polycrystalline quality 

that presents conduction paths along grain boundaries, thus all samples show forming-

free bipolar resistive switching, regardless of oxide film thickness.  
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CHAPTER VI 

GROWTH AND CHARACTERIZATION OF VERTICALLY ALIGNED 

NANOCOMPOSITES OF BARIUM TITANATE AND ZINC OXIDE 

 

6.1 Overview 

 Vertically aligned nanocomposite films of BaTiO3-ZnO have been deposited on 

SrTiO3 substrates and SrTiO3/TiN buffered Si substrates by pulsed laser deposition. X-

ray diffraction and transmission electron microscopy characterization show that the films 

consist of distinct (00l) oriented BaTiO3 and (112̅0) oriented ZnO phases. Polarization 

hysteresis measurements show that the films are ferroelectric at room temperature and 

show some evidence of resistive switching. The properties of the films grown on Si 

substrates are comparable to those grown on SrTiO3. Energy dispersive X-ray 

spectroscopy measurements show that the Ba/Ti cation stoichiometry can be tuned by 

controlling the laser fluence and the oxygen partial pressure during deposition, which 

can directly impact the ferroelectric response. This work is the first demonstration of an 

epitaxial vertically aligned nanocomposite film of BaTiO3 and ZnO. 
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6.2 Introduction 

 There has been a growing interest in heterostructures based on BaTiO3 (BTO), a 

ferroelectric perovskite insulating semiconductor, and ZnO, a wide-bandgap 

piezoelectric wurtzite semiconductor.202-208 In bilayer BTO/ZnO structures, the 

interfacial charge coupling between the electrically reversible spontaneous polarization 

in BTO and the permanent spontaneous polarization and a piezoelectric polarization in 

ZnO biases the ferroelectric switching in BTO.202 Additionally, trapped charges at the 

BTO/ZnO interface create a space-charge layer, resulting in an asymmetric charge 

distribution and giving rise to an internal electric field that further influences the 

switching characteristics.203 For multilayer structures, this coupling of the polarization 

can occur at multiple interfaces.202,205 Metal-ferroelectric insulator-semiconductor 

devices based on BTO/ZnO bilayer structures show permanent on/off switching with 

on/off current ratios as high as 106.208 Resistive switching devices based on BTO/ZnO 

displayed resistive hysteresis at negative voltage biases, which disappeared at 

temperatures beyond the BTO Curie temperature of 125 oC, indicating that the hysteresis 

was related to the ferroelectric polarization.207 It would thus be of interest to investigate 

the effects of vertical coupling of BTO and ZnO on their electrical and optical 

properties.  

Vertically aligned nanocomposite (VAN) systems are an emergent class of self-

assembled thin film architectures consisting of two immiscible phases, which show 

periodic vertical growth of alternating nanoscale heteroepitaxial domains. The unique 
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architecture of these structures, owing to their high surface area to volume ratio, allows 

for very precise tuning of their mechanical, electronic, and magnetic properties through 

vertical strain. This gives rise to interesting interfacial coupling of those properties for 

advanced functionalities in a variety of applications like solid oxide fuel cells, 

ferroelectrics, spintronic devices, multiferroics, electrically tunable dielectrics, and 

superconductors.108,110,111,113-115 Moreover, by careful selection of buffer layers, it is 

possible to integrate these VAN systems onto Si substrates, rather than the typically used 

single crystal oxide substrates like SrTiO3, LaAlO3, and MgO.112,118 However, to date, 

there have been no reports of BTO and ZnO grown in a VAN architecture. In this study, 

we report the deposition and characterization of BTO-ZnO VAN films on STO 

substrates and STO/TiN buffered Si substrates, with emphasis on film growth. 

6.3 Experimental 

All films were deposited in a vacuum chamber with a base pressure of 

approximately 10-7 Torr at a temperature of 700 oC by pulsed laser deposition (PLD) 

using a Lambda Physik Compex Pro 205 KrF excimer laser ( = 248 nm). The TiN and 

STO targets used for PLD were hot-pressed stoichiometric TiN and STO, respectively, 

purchased from Plasmaterials, Inc. The BTO-ZnO (1:1 molar ratio) and SrRuO3 (SRO) 

targets were custom made from powders purchased from Alfa Aesar. The substrates used 

for deposition were STO (001) and Si (001) purchased from MTI Corporation and 

Desert Silicon, Inc., respectively. The Si substrates were subjected to a 5 min buffered 

oxide etch to strip the native oxide prior to loading in the vacuum chamber. The TiN 
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seed layer was deposited under vacuum at a pulse rate of 10 Hz. The STO buffer and 

SRO bottom electrode were deposited at a pulse rate of 5 Hz and at an oxygen partial 

pressure of 40 mTorr. The pulse rate for the BTO-ZnO films was 5 Hz, while the laser 

fluence was varied from 1.31 J/cm2 to 0.66 J/cm2, and the oxygen partial pressure was 

varied from 100 mTorr to vacuum. The films were annealed immediately following the 

deposition at a temperature of 500 oC for 30 mins and an oxygen partial pressure of 500 

Torr. 100 nm thick Au top contacts of 0.1 mm2 area, were deposited on the BTO-ZnO 

film surface in a custom-built magnetron sputtering system using a 99.99% pure Au 

sputter target from Williams Advanced Materials.  

X-ray diffraction (XRD) spectra were measured using a PANalytical Empyrean 2 

diffractometer. Transmission electron microscopy (TEM), scanning tunneling electron 

microscopy (STEM), and electron diffraction images were acquired using a FEI Tecnai 

G2 F20 ST FE-TEM. Ferroelectric polarization-electric field hysteresis (P-E) 

measurements were performed using a TF Analyzer 1000 with leakage current 

compensation from aixACCT Systems GmbH. Current-voltage (I-V) measurements 

were conducted using an Agilent E4980A Precision LCR meter. Energy dispersive x-ray 

spectroscopy (EDS) measurements were acquired on a JEOL JSM-7500F scanning 

electron microscope equipped with an Oxford EDS system. 
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6.4 Results and discussion 

6.4.1 Formation of a two phase structure 

First, a detailed microstructural characterization was conducted on the BTO-ZnO 

films grown directly on single crystalline STO substrates to verify that a two-phase 

structure could be achieved. Figure 6.1 shows the XRD spectra of the BTO-ZnO samples 

deposited at an oxygen partial pressure of 40 mTorr, and a laser fluence of (a) 1.31 

J/cm2, (b) 1.05 J/cm2, (c) 0.9 J/cm2, (d) 0.82 J/cm2, (e) 0.66 J/cm2, and (f) 0.56 J/cm2. In 

Figure 6.1 (a), the film deposited at 1.31 J/cm2 shows clear peaks for BTO (00l), but no 

peaks associated with ZnO. The film grown at a fluence of 1.05 J/cm2 in Figure 6.1 (b), 

shows clear peaks for BTO (00l) and a distinct peak for wurtzite ZnO (112̅0) suggesting 

that both phases have grown epitaxially. In Figures 6.1 (c) and (d), the intensity of the 

ZnO (112̅0) peak decreases with decreasing laser fluence, and completely disappears in 

Figures 1 (e) and (f). Moreover, in Figures 6.1 (d)-(f) a small peak appears, 

corresponding to either ZnTiO3 (021) or an intermediate phase of BTO and ZnO, which 

is undesirable. Comparing the ZnO and BTO peak intensities, the highest ratio was 

obtained for the sample deposited at a laser fluence of 1.05 J/cm2, which was selected for 

further depositions. 
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FIG. 6.1 Comparison of the XRD -2 scans for BTO-ZnO films deposited at 40 mTorr 

as a function of laser fluence. 
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6.4.2 Microstructure characterization on STO and Si 

Following the deposition of BTO-ZnO films directly on STO, a second set of 

films was deposited on STO and STO/TiN buffered Si substrates at a laser fluence of 

1.05 J/cm2 and an oxygen partial pressure of 40 mTorr with a 15 nm thick SRO layer to 

serve as the bottom electrode for electrical measurements. The XRD pattern for the film 

grown on STO in Figure 6.2 (a), shows distinct peaks for BTO (00l) and ZnO (112̅0), as 

previously observed in Figure 6.1 (b). Since the XRD patterns were obtained after Au 

top contacts had been deposited, some peaks associated with polycrystalline Au are also 

observed. The inset in Figure 6.2 (a) shows the -scans for the BTO and ZnO relative to 

the STO substrate. Comparing the -scans of the STO (110), BTO (110), and ZnO 

(101̅0) planes, the four peaks for the BTO phase overlap exactly with the four sharp 

peaks for the STO substrate, indicating that the BTO phase has grown in cube-on-cube 

form on the STO substrate. There are four ZnO peaks that are offset from the STO peaks 

by 45o, indicating that the ZnO phase has two in-plane orientations, ±45o, relative to the 

STO substrate. There appear to be two variations within each of the two orientations of 

the ZnO; each of the four ZnO (101̅0) peaks have two sub-peaks at 40o and 50o
, 

indicating there is a ±5o deviation from the exact 45o. The in-plane orientation again       

a 
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shows that the BTO and ZnO have grown as two distinct phases and that there is no 

obvious intermixing between the two phases. The out-of-plane matching relationship is 

determined to be (001)BTO║(112̅0)ZnO║(001)STO, while the in-plane relationships are 

found to be (110)BTO║(0001)ZnO║(110)STO and (1̅10)BTO║(0001)ZnO║(1̅10)STO, 

respectively. Similarly, for the BTO-ZnO film grown on STO/TiN buffered Si in Figure 

6.2 (b), distinct peaks are observed for BTO (00l) and wurtzite ZnO (112̅0). A small 

peak corresponding to BTO (110) is also observed, indicating that the BTO phase is 

highly textured rather epitaxial and that the film quality is not as good as the film grown 

on the STO substrate. This is most likely due to a poorer quality of the STO buffer layer 

as compared to the single crystal STO substrate. The -scans of the Si (110), STO (110), 

BTO (110), and ZnO (101̅0) planes, in the inset in Figure 6.2 (b), show cube-on-cube 

growth for BTO and STO relative to the Si. The ZnO shows two orientations at ±45o 

relative to the Si, as well as a ±5o deviation from the 45o, as observed in the films grown 

on STO.  
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FIG. 6.2 (a) XRD -2 scan of the for BTO-ZnO films grown on STO (“*” = 

substrate/background peak). The inset shows the -scans of the BTO (101) and ZnO 

(101̅0) planes relative to the STO (101) planes. (b) XRD -2 scan of the for BTO-ZnO 

films grown on STO/TiN buffered Si (“*” = substrate/background peak). The inset 

shows the -scans of the BTO (101), STO (101), and ZnO (101̅0) planes relative to the 

Si (101) planes. 
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Figures 6.3 (a)-(d) show the TEM images of the BTO-ZnO films grown on STO 

substrates at a laser fluence of 1.05 J/cm2 and an oxygen partial pressure of 40 mTorr. 

The low magnification cross-section TEM image is shown in Figure 6.3 (a), with the 

inset for the corresponding SAED pattern. The 280 nm thick BTO-ZnO layer obvious 

columnar growth and the SRO bottom electrode is 17 nm thick. The distinct diffraction 

dots from all the film layers in the SAED pattern confirm the high quality epitaxial 

growth of the VAN films. The high resolution TEM image in Figure 6.3 (b) shows 

vertical columns with thicker BTO columns of 20-40 nm and narrower ZnO columns of 

3-10 nm. Figure 6.3 (c) shows the plan-view STEM image of the sample in high angle 

annular dark-field mode (Z-contrast image, where the image contrast is proportional to 

Z1.7). The BTO-ZnO film shows distinct domains of the BTO (lighter contrast) and ZnO 

(darker contrast) phases, confirming the column dimensions of both phases, i.e. 20-40 

nm for the BTO and 3-10 nm for the ZnO. It is apparent that the ZnO phase is confined 

to the interfaces between adjacent BTO columns, especially at the junction between 3-4 

a  
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BTO columns. As observed in the -scans, the smaller ZnO domains have two 

orientations in-plane, ±45o. The high resolution plan-view TEM image in Figure 6.3 (d), 

again shows that the columns are epitaxial. The TEM images for the films grown on 

STO/TiN buffered Si substrates are shown in Figure 6.3 (e)-(f). The cross-section TEM 

image in Figure 6.3 (e) shows the interface between the BTO-ZnO film, the buffer 

layers, and the Si substrate; the SAED pattern is shown in the inset. The column widths 

for the BTO and ZnO are similar to those observed in the films grown on STO. The 

buffer layer thicknesses are 11 nm for the TiN and 40 nm for the STO, while the SRO 

bottom electrode is 17 nm thick. The TiN, STO, and SRO have epitaxial growth with 

sharp interfaces and no intermixing, except for a thin (3-4 nm) layer of SiOx formed at 

the TiN/Si interface most likely during the deposition or substrate heating prior to 

deposition. Figure 6.3 (f) shows that the interface between adjacent BTO and ZnO 

columns is sharp, while the columns themselves are highly epitaxial. 
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FIG. 6.3 TEM micrographs for BTO-ZnO films grown on (a)-(d) STO and (e)-(f) 

STO/TiN buffered Si substrates. (a) Low-resolution cross-section image of showing the 

BTO-ZnO film grown on STO with the inset showing the corresponding SAED pattern; 

(b) high-resolution image  showing vertically aligned nanocolumns of BTO and ZnO; (c) 

plan-view dark-field STEM image showing the larger BTO nanocolumns (“B”, ligther 

contrast) and smaller ZnO nanocolumns (“Z”, darker contrast); (d) high-resolution plan-

view image showing a ZnO column between several larger BTO columns. e) Low-

resolution cross-section image of showing the BTO-ZnO film grown on Si with the inset 

showing the corresponding SAED pattern and (f) high resolution image showing the 

interface between vertically aligned nanocolumns of BTO and ZnO. 
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6.4.3 Electrical characterization on STO and Si 

Figure 6.4 presents a comparison study of the electrical properties measured for 

the BTO-ZnO films grown on STO and STO/TiN buffered Si at a laser fluence of 1.05 

J/cm2 and an oxygen partial pressure of 40 mTorr. In Figure 6.4 (a) the leakage current 

for the samples on both substrates is comparable, though fairly high. More importantly, 

it is interesting to observe that both samples display resistive switching. Figure 6.4 (b) 

shows the polarization hysteresis loop measured on the samples at 1 kHz at room 

temperature. Both samples show a weak ferroelectric response, which is similar for both 

samples, indicating that the films on both substrates are of similar quality. The 

ferroelectric response is lower than that of reports of pure BTO deposited on STO and 

Si, however, the films are ferroelectric at room temperature. 

 

 

FIG. 6.4 (a) Leakage current and (b) polarization hysteresis measurements on BTO-ZnO 

films deposited on STO and STO/TiN buffered Si substrates. 
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6.4.4 Effect of oxygen partial pressure 

A third set of samples was deposited on STO substrates with an SRO bottom 

electrode to investigate the effect of the oxygen partial pressure during deposition. The 

oxygen partial pressure was varied as 100 mTorr, 40 mTorr, 5 mTorr, and vacuum 

during the deposition. The post deposition anneal was eliminated. Shown in Figure 6.5 is 

a summary of the electrical properties for the BTO-ZnO films as function of oxygen 

partial pressure during deposition. The films deposited under vacuum were very leaky, 

so those data are not included in this report. Figure 6.5 (a) shows the leakage current for 

all three samples. The 40 mTorr sample, shows some evidence of resistive switching, as 

observed in Figure 6.4 (a). However, this behavior is absent from the 100 mTorr and 5 

mTorr samples. In Figure 6.5 (b), the polarization hysteresis results measured at 1 kHz 

show a clear trend as a function of oxygen partial pressure. The 5 mTorr sample shows 

the best hysteresis loop, followed by the 40 mTorr sample, and then the 100 mTorr 

sample. This indicates that the ferroelectric response is optimal for low oxygen partial 

pressures, it decreases with an increase in the oxygen partial pressure, and is not 

measureable for vacuum deposition conditions. Moreover, it also shows that it is 

possible to improve the ferroelectric response of the BTO-ZnO system by tuning the 

deposition parameters. 
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FIG. 6.5 (a) Leakage current and (b) polarization hysteresis measurements on BTO-ZnO 

films deposited on STO substrates as a function of oxygen partial pressure. 

 

The results presented above indicate that laser fluence and oxygen partial 

pressure are important parameters that strongly influence the growth and quality of the 

BTO-ZnO films. To verify the effect of the laser fluence and oxygen partial pressure on 

the cation stoichiometry of BTO in the BTO-ZnO samples investigated thus far, a 

composition analysis was performed by EDS, the results of which are summarized in 

Figure 6.6. Due to possible measurement errors, this data must be considered 

qualitatively rather than quantitatively. The change in the Ba/Ti atomic ratio as a 

function of laser fluence (at an oxygen partial pressure of 40 mTorr) is shown in Figure 

6.6 (a). There is an obvious trend of a decrease in the Ba/Ti ratio with increasing laser 

fluence, with the exception of the data point at 0.82 J/cm2, which is most likely an 

outlier. In Figure 6.6 (b), the variation of the Ba/Ti ratio due to the oxygen partial 

pressure (at a laser fluence of 1.05 J/cm2) shows a decrease in the Ba/Ti ratio with 
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increasing oxygen pressure. This also matches the result in Figure 6.5 (b) that shows a 

decrease in the ferroelectric response with increasing oxygen pressure.  

 

 

FIG. 6.6 The variation of the Ba/Ti cation stoichiometry in the BTO-ZnO films as a 

function of (a) laser fluence at an oxygen partial pressure of 40 mTorr and (b) oxygen 

partial pressure during deposition at a laser fluence of 1.05 J/cm2. 

 

6.4.5 Discussion  

It has been demonstrated that the properties of BTO films deposited by PLD are 

modulated by their deposition parameters, especially the laser fluence and oxygen partial 

pressure, both of which affect the kinetic energy of the ablated species.62-65,209-211 Since 

our system includes ZnO as a second phase, the dynamics of the ablated species during 

deposition is more complex. The relationship between the Ba/Ti ratio to the laser 
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fluence, observed in Figure 6.6 (a) is in agreement with a previous study on the 

dependence of the Ba/Ti ratio on the laser fluence, in which it was observed that low 

laser fluences resulted in Ba-rich films and higher laser fluences produced stoichiometric 

BTO films which had the optimal ferroelectric response.62 The oxygen partial pressure 

was kept constant at 20 mTorr. Regarding the effect of oxygen pressure, however, there 

are mixed opinions in published literature. One study reported ideal stoichiometry in 

films deposited at low pressures less than 7.5 mTorr, Ti deficiency in films deposited in 

the intermediate range of 7.5-75 mTorr, and Ba deficiency at pressures higher than 75 

mTorr.63 Conversely, another study found that oxygen pressures greater than 75 mTorr 

yielded Ti-deficient films.64 The ideal Ba/Ti stoichiometry was achieved at oxygen 

pressures in the range of 15-75 mTorr.64 In a more recent work, it was reported that 

BaTiO3 films are Ba-rich at a low oxygen pressure of 5 mTorr, stoichiometric at 40 

mTorr, and Ti-rich at higher pressures,65 a trend which is also observed in Figure 6.6 (b). 

All three groups used a laser fluence of 2 J/cm2. 

Tuning the deposition parameters could also modulate the stoichiometry between 

the BTO and ZnO phases. To expand on this work, a more detailed study must be 

performed to include the ZnO phase. The ferroelectric response could be improved by 

varying the BTO-ZnO composition, in addition to the deposition parameters to optimize 

the VAN structure. The piezoelectric and optical properties of the structure must also be 

investigated; due to the piezoelectric and optoelectronic nature of ZnO, some unique 

functionalities could be realized, that would ultimately be incorporated into Si-based 

devices. 
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6.5 Conclusions 

We have successfully demonstrated, for the first time, a two-phase VAN film 

consisting of epitaxial and highly textured BTO and ZnO STO and STO/TiN buffered Si 

substrates, respectively. Electrical characterization shows that the films grown on both 

substrates exhibit similar properties and, more importantly, that they are ferroelectric at 

room temperature. The ferroelectric response can be improved by tuning the oxygen 

pressure during deposition. Composition analysis shows that both the laser fluence and 

the oxygen partial pressure can modulate the Ba/Ti cation stoichiometry which, in turn, 

impacts the ferroelectric properties. This study is a preliminary step in incorporating 

ferroelectric semiconductor materials with optically active piezoelectric semiconductors 

in a VAN architecture, paving the way for the realization of novel functionalities that 

can be integrated on Si. 
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CHAPTER VII 

DIFFUSION BARRIER PROPERTIES OF NITRIDE FILMS ON FUEL 

CLADDING* 

 

7.1 Overview 

 In this work, titanium nitride (TiN) and zirconium nitride (ZrN) coatings are 

proposed as diffusion barriers between stainless steel nuclear fuel cladding and 

lanthanide fission products. TiN and ZrN have been coated as barrier materials between 

pure Fe and Ce, i.e. diffusion couples of Fe/TiN/Ce and Fe/ZrN/Ce, annealed up to a 

temperature of 600 oC, and compared to the diffusion behavior of uncoated Fe/Ce. 

Backscattered electron images and energy dispersive X-ray spectroscopy measurements 

confirm that, with a 500 nm TiN or ZrN layer, no obvious diffusion is observed between 

Fe and Ce. Basic diffusion characteristics of the Fe/Ce couple have also been measured 

and compared with the TiN and ZrN coated ones. These preliminary results strongly 

advocate that TiN and ZrN coatings may be feasible as diffusion barriers against Ce and 

possibly other lanthanide fission products.  

*This chapter is reprinted with permission from “Diffusion barrier properties of 

nitride-based coatings on fuel cladding” by F F. Khatkhatay, J. Jian, L. Jiao, Q. Su, J. 

Gan, J. I. Cole, and H. Y. Wang, Journal of Alloys and Compounds, 580, 442 

(2013).Copyright © 2013 by Elsevier. 
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7.2 Introduction 

 The progress of advanced nuclear reactors, including molten salt, fast burner, 

supercritical water, and high temperature reactors, relies heavily on the development of 

fuel cladding technologies212,213 that isolate the fuel from the coolant in the reactor core. 

Currently, ferritic and martensitic stainless steels are being considered as fuel cladding 

materials for many of these reactors, designed for coolant operating temperatures less 

than 600 oC in the reactor core.212,213 A phenomenon that threatens the integrity of the 

cladding, called fuel-cladding chemical interaction (FCCI), occurs at elevated 

temperatures due to the swelling of the metallic fuel and its contact with the cladding 

surface under irradiation. In addition, lanthanide fission products migrating to the 

interface between the fuel and the cladding also contribute to this phenomenon. FCCI 

can result in eutectic melting and phase formation, thinning of the cladding (termed 

wastage), and lowered mechanical stability of the structure.213-215 The implementation of 

a diffusion barrier (or a liner), on the cladding surface in contact with the fuel, could 

help mitigate FCCI.214,216 For such a diffusion barrier to be successful, it should tolerate 

high radiation doses and temperatures, resist interaction with both the cladding and the 

fuel, and have a good thermal conductivity.214,217  

TiN, a refractory metal nitride ceramic, is a promising candidate as a diffusion 

barrier. It has high melting temperature, excellent exhibited ion-irradiation tolerance, 

high thermal conductivity, and high hardness.131,133,135,136  TiN thin films have increased 

resistance to erosion and corrosion and have found numerous industrial applications.191 
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In addition, TiN has been demonstrated as an excellent diffusion barrier against copper 

diffusion into silicon substrates, and has been used extensively in the integrated circuit 

fabrication industry.192 Our previous study on TiN based coatings on stainless steel 

shows that they have superior mechanical stability,216 e.g., no delamination, cracking, or 

obvious change in hardness was observed between as-deposited and thermal-cycle tested 

samples; no adhesive or cohesive failure occurred when the samples were scratch tested, 

which indicates that the films had good adhesion to the substrates. Chemical vapor 

deposition (CVD) of diamond on pure Fe, a 25 nm thick layer of TiN was shown to 

prevent carbon diffusion into the Fe substrates, but no mention was made about the 

diffusion of carbon or Fe into the TiN layer.218,219 In another study, TiN coatings, formed 

by CVD, on nickel-containing cemented carbide substrates, showed that some nickel 

was incorporated into the TiN film; this occurrence was attributed to either gas phase 

nickel compounds in the reaction zone, liquid phase nickel that seeped between the TiN 

nuclei, or nickel diffusion into the TiN grains.220 A ZrN, also a refractory nitride, has 

melting temperature, thermal conductivity, and hardness properties similar to those of 

TiN 133. Moreover, ZrN has very low neutron absorption and zirconium based alloys are 

currently used as fuel cladding in commercial nuclear power plants 221. A 500 nm ZrN 

layer has been shown to prevent diffusion between palladium, a platinum group metal, 

and stainless steel.222 However some Fe diffused into the ZrN,222 and therefore TiN is 

expected to perform better than ZrN. 

However, to date, there is no report on the diffusion barrier properties of TiN or 

ZrN against lanthanide fission products that form in irradiated metallic fuels. In our 
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previous study, no obvious diffusion was found between HT-9, a martensitic stainless 

steel cladding material, and Ce, a representative lanthanide, using a thin TiN barrier.216 

A concern remains that the diffusion of Ce in stainless steel could be difficult and 

therefore no obvious diffusion was observed. For this reason, a baseline of an Fe/Ce 

diffusion couple was selected for this study. The baseline Fe/Ce diffusion couple has 

been previously studied with clear diffusion observed at temperatures ranging from 425 

oC to 785 oC.223,224 In this work, TiN and ZrN, each 500 nm in thickness, have been 

independently deposited between the Fe and Ce to compare the diffusion interaction of 

the coated Fe/Ce couple to that of the baseline Fe/Ce diffusion couple. 

7.3 Experimental 

 500 nm thick TiN and ZrN films were deposited on 1 mm thick Fe bars by pulsed 

laser deposition (PLD) using a Lambda Physik Compex Pro 205 KrF excimer laser ( = 

248 nm). The TiN and ZrN targets used for PLD were hot-pressed stoichiometric TiN 

and ZrN, purchased from Plasma Materials, Inc. The Fe substrates (99.99 % in purity, 

Alfa Aesar) were cut into 0.25 inch × 0.125 inch pieces and polished prior to deposition. 

The deposition details are provided elsewhere.216 The Ce sheets were 99.9 % in purity 

(American Elements, Inc.) preserved in mineral oil to prevent oxidation. The Ce sheets 

were thoroughly cleaned to remove any surface contamination and cut to match the size 

of the Fe substrates.  The diffusion couples were assembled by sandwiching the Ce sheet 

between two Fe samples, one bare and the other coated, in a custom-made stainless steel 
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clamp, shown in Figure 7.1. The assembly process was conducted in a glove box to 

avoid oxidation and contamination. 

 

 

FIG. 7.1 (a) Diffusion couple sandwich in stainless steel clamp; (b) higher magnification 

of region highlighted in (a) clearly showing the TiN-coated-Fe bar, Ce sheet, and the 

bare Fe bar. 

 

The diffusion couples were annealed in a high vacuum quartz tube furnace 

(Barnstead/Thermolyne F21135). The annealing temperatures were varied as 500 oC, 

550 oC, 575 oC, and 600 oC, with a ramp rate of 10 oC/min at a pressure of 10-6 Torr. The 

annealing time was controlled at either 12 h or 24 h. After annealing, the sample was 

polished to expose the cross-section of the coated Fe / Ce / bare Fe sandwich and to 

ensure a smooth surface.  Backscattered electron (BSE) images and energy dispersive X-
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ray spectroscopy (EDS) measurements were conducted using a JEOL JSM-7500F 

scanning electron microscope (SEM) equipped with an Oxford EDS system.   

7.4 Results and discussion 

7.4.1 Bare Fe/Ce interface 

 Figure 7.2 shows the cross-section SEM/BSE images of the interface of the bare 

Fe/Ce couples annealed at different temperatures and durations. In Figure 7.2 (a) the 

BSE image for the Fe/Ce couple after annealing at 500 oC for 24 h shows that there is 

obvious diffusion on both sides of the interface and it is difficult to identify the exact 

location of the Fe/Ce interface. Figure 7.2 (b), (c), and (d) are the BSE images of the 

bare Fe/Ce interface annealed at 550 oC for 24h, 550 oC for 12 h, and 575 oC for 12 h, 

respectively. As in the 500 oC 24 h case, all the images show that there is evident 

diffusion across both sides of the interface. As the temperature and time increase, the 

diffusion depth correspondingly increases. The bare Fe/Ce couple annealed at 600 oC 

had severe interdiffusion and melting, due to which the diffusion depths could not be 

reasonably determined on either side of the interface. This is believed to have occurred 

due to the eutectic point at Fe0.836Ce0.164 and 592 oC in the Fe/Ce phase diagram.225 

Therefore, the bare Fe/Ce diffusion data for the 600 oC annealing has been excluded 

from the following discussion. It may be noted in all the BSE images, that there are 

microstructural features as well as black particles apparent on the surface of the sample 

that are more prominent on the Ce side of the diffusion couple rather than the Fe side. 
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They are the result of polishing residue that became embedded in the relatively soft Ce, 

as well as unavoidable oxidation of the Ce surface once the cross-section was exposed. 

 

 

FIG. 7.2 Cross-section of the bare Fe/Ce interface for different annealing conditions: (a) 

500 oC for 24 h, (b) 550 oC for 24 h, (c) 550 oC for 12 h, and (d) 575 oC for 12 h. 
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7.4.2 TiN-coated Fe/Ce interface 

 Contrary to the case of the bare Fe/Ce diffusion couples in Figure 7.2, the 

SEM/BSE images of the annealed TiN-coated Fe/Ce interface in Figure 7.3 show that 

there is no obvious diffusion across the interface in the presence of the 500 nm thick TiN 

layer under all the temperatures and durations tested. In Figure 7.3 (a), the interface of 

the couple annealed at 500 oC for 24 h shows that there is no evidence of diffusion. The 

dark contrast of the TiN layer is clearly visible between the lighter contrast of the Fe and 

considerably lighter contrast of the Ce. Figure 7.3 (b), (c), and (d) are the BSE images of 

the couples annealed at 550 oC for 24 h, 575 oC for 12 h, and 600 oC for 24 h, 

respectively. All images show that there is no obvious diffusion across the Fe/TiN/Ce 

interface. As shown in the higher magnification inset in Figure 7.3(d), the interface is 

still clean and abrupt after annealing at 600 oC for 24 h. 

7.4.3 ZrN-coated Fe/Ce interface 

 Figure 7.4 shows the cross-section SEM/BSE images of the Fe/Ce interface with 

the ZrN coating, annealed at different temperatures and durations. Figure 7.4 (a), (b), 

and (c) are the BSE images for the Fe/ZrN/Ce diffusion couple after annealing at 500 oC 

for 24 h, 550 oC for 24 h,  575 oC for 12 h, and 600 oC for 24 h, respectively. The inset in 

Figure 7.4 (d) shows the interface at a higher magnification. The intermediate contrast of 

the ZrN is clearly visible between the dark contrast of Fe and the considerably lighter 

contrast of Ce. Similar to the case of the TiN-coated Fe/Ce interface in Figure 7.3, all the 
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images show that there is no obvious diffusion across the Fe/ZrN/Ce interface, even after 

annealing for 600 oC for 24 h.  

 

 

FIG. 7.3 Cross-section of the TiN-coated Fe/Ce interface for different annealing 

conditions: (a) 500 oC for 24 h, (b) 550 oC for 24 h, (c) 575 oC for 12 h, and (d) 600 oC 

for 24 h with the inset showing a clean and sharp interface at higher magnification. 
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FIG. 7.4 Cross-section of the ZrN-coated Fe/Ce interface for different annealing 

conditions: (a) 500 oC for 24 h, (b) 550 oC for 24 h, (c) 575 oC for 12 h, and (d) 600 oC 

for 24 h with the inset showing a clean and sharp interface at higher magnification. 

 

7.4.4 Characterization of the Fe/Ce interdiffusion behavior 

The diffusion depths on both sides of the interface for the Fe side of the diffusion 

couple sandwich were measured for the 550 oC and 575 oC samples. Since the location 

of the interface for the 500 oC sample could not be determined, the diffusion lengths for 
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Fe in Ce and Ce in Fe were estimated based on its total interdiffusion length and the 

ratios of the diffusion lengths of Fe in Ce vs. Ce in Fe for the 550 oC and 575 oC 

samples. The corresponding diffusion coefficients were calculated using Equation 7-1.   

 𝑥 =  √2𝐷𝑡         (7-1) 

where x is the diffusion length, D is the diffusion coefficient, and t is the total annealing 

time.226 Table 7.1 lists the diffusion lengths and corresponding calculated diffusion 

coefficients. The tabulated values are averages of 33 measured lengths for each 

combination of time and temperature. 

 

Table 7.1 Measured diffusion lengths and calculated diffusion coefficients for the bare 

Fe side of the diffusion couples 

 
  Ce in Fe Fe in Ce 

Anneal 

Time 
Temp 

LCe in Fe 

(m) 
StDev 

DCe in Fe 

(cm2/s) 
StDev 

LFe in Ce 

(m) 
StDev 

DFe in Ce 

(cm2/s) 
StDev 

24 h 500 oC 1.86 0.09 2.01E-13 0.20E-13 12.03 0.60 8.37E-12 0.84E-12 

24 h 550 oC 3.60 0.18 7.48E-13 0.75E-13 11.45 0.57 7.59E-12 0.76E-12 

12 h 550 oC 2.69 0.14 8.38E-13 0.84E-13 8.82 0.44 8.99E-12 0.90E-12 

12 h 575 oC 4.59 0.23 2.43E-12 0.24E-13 10.81 0.54 1.35E-11 0.14E-11 
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The calculated diffusion coefficients from Table 7.1 were compared to those 

found in published literature and plotted in Figure 7.5 (a). Overall, the experimental data 

is in agreement with the published data.223 The experimental data was fit to an Arrhenius 

relationship given by Equation 7-2. 

 𝐷 =  𝐷0  ×  𝑒𝑥𝑝 (
−𝐸𝑎

𝑘𝑇
)       (7-2) 

where D is the diffusion coefficient, D0 is the diffusivity, Ea is the activation energy, k is 

Boltzmann’s constant, and T is the absolute temperature. The diffusion coefficient and 

activation energy were calculated from the above data, shown in Fig. 7.5 (b), and listed 

in Table 7.2. 

 

Table 7.2 Calculated activation energy and diffusivity for Ce in Fe and Fe in Ce 

 

 Ce in Fe Fe in Ce 

Activation Energy, Ea (eV) 1.79 0.270 

Std. Dev. of Ea (eV) 1E-15 1E-16 

Diffusivity, D0 (cm2/s) 0.082 4.39E-10 

Std. Dev. of D0 (cm2/s) 8.2E-3 4.39E-11 
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FIG. 7.5 (a) Comparison of calculated diffusion coefficients from this work (solid 

symbols) with those found in published literature (open symbols); (b) plot of calculated 

values of diffusivity and activation energy. 
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So far, very limited work has been published on the interdiffusion behavior of the 

Fe / Ce system. For example, a radio-isotope tracer diffusion study, which monitored the 

diffusion of Fe isotopes deposited on Ce,224 was conducted in the temperature range 

higher than the reported eutectic temperature of 592 oC,225 and no data is below that 

temperature was reported. Therefore, a large diffusion coefficient of 0.017 ± 0.005 cm2/s 

was reported for Fe in Ce, much larger than our results. Additionally, the annealing 

times were exceedingly short (300 s to 600 s), and radio-isotope tracers of Fe rather than 

naturally abundant metallic Fe were used as the diffusing species. However, the reported 

Ea value of 0.516 ± 0.022 eV for Fe diffusion in Ce is close to our findings.224 The other 

study on the 425 oC Fe/Ce diffusion couple223 shows that the diffusion coefficients are 

within the same range as our calculations. However, their diffusion coefficient calculated 

for Ce in Fe (2.6E-12 cm2/s) was higher than that of Fe in Ce (8.4E-13 cm2/s), which is 

the opposite of what we observe. This could be related to different methods in 

considering reference points for the measurement of diffusion lengths. Moreover, the 

study was performed at only one temperature, 425 oC,223 so no Ea or D0 was reported, 

and it is not possible to ascertain whether the trend of DCe in Fe > DFe in Ce holds for a wider 

temperature range. 

7.4.5 EDS characterization 

 To verify that TiN and ZrN are indeed effective as diffusion barriers, EDS 

measurements were conducted across the interface of the Fe/Ce diffusion couples with 

and without the coating.  Figure 7.6 compares the EDS spectrum of the bare Fe/Ce 
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interface annealed at 550 oC for 12 h with the spectra of TiN-coated Fe/Ce interface and 

the ZrN-coated Fe/Ce interface annealed at 600 oC for 24 h. Figure 7.6 (a) shows the 

result of the EDS line scan across the bare Fe / Ce interface. Its corresponding BSE 

image is shown in Figure 7.6 (b). The TiN coated Fe / Ce interface is shown in Figure 

7.6 (c) with its corresponding BSE image in Figure 7.6 (d).  The ZrN coated Fe / Ce 

interface is shown in Figure 7.6 (e) with its corresponding BSE image in Figure 7.6 (f).  

From the line scan it is evident that on the bare Fe side, the composition change is 

gradual and there is more Fe diffusion into Ce than vice versa. However, there is no 

indication of diffusion, of either Fe or Ce, to the other side of the interface on either the 

TiN coated or the ZrN coated Fe side of the couple, and the interface is clean and sharp 

based on how abruptly the composition profiles drop as the scanned beam crosses the 

interface. The traces of polishing residue mentioned earlier are also visible in the line 

scans as variations in the detection levels in the pure Fe and pure Ce regions. The Fe 

concentration spikes at approximately 7 m in Figure 7.6 (c) and 10 m in Figure 7.6 (e) 

are due to polishing residue embedded in the Ce. Similar spikes were noticed in most of 

the line scans at varying distances from the interface, but without any correlation to the 

annealing time or temperature. 
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FIG. 7.6 Result of the EDS line scan across the bare Fe / Ce interface and (b) its 

corresponding BSE image; (c) result of the EDS line scan across the TiN coated Fe / Ce 

interface and (d) its corresponding BSE image; (e) result of the EDS line scan across the 

ZrN coated Fe / Ce interface and (f) its corresponding BSE image. 
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FIG. 7.6 Continued.  

 

7.4.6 Discussion 

From the experimental results above, it is obvious that both, TiN and ZrN, serve as 

excellent diffusion barriers between Fe and Ce up to the maximum temperature tested in 

this study, 600 oC. To expand on this study, the film quality of the TiN and ZrN could be 

further optimized for different film thicknesses in terms of the film’s ability to 

effectively prevent any interaction between the Fe and Ce, so the minimum required film 

thickness might be determined. Longer annealing times must be tested as well, to 

investigate the long-term diffusion barrier characteristics of TiN and ZrN. On the other 

hand, there are other potential candidate diffusion barriers, such as tantalum nitride and 

aluminum nitride, which could have diffusion barrier properties comparable to those of 

TiN and ZrN. Additionally, future experiments should also consider a wider temperature 



 

173 

 

range and longer time periods for the Fe / Ce interdiffusion study for a more accurate Ea 

and D0 calculation. 

7.5 Conclusions 

 We have successfully demonstrated the effectiveness of TiN and ZrN thin films 

as diffusion barriers between Fe and Ce up to the temperature required for technical 

applications  (higher temperatures might be desired for Fe-based oxide dispersion 

strengthened alloys), and no obvious diffusion was observed in any of the diffusion 

couples with a nitride coating. We have also conducted a baseline study of the diffusion 

interaction between Fe and Ce, and the activation energy and diffusivity are calculated to 

be 1.79 eV and 0.082 cm2/s respectively for Ce in Fe and 0.27 eV and 4.39E-10 cm2/s 

respectively for Fe in Ce. This study provides strong evidence that TiN and ZrN coatings 

provide reliable diffusion barrier characteristics against Ce and possibly other lanthanide 

fission products. 
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CHAPTER VIII 

SUMMARY AND FUTURE WORK 

 

 In this dissertation, we have investigated property enhancement in prospective 

materials for next-generation memory devices based on the ferroelectric and resistive 

switching phenomena. First, we employed the novel two-phase VAN structure for 

property enhancement in oxide films. For ferroelectric devices, we have incorporated 

ferroelectric BaTiO3 with CeO2 in a VAN structure to improve its Curie temperature 

while maintaining its ferroelectric properties on SrTiO3 substrates. We have replicated 

the BaTiO3-CeO2 system on Si using an optimized SrTiO3/TiN double buffer layer to 

realize similar results on Si. Next, we have demonstrated a simple resistive switching 

device by in situ oxidation of TiN on Si substrates, which is forming-free due to the 

presence of an oxygen deficient layer near the interface between the oxide and nitride 

regions. Furthermore, we have successfully grown a VAN system of BaTiO3-ZnO on 

SrTiO3 and SrTiO3/TiN buffered Si. The ferroelectric properties of the films can be 

improved by tuning the deposition conditions. Although further work is required to 

optimize the film properties, this is the first demonstration of an epitaxial VAN system 

of BaTiO3 and ZnO. Finally, we have demonstrated that, in addition to being an 

excellent buffer layer for integration of functional oxides on Si, TiN can also be 

successfully implemented as a diffusion barrier in extreme environments. 

 We have shown how a vertically aligned structure can improve the ferroelectric 

properties in BaTiO3 and that the formation of an oxygen deficient region in oxidized 
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TiN has helped to enhance its resistive switching properties. The next step could be to 

combine these two findings to study the effects of a VAN structure in resistive switching 

devices. Future work includes investigation on: (1) the effects of vertical interfaces and 

vertical strain on the resistive switching properties of the material; (2) the relationship, if 

any, between the ferroelectric and resistive switching properties; and (3) the effects of 

deposition conditions on the microstructure and stoichiometry of the individual phases in 

the VAN systems. 
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