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Abstract 

 

Creating new materials that exhibit enhanced or novel behaviors is essential to meet the 

technological challenges we face today. Complex oxides are perfect candidates to overcome these 

challenges due to the range of electronic, optical, and ionic properties they exhibit. The research 

presented here, mainly focuses on overcoming two important challenges in oxide electronics. First, 

the ability of epitaxially growing multifunctional oxides on conventional semiconductor substrates 

and second, the successful integration of multifunctional oxide properties on semiconductors 

Oxide molecular beam epitaxy was utilized to grow transition metal oxides with unprecedented 

control, layer-by-layer, at the atomic scale. Such control of growth enables oxides differing in 

chemical composition and functionality to be epitaxially combined in artificial heterostructures. 

By manipulating the composition and functionality, artificial heterostructures can potentially be 

designed to exhibit enhanced or new behaviors not found in bulk compounds. In this regard, the 

work presented here consists of three individual research projects in which each project has tried 

to integrate some of the functionalities of transition metal oxides into semiconductors for possible 

future device applications.   

1. Project one: Band gap engineering at a crystalline oxide-semiconductor interface.  

• M.J. Moghadam et. al. Advanced Materials Interfaces, 2, 140049, (2015).  

Project two: Superconducting YBa2Cu3O7-δ grown epitaxially on SrTiO3 buffered Si (001). 

• K Ahmadi-Majlan et. al. Journal Bulletin of Materials Science, 41, 23, (2018).  
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Project three: Tuning the metal-insulator transition in LaTiO3/SrTiO3 heterostructures 

integrated on Si (001). 

• Kamyar Ahmadi-Majlan et. al. Applied Physics Letters, 112, 193104, (2018).  

Band-gap engineering at a semiconductors -crystalline oxide interface. 

Complex oxide materials exhibit a wide range of properties such as magnetism, 

superconductivity, ferroelectricity and multiferroicity that are needed to create new functionalit ies  

and to address various challenges in energy harvesting and microelectronics. One way of creating 

new materials is to combine materials that exhibit dissimilar behaviors and try to electrically 

couple them. Oxides and semiconductors are two classes of materials with different properties. 

Combining them electrically may make it possible to create functionalities that cannot be realized 

in either material alone. In this regard, the main objective of the first part of this thesis is to achieve 

novel material functionalities by electrically coupling multifunctional oxides on to conventional 

semiconductors. Principles of band gap engineering were applied to change the band offset from 

Type-II to Type-I to create an electrical platform in which the conduction (valence) band of 

semiconductors is below (above) the conduction (valence) band of oxide. The system that we have 

explored is a solid solution of SrZrxTi1-xO3 on a Ge substrate.  

Various structural characterization techniques such as: X-ray diffraction measurements and 

scanning transmission electron microscopy confirm an atomically abrupt and structurally coherent 

interface between SrZrxTi1-xO3 and Ge. Moreover, electrical characterizations like, current-voltage 

and capacitance-voltage measurements indicate that Type-I band offset has been achieved. Finally, 

X-ray photoemission spectroscopy was used to measure the band offset between the epitaxial 

oxides grown on Ge substrate.  
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Superconducting epitaxial YBa2Cu3O7-δ on SrTiO3 buffered Si (001) 

The changes in technology along with the increased demand for effective electronic devices 

has prompted researchers to search for novel materials having new properties with the intention of 

creating faster and more reliable technologies.  It has been indicated that the complex transition 

metal oxides exhibit exotic properties and are thus regarded as a likely choice for future electronic 

applications. Properties such as ferroelectricity, magnetism and superconductivity can be 

integrated into oxide-semiconductor heterostructures for device applications like microelectronic, 

sensing and energy harvesting technologies.   

One of the most interesting and technologically relevant properties of complex transition metal 

oxides is superconductivity in which transition metal oxides exhibit zero resistance below a 

transition temperature. In the second part of the thesis, the effect of a single crystalline SrTiO3 

buffer layer on the transport properties of YBa2Cu3O7-δ grown epitaxially on silicon was 

investigated. Single crystalline SrTiO3 grown epitaxially on silicon using oxide molecular beam 

epitaxy is proven to be a reliable platform to integrate superconducting YBa2Cu3O7-δ films. The 

stability of SrTiO3 on silicon under ambient conditions without any protective layer makes it an 

ideal candidate to be used as platform for other deposition techniques like sputtering, which 

enables growth of YBa2Cu3O7-δ on a larger size wafer. The single crystalline YBa2Cu3O7-δ grown 

on SrTiO3 buffered silicon exhibits higher Tc (93 K) as confirmed by transport measurement.  

Tuning metal-insulator behavior in LaTiO3/SrTiO3 heterostructures integrated 

directly on Si (100) through control of atomic layer thickness.  

Transition metal oxides that exhibit strongly correlated phenomena are of great interest due 

to their unique properties such as strong electron-electron correlation, high carrier density, 

superconductivity and magnetism which can be utilized in new electronic devices. The ability of 
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growing oxide heterostructures with atomic level precision utilizing oxide molecular beam epitaxy 

enables us to introduce strong electron-electron correlation phenomena at the interface through 

varying the thickness of oxide layers and manipulating the electronic stability of heterostructures. 

In the fourth chapter of this thesis, electrical and structural characterization of metal-insulator 

behavior in oxide heterostructures integrated directly on silicon were demonstrated. 

The heterostructures that we have explored consist of a wide band gap insulating SrTiO3 

and Mott insulator LaTiO3 epitaxially grown on un-doped Si (001). Scanning transmission electron 

microscopy images confirm atomically abrupt and coherent interface in the heterostructures in 

which reducing the thicknesses of the SrTiO3 layer sandwiched between LaTiO3 and silicon results 

in a metal insulator transition through enhancement of carrier-carrier scattering. The metallic side 

of the transition can be explained by Fermi-Liquid behavior and the insulating behavior can be 

described by activated transport. According to the data presented in this document, the metal-

insulator transition observed in LaTiO3/SrTiO3 heterostructure is consistent with the transition 

through filling control mechanism.   
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Chapter1 

 Introduction 
Multifunctional oxides on semiconductors 

 

 

1.1 Introduction  
 

Multi-functional oxides exhibit exotic properties such as ferroelectricity, superconductivity , 

metal-insulator transition, higher dielectric constant (high-k materials) and magnetism which can 

be utilized in electronic device applications [1,2], hence growing these oxides on conventional 

semiconductors are of great importance. To date, there have been extensive and active research on 

studying the properties of multifunctional oxides and the possibility of integrating their properties 

for electronic and microelectronic technologies. 

Many of these oxides have already been synthesized and utilized at industrial levels. For 

instance, one of the interesting phenomena that observed in some multifunctional oxides is 

ferroelectricity in which electric polarization in these compounds can be reversed by changing the 

external electric field. PbTiO3, BaTiO3 and PbZrTiO3 are among the known ferroelectric oxides 

with various applications in micromechanical systems and none volatile memory devices [1,2]. 

Thin film ferroelectric devices exhibit the lowest power consumption that make them ideal 

candidates for future dynamic random memory devices (DRAMs) or electrically erasable 

programmable read only memory flash drives (EEPROM) [1,2].  
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Superconductivity is another puzzling phenomenon that happens in some transition metal 

oxides like YBa2Cu3O7 whereby a material loses all its resistivity below a certain critical 

temperature known as the transition temperature (Tc). This high temperature superconductivity can 

be utilized in many devices applications such as infrared sensors or superconducting quantum 

interface devices (SQUIDS) [3,4]. 

 Another interesting property of multifunctional oxides like lanthanum titanate or vanadium 

oxide is the metal-insulator transition due to the strong correlation effect [5]. Their resistivity can 

be changed with the help of internal or external parameters like magnetic/electric field, pressure 

or strain. These types of oxides known as “Mott insulators” are ideal candidates for ultra-fast 

ON/OFF switch devices like MottFETs [6].   

It is important to note that, changing chemical compositions and structural modulations even 

at the atomic levels have a profound effect on many properties of multifunctional oxides. For many 

practical applications, integrating these properties on technologically relevant platforms only 

possible through epitaxial growth of these oxides on semiconductor substrates. Therefore, one of 

the key factors in integrating some of the properties of oxides onto semiconductors for 

enhancements in device functionality is achieving a high-quality interface between multifunctiona l 

oxide layer and the substrate [7-13].  

Advances in deposition techniques enabled us to achieve atomic-level control of 

heteroepitaxial growth of oxides on semiconductors, despite challenges involved in heteroepitaxial 

growth, such as the lattice or thermal mismatch, and the dissimilar nature of chemical bonding 

between semiconductors and oxides across the interface, [15-18]. The monolithic integration of 
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oxides on semiconductors with atomically sharp and coherent interface was made possible after 

the successful growth of epitaxial SrTiO3 on Si (001) substrate by McKee et. al. [14]. 

 The successful growth of epitaxial oxides on semiconductors and the ability of integrating 

their properties create an opportunity for many device applications such as logic technology, 

memory applications, energy harvesting [19-28]. Additionally, since many of these oxides are 

sensitive to temperature or pressure variations, strain gradient and magnetic field, they are very 

useful for sensor technologies [29-33].  

 

1.2 Research Objectives and Motivations 
 

The main goals of this work can be summarized in answering two fundamental questions: 

 1) Can multifunctional oxides be successfully grown on conventional semiconductors 

such as silicon or germanium?  

 2) Will these oxides retain their properties when epitaxially grown on semiconductors?  

Here in this thesis, we have intentionally studied the integration of three different classes of 

multifunctional oxides that exhibit various properties such as high dielectric, superconductivity 

and strongly correlated phenomena on traditional semiconductor substrates in form of three 

individual projects:  

1. Electrically coupling multifunctional oxide on conventional semiconductor platform using 

band gap engineering. 

2. Utilizing oxide molecular beam epitaxy to integrate superconductivity of single crystalline 

YBa2Cu3O7 on the most technologically relevant platform (silicon). 

3. Structurally couple transition metal oxides that exhibit strongly correlated phenomena with 

the silicon substrate through controlling the atomic thickness. 
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Over the next four chapters, some of the advanced deposition and characterization methods 

such as molecular beam epitaxy, pulsed laser deposition, X-ray diffraction, X-ray photoemission 

spectroscopy, transmission electron microscopy, scanning transmission electron microscopy, 

atomic force microscopy, physical property measurement system, reflected high energy electron 

diffraction, X-ray synchrotron have been utilized to demonstrate the ability of epitaxially growing 

these three oxides on semiconductors while maintaining their properties.   

 

1.3 Dissertation Overview 
 

This document consists of five chapters. The following is an outline and summary of each chapter 

presented in this document:  

Chapter 1, “Introduction” : This chapter introduces the main motivations and challenges in 

growing multifunctional oxides on semiconductors in general, as well as providing a brief 

introduction to the basic physics of transition metal oxides and some specification of oxide 

molecular beam epitaxy system. 

Chapter 2, “Electrically coupling multifunctional oxides on semiconductors”: This chapter 

gives detailed information about principles of band gap engineering to tune the band offset 

between oxide and semiconductors as well as the ability of integrating electrical properties of 

multifunctional oxides (SZTO) on Ge substrate utilizing oxide molecular beam epitaxy system. 

Later in this chapter, various structural as well as electrical characterization techniques will be 

discussed in detail to better understand the process behind creating an electrical platform to 

integrate electrical properties of oxides on semiconductors.  
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Chapter 3, “Superconducting YBa2Cu3O7 integrated on SrTiO3 buffered silicon”: In this 

chapter, the growth process and the ability of growing single crystalline YBa2Cu3O7 on the silicon 

will be discussed. Previous studies have shown that growing YBa2Cu3O7 on silicon was very 

challenging mainly because of inter-diffusion and formation of polycrystalline phase. Here MBE 

and pulsed laser deposition were used to grow single crystalline SrTiO3 as a buffer layer to 

integrate superconductive YBa2Cu3O7 on silicon. Later, transport measurements confirm that our 

approach resulted in achieving the highest reported transition temperature among YBa2Cu3O7 films 

grown directly on silicon so far. 

Chapter 4, “Tuning metal-insulator transition in strongly correlated oxide directly grown on 

silicon”: Here, we have used several experimental and theoretical approaches to investigate the 

ability of tuning the metal-insulator transition through changing the thickness of heterostructures 

in which the metallic side of the transition can be explained by Fermi-liquid behavior and the 

insulating side can be perfectly fitted to the activation transport.  

Chapter 5, “Conclusion and Outlook”: Findings throughout the thesis regarding integrating 

multifunctional oxide properties on semiconductors are summarized in this chapter and some of 

the possible routes to continue studying these systems are proposed.  
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1.4 Literature Review 
 

 1.4.1 Integration of Multifunctional Oxides on Semiconductors 

 
 

Semiconductors are a group of materials that are insulators in their nature but adding small 

amounts of impurities known as dopants make them electrically conductive. The dopant can be 

added into the semiconductor crystal unit-cell; the number of outer electrons determine the dopant 

type in which in case of Si or Ge, elements with 3-valence electrons are p-type dopants and 5-

valence elements are n-dopants. In general, semiconductors can be classified into six main 

categories: elemental semiconductors such as Si or Ge, binary semiconductors like GaAs or GaN, 

oxides semiconductors such as BaTiO3 and SrTiO3 , layered semiconductors, organic and magnetic 

semiconductors [34].  

Silicon and germanium are the most studied semiconductors due to their role in electronic 

devices like transistors (only silicon) and sensors. Both belong to a group IV of the periodic table 

and have diamond crystal structure in which each atom forms covalent bonds with its four 

surrounding neighbors as shown in Figure 1.1.  

 

 

 

 

 

 

Figure 1.1: Diamond cubic crystal structure [S. Kittel. Introduction to solid state physics. Wiley 1968]. 
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Aside from the abundance of silicon in nature, silicon has an energy band gap of 1.12eV at 

0 K which makes it a stable element particularly in semiconductor technologies. In addition, 

doping ability of silicon (or germanium) [~ 2x1021 atom.cm-3] due to its face center cubic crystal 

structure with 34% APF (atomic packing factor) makes it an ideal element for substitution of 

impurity atoms [34].  

Even though many studies have been carried out on silicon or germanium as substrates, but 

as briefly mentioned above, interesting behavior that can be used for device applications usually 

occur in the thin films deposited on top of the substrate or at the interface. One of the most 

interesting compounds that can be grown as thin films on semiconducting substrates with 

interesting interface physics is transition metal oxides that will be discussed in detail over the 

following sections and chapters.  

 

 

 

1.4.2 Transition Metal Oxides 
 

Transition metal oxides, exhibiting variety of interesting electronic properties such as 

ferromagnetism, higher carrier densities, superconductivity, metal-insulator transition and many 

other exotic behaviors due to presence of strong electron-electron correlation [33]. However, 

understanding the physics behind the correlated phenomena still remains one of the greatest 

challenges of solid state physics and oxide electronics.  

 

 

 



- 8 - 
 

 

1.4.3 Perovskites 
 

Perovskite oxides are among the most important classes of transition metal oxides due to 

their unique properties and crystal structures [35]. The perovskites have ABO3 chemical 

composition and cubic crystal structure where corner atoms are the A-sites and transition metals 

are in the center of the cube surrounded by oxygen atoms as shown in Figure 1.2 (a). According 

to the Goldschmidt calculations, perovskite can almost accommodate all the element of the 

periodic table due to its high tolerance factor (t) [36]. In an ideal case where the tolerance factor is 

one (t =1) the perovskite has the cubic structure whereas by increasing the size of the A-site cations 

or generally decreasing the tolerance factor, the perovskite will be distorted which result in a 

formation of orthorhombic crystal structure. Other crystal structures of perovskite are also existed 

in nature depending on the size of the ions forming the crystal like BaTiO3 that has tetragonal 

perovskite structures [37].  

 

Prior to study the properties of these oxides, it is important to briefly discuss some of the 

fundamental physics behind the transition metal oxides (d-orbital systems).  There are four key 

parameters involve in determining the electrical properties of transition metal oxides in general 

and perovskites in particular. 1)Band width and orbital hybridizations, 2) Crystal field splitting, 3) 

Hund’s coupling and 4) electron-electron interactions which will be discussed in the following 

sections. 
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1.4.4 Orbital Hybridizations and Bandwidth in Perovskites 
 

Crystal distortion has a profound effect on orbital overlapping and electronic behaviors of 

perovskites. As shown in Figure 1.2(a) in a cubic perovskite crystal structure, oxygen atoms 

(occupying p-orbitals) are located in an octahedral cage surrounding the transition metal 

(occupying d-orbitals) situated in a center of the cube [38]. Hence, hopping electrons from one 

metal site to the neighboring one will be resulted in a p-d orbital over lapping. This p-d orbital 

overlap is called “hybridizations” which is the origin of many interesting phenomena that seen in 

transition metal oxides [13].  Generally, the size and shape of the d-orbitals are smaller than s and 

p ones which give raise to relativity narrower bandwidth. In principle, the size of the bandwidth 

can be determined from the overlap of two adjacent neighboring transition metals in the crystal 

[39]. In an ideal perovskite with tolerance factor equal to one like SrTiO3, the oxygen-titanium-

oxygen bonds are in a straight line with maximum orbital overlapping whereas in a distorted 

perovskite the bond angles between the oxygen and transition metals are smaller which reduce the 

p-d orbital overlapping and alter the electronic properties as shown in Figure 1.2 (b). 

 

 

 

 

 

 

 

 

 

Figure 1.2: (a)Two perovskite crystals showing O-Ti-O bonds (b) Ideal perovskite p-d orbitals, (c) 

distorted p-d orbitals.  

 



- 10 - 
 

 

1.4.5 Crystal field splitting in perovskites 

 

Another important parameter in determining the electronic behavior of transition metal 

oxides is the crystal splitting due to strong electron correlation. In order to understand some of the 

very important properties of transition metal oxides, one must consider the effect of neighboring 

atoms (negative point charge) on the behavior of d-orbital of transition metals. One of the most 

successful theories that explain the effect of negative charge (ligands) on the energy of d-orbital 

electrons of a transition metal ion is the crystal field theory [40]. According to crystal field theory, 

d-orbitals in transition metal oxides split into higher energy orbitals known as eg and lower energy 

ones called t2g. Following the symmetry rules in d-orbitals, eg orbitals consist of dz
2 and dx

2
-y

2 

where as t2g orbitals consist of dxy , dyz and dxz orbitals as shown in Figure 1.3(a).  

For the transition metals in the absence of any crystal fields, all the d-orbitals are 

degenerated which means they all have the same energy levels. However, in the presence of any 

other atoms such as oxygen in a cubic perovskite, some of the orbital lobes pointing directly toward 

the oxygen orbitals which resulted in a higher energy state (dz
2 and dx

2
-y

2) due to the stronger 

Coulomb repulsion force, whereas other orbitals pointing in different directions having lower 

energy state (t2g) [41]. The energy difference between the higher energy eg orbitals and the lower 

t2g is called the crystal field splitting (Δ). The crystal field splitting energy depends on the position 

as well as symmetry of surrounding negative charges [42].  
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Figure 1.3: (Left)The d-orbital with different orientation of eg and t2g sets. (Right) Crystal field 

splitting [Adapted from A. Biswas et al. cond-mat arXiv:1508.04929 2015]. 

 

 

1.4.6 Hund’s Coupling in perovskites 
 

In addition to the crystal filed splitting, according to the Hund’s coupling rule the most 

favorable electronic configurations happen when electrons are further apart (minimizing the 

energy of the occupying states). In other words, electrons filling the energy states based on the 

orbital energy levels, meaning the lowest energy orbitals fill first and then remaining electrons 

filling higher energy orbitals. 

 Hund's rule states that: in order to maximize the total spins of electrons, every orbital in a 

sublevel is first singly occupied having the same spin. Generally, Atoms at ground states prefer to 

have as many unpaired electrons as possible because electrons want to reduce repulsion force by 

filling their own orbitals, instead of sharing an orbital with another electron, therefore, electrons 

tend to occupy degenerate orbitals first, prior to start pairing half-filled orbitals. with the same 

energy [40]. 

 

https://arxiv.org/list/cond-mat/recent
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1.4.7 Strong electron correlation in perovskites  
 

Strong correlation is another important parameter that determines the electrical properties 

of perovskites. Prior to explain the strong correlation effect in oxides, it is important to briefly 

mention the history of theoretical attempts to explain electrical behavior of many transition metal 

oxides. The first successful approach to explain metallicity and insulating behavior in materials 

was based on non-interacting electrons known as band theory of solids, in which insulators are 

classified as materials with completely filled energy bands whereas metals are the ones with 

partially filled orbitals. Insulators with smaller energy gaps in which electrons can easily excite  

between conduction band and valence band were recognized as semiconductors as shown in Figure 

1.4 [43]. 

 

 

 

 

 

 

 

 

Figure 1.4 : The band theory of solids. 

However, despite its success in explaining many properties of solids, the band theory was 

unable to explain insulating (or metallic) behavior of many partially filled d-orbital systems. A 

perfect example was NiO with partially filled orbitals [43].  According to the band theory, NiO 

must show metallic behavior (partially filled electrons in conduction band) but instead exhibiting 

insulating behaviors. 
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 In order to unravel the strange behavior observed in transition metal oxides, Peierls and 

Mott pointed out the importance of electron-electron interactions in transport properties of solids 

which could explain insulating behavior seen in NiO. They have suggested: “it is quite possible 

that the electrostatic interaction between the electrons prevents them from moving at all. At low 

temperatures the majority of the electrons are in their proper places in the ions. The minority which 

have happened to cross the potential barrier find therefore all the other atoms occupied, and in 

order to get through the lattice have to spend a long time in ions already occupied by other electrons. 

This needs a considerable addition of energy and so is extremely improbable at low temperatures” 

[44]. Over the last decade scientist tried to understand how an insulator can become a metal and 

more importantly under what conditions metal to insulator transition occur in solids (partially filled 

d-orbitals).   

According to the Pauli exclusion principle, two electrons with the same quantum numbers  

cannot occupy the same energy state, but electrons with different quantum number (opposite spins) 

can still occupy the same energy state [43-45]. A few years later, Mott argued that: two electrons 

occupying the same energy state would experience Coulomb repulsion force. According to the 

laws of thermodynamics, system would minimize the repulsion force by splitting the bands into 

lower occupied state and higher empty state. Therefore, the lower band would be full and the 

system exhibiting insulating behavior. This type of insulators that the insulating behaviors arise 

from the band splitting due to Coulomb repulsion is known as Mott insulators [45].  

Strong Coulomb repulsions in transition metal oxides result in the emergence of 

phenomena such as metal-insulator transitions, high-temperature superconductivity, colossal 

magnetoresistance etc. [13].  
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This thesis, mainly focused on three different transition metal oxides with different 

electronic configurations; band insulator SrTiO3 with d0 electron configuration, Mott insulator 

LaTiO3 with d1 electron configuration and superconducting YBa2Cu3O7 with d9 configuration.  

 

1.4.8 Band Insulator SrTiO3 

 

One of the most famous perovskites is SrTiO3 with a lattice constant of a = 3.905 Å. In the 

cubic ABO3 crystal structure, Sr2+ ions occupying the corner of the cube while transition metal 

Ti4+ is located in the center of the cube surrounded by oxygen cage in a middle of the cube as 

shown in Figure 1.5[46,47].  

 

Figure 1.5: Crystal structure of perovskite SrTiO3 . 

 

 

Many d0 insulators are very sensitive to oxygen vacancies which can give rise to 

semiconducting behavior. According the band theory, the valence band of SrTiO3 completely filled 

and d-orbital is completely empty which give rise to insulating behavior as shown in Figure 1.6(a) 

[46,47].   
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Many of the interesting properties of SrTiO3 can be attributed to the nature of ionic -

covalent bonding in its crystal structure in which Ti+4 ion in a center of the cubic perovskite forms 

an equal titanium to oxygen bond. The SrTiO3 in stoichiometric form (Sr/Ti is 1:1) is an insulator 

with a wide band gap of 3.2 eV (at 0K) [48]. The electrical conductivity of SrTiO3 can be modified 

with the presence of oxygen vacancies dopants or extrinsic defects. Variation in the amount of Sr 

and oxygen atoms in the crystal have proven to be more effective in changing the SrTiO3 

conductivity than the Ti vacancies. [49].  

Recently, many studies have been performed on SrTiO3 due to its properties such as high 

charge capacity, high dielectric constant, optical transparency, excellent insulator and more 

importantly its ability to be epitaxially grown on many substrates. Moreover, many studies have 

also been carried out on the interface between SrTiO3 and RTiO3 oxides due to the formation of 2-

dimensional electron gas. The SrTiO3 has many applications in device technologies such as phase 

shifters, filters, tunable oscillators, wave guides etc. SrTiO3 can be epitaxially grown using various 

deposition techniques such as pulsed laser deposition and molecular beam epitaxy [50-54].  

The ability of tuning the conductivity of SrTiO3 as well as having a high-dielectric constant 

makes SrTiO3as a possible gate dielectric for future transistors such as MOSFETs and varistors 

[55,56]. Some of the physical properties of SrTiO3 is shown in Figure 1.6 (b).  
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Figure 1.6: (a)Insulating behavior of SrTiO3 due to empty d-orbital. (b) Physical properties of STO. 

 

 

 

1.4.9 Mott Insulator LaTiO3 

 

Another example of a transition metal oxide that exhibits strong Coulomb interactions is 

LaTiO3. The LaTiO3is a known Mott insulator with d1 electron configuration. According to the 

band theory, LaTiO3 is a metal with one unpaired electron in the d-orbital. However, due to strong 

electron correlation, a gap opens up between fully occupied oxygen p-orbitals and singly occupied 

d-orbitals as shown in Figure 1.7. This energy splitting between the upper and lower bands is the 

origin of insulating behavior observed the LaTiO3 [58]. There are three main parameters 

controlling the charge gap and metal-insulator behavior in Mott driven materials like LaTiO3: “U”, 

the hopping energy of electron moving from one site to another site, “µ”, the chemical potential 

or electron concentration and “t”, the band width.  

 

 

(a) (b) 
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  LaTiO3 crystallize in a form of distorted cubic perovskite with chemical formula of ABO3 

like SrTiO3. The La+3 ions occupy the corner of the cube whereas transition metals Ti+3 are located 

in a center surrounded by oxygen atoms.  The LaTiO3 is polarized in which La+3O-2 planes have 

+1. Recently, LaTiO3has attracted increasing attentions due to its unique properties such as metal-

insulator transition that can be attributed mainly to the strong electron-electron interaction [59]. 

 

 

 

Figure 1.7: Crystal field splitting for d-orbitals and unchanged p orbitals [Adopted from Q. Meng “Metal 

Insulator Transition” (2010)]. 

 

1.4.10 Superconducting YBa2Cu3O7 
 

The cuprate superconductor compounds consist of multi-layers of CuO2, alkaline oxide 

(AO) and transition metal oxides (MO2) that stack in different sequences. YBa2Cu3O7 is among 

the cuprate superconductors having perovskite crystal structure with a stacking sequence of CuO–

BaO–CuO2–Y– CuO2–BaO along the c-axis as shown in Figure 1.8. Oxygen content plays an 

important role in superconducting behavior of YBa2Cu3O7. Oxygen chains in YBa2Cu3O7 crystal 

structure can act as charge reservoirs in which electrons are transferred to the copper-oxygen 
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planes, hence, varying the amount of oxygen in the unit-cell can have a profound effect on physical 

properties, crystal structure (distortion) and even critical temperature [60].  

 

 

 

 

 

 

 

 

Figure 1.8: Crystal Structure of Superconducting YBa2Cu3O7−δ [B. Howe. Crystal structure of YBCO. 

Minnesota State University] 

 

Following the discussion above, cuprate superconductors with CuO2 planes like the 

YBa2Cu3O7 system are a perfect example of d-orbital splitting due to strong electron correlation.  

The Cu2+ atoms have a d9 electron configuration which classifies YBa2Cu3O7 as a heavy transition-

metal oxide with a strong hybridization between the d-orbitals and the oxygen p-orbitals [60]. In 

the cuprate systems, the unpaired electrons in Cu ions occupy the dx
2

-y
2 state near the filled oxygen 

2p-orbitals.  
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According to the band theory of solids, this electron configuration would give rise to a 

metallic behavior while strong electron-electron Coulomb repulsion causes a band splitting in 

order to lower the total energy state. This band splitting, due to strong electron interactions, result 

in an emergence of insulating behavior where energy bands are separated into higher and lower 

energy sub-bands known as upper Hubbard band (UHB) and lower Hubbard band (LHB) [61]. In 

the YBa2Cu3O7 system, the eg orbitals are strongly hybridized with the p-orbitals which means the 

p-orbitals located between the upper and lower Hubbard bands as illustrated in Figure 1.9 [62]. 

Many studies have performed over the years on the origin of superconductivity in cuprate system 

which is beyond the context of this thesis. All of the transition metal oxides that have been studied 

in this document are classified under perovskite crystal structure. Therefore, a brief introduction 

about perovskite is important for further discussions in the following chapters.  

 

Figure 1.9: The band splitting in CuO2 planes due to strong electron [Imada, et al. Rev. Mod. Phys., 

(1998)] 
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1.4.11 Challenges in Oxide-Semiconductor Heteroepitaxy  

 
One of the main challenges of integrating multi-functional oxides on to semiconductors is 

the crystal structure difference between perovskite (ABO3) like SrTiO3 and diamond cubic 

semiconductors like silicon or germanium. The lattice constant of Si along [110] direction is 

slightly smaller than the lattice constant of perovskite SrTiO3 which results in less than 2% 

compressive strain at the interface [66]. In order to accommodate the lattice mismatch between 

diamond cubic Si and perovskite SrTiO3 , the surface unit cell of silicon is rotated 45° as shown in 

Figure 1.10. This type of rotation is common in epitaxial growth of perovskites on diamond 

structure semiconductors [14,66].  

 

 

Figure 1.10:  Epitaxial matching of SrTiO3 and Si (001). [A. Demkov, Integration of multifunctional 

oxides with semiconductors, springer 2014] 

 

One of the other difficulties of successfully growing epitaxial films on semiconductors is 

the wetting parameter. According to thermodynamics, the sum of surface energies of the growing 

films (new surface) and the cost of creating new interface must be lower than the surface energy 

of the substrate [67]. 
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 Depending on the chemical bonding between the new surface and the underlying layers, 

epitaxial growth of a thin film on the substrate can create one of two types of new interfaces: homo-

epitaxy and hetero-epitaxy [68]. In homo-epitaxy, both the substrate and the film share the same 

crystal structure as well as the same chemical bonding, like growing semiconductor on 

semiconductor, therefore the interface energy is small and the lattice mismatch is minimal, 

consequently achieving the desirable wetting surface is relatively easy [69]. 

 However, in hetero-epitaxy, the substrate and the film are from different crystal structures 

and chemical bonding, like growing perovskite (ABO3) on top of a diamond cubic silicon [70-72]. 

Perovskites have ionic chemical bonding while silicon has covalent bonding which results in a 

higher surface energy costs. In order to reduce the raised surface energy, templates must be created 

at the perovskite/semiconductor interface to act as a wetting layer for subsequent layers. Many 

technological applications in device technologies such as superconductivity, ferromagnetism, 

ferroelectricity, energy harvesting, transistor technologies, etc. are the result of the hetero-epitaxial 

growth. In general, there are three modes of epitaxial growth [73]:   

1. Layer by layer growth or Frank-Vander Merwe growth. 

2. 3-D nucleation or Volmer-Weber growth. 

3. Mixed mode or Stranski-Krastanov growth. 

In Volmer-Weber mode, an initial monolayer form on a surface template and subsequent 

layers grow on top. When a thickness reaches a certain number of layers known as “critical 

thickness”, the lattice mismatch energy raises to the point that dislocations begin to form in order 

to lower the surface energy [74]. A perfect example of 2-dimensional growth is epitaxial growth 

of SrTiO3 on silicon [14]. In three-dimensional mode, as the name suggests, the initial nucleation 

forms on surface features such as atomic steps, impurities or crystal defects.  
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Surface nucleation on these active sites known as “islands” reduces the surface energy. In 

cases where the lattice mismatch is more than 2% the crystal growth mode tends to follow the 

Stranski-Krastanov mode in which the surface energy is lower than the strain energy. The mixed 

mode growth is very common in growing superconducting YBa2Cu3O7 films [74-76]. All different 

modes of growth are shown in Figure 1.11.  

 

 

 

 

 

 

 

 

Figure 1.11: Three main growth modes [M. Ohring, The Materials Science of thin Films, Academic Press 

(1992)]. 

 

 

In 1998, R. A. McKee, F. J. Walker, and M. F. Chisholm were able to successfully grow 

heteroepitaxial SrTiO3 on a silicon (001) substrate by molecular beam epitaxy chamber for the first 

time. In their approach, ½ monolayer of Sr metal was deposited on a clean silicon surface to form 

a 2x1 (reconstruction) template for subsequent layers. In fact, half a monolayer of Sr occupying 

positions among silicon dimer rows prevents the formation of a silicon oxide layer during the 

SrTiO3 growth. It is important to note that although SrTiO3 can be epitaxially grown on Si with 

different deposition techniques and process, but all rely on the initial ½ monolayer Sr template 

layer that is essential for depositing subsequent SrO and TiO2 layers [13]. 
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1.4.12 Oxide Molecular Beam Epitaxy (MBE) 
 

Professor H. Kroemer started his Nobel lecture by “Often, it may be said that the interface 

is the device”.  Many of the discoveries in semiconductor technologies are originated from physical 

phenomena happens in semiconductor interfaces. The introduction of interfaces into 

semiconductor and oxides materials produced variety of microelectronic devices exhibiting 

interesting physics.  

After the invention of transistors and later the ability of integrating materials with exotic 

properties on to semiconductors, electronic devices and microelectronic technologies were 

critically dependent on the ability of growing additional materials on top of semiconductors in 

order to integrate their properties into the substrate for device applications. Intensive experimental 

research have started over the last years to grow oxide/semiconductor heterostructures using 

various deposition techniques such as atomic layer deposition (ALD), pulse laser deposition (PLD), 

chemical vapor deposition (CVD) and molecular beam epitaxy (MBE) [77-81]. 

 However, integrating many of the properties of oxides into semiconductors proven to be 

very challenging, since the interface required to be abrupt, smooth and coherent. Oxide MBE 

chambers have been developed to grow high quality superconducting films and metal oxide 

semiconducting materials with a highly controlled oxygen background pressure. The ultra-high 

vacuum environment creates collision-free path for the evaporated beams of atoms. The key 

advantage of MBE in general, and oxide MBE in particular, is the ability of controlling the growth 

at the atomic level by turning the beams of atoms on and off instantly by opening or closing the 

shutters located between the evaporating cells and the substrate [82, 86]. Here, in this thesis, we 

have utilized custom built oxide molecular beam epitaxy to grow three different heterostructures 

on silicon, germanium and other single crystal oxide substrates with sharp and abrupt interface.  
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The work presented here was done using a custom-built oxide molecular beam epitaxy 

system located at the University of Texas at Arlington. Our MBE system is equipped with 

reflection high energy electron diffraction (RHEED) system and residual gas analyzer as in-situ 

monitoring equipment. The RHEED system is a very useful characterization technique to monitor 

the surface roughness and film quality. Shining a high energy beam of electrons in the range of 

10-35 keV with an incident angle of few degrees with respect to the substrate surface provides the 

diffraction pattern on the phosphorous plate as shown in Figure 1.12 [83]. Monitoring the RHEED 

during the growth can immediately show the changes in the growth conditions such as surface 

reconstructions, film quality, off stoichiometry, etc. [83].  Since the incident angle of electrons are 

very small and the penetration depth is only few monolayers makes RHEED a very useful 

technique for studying the surface morphology. 

 In the growth mechanism, atoms gradually fill the vacant sites and form layers which are 

associated with RHEED intensity oscillations [85]. Scattered electrons coming off the substrate 

surface have different intensities depending on the surface roughness which can be used to 

determine the growth rate [84]. The schematic of the MBE system equipped with the RHEED is 

shown in Figure 1.13 below. 

 

 

 

 

 

Figure 1.12: Reflected High Energy Electron Diffraction (RHEED) set up. [Braun, W. Reflection high 

energy electron diffraction during crystal growth. Springer, Berlin (1999)]. 
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Figure 1.13: (a) Schematic of the Veeco GEN10 MBE chamber. (b) Custom built oxide-MBE at UTA. 

 

 

1.5 Statement of originality 

 
  The three main research described in this thesis were collaborative in nature, hence I will 

summaries my role and contribution of others in research shown in chapter 2, 3 and 4. The STEM 

images shown in chapter 2 (Band gap engineering at crystalline oxide-semiconductor interface) 

were taken by X. Shen and D. Su from Center for Functional Nanomaterials Brookhaven National 

Laboratory. The band offset measurements and the reciprocal space mapping were performed by 

T. Droubay, S. A. Chamber and M. Bowden at Pacific Northwest National Laboratory. The XRD, 

CV and IV measurements were carried out with the help of M.J Moghadaam from UTA. In chapter 

3 (Superconducting SrTiO3 grown on SrTiO3 buffered silicon) SrTiO3 films were deposited (PLD) 

by our collaborators H. Zhang and T. We from University of Toronto. STEM images were done 

by X. Shen and D. Su from Brookhaven National Laboratory. In chapter 4 (Tuning MIT in LaTiO3/ 
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SrTiO3 heterostructure on Si(001), I have used lab-view program written by Patrick Conlin and 

Ricky Hensley from UTA.  

Some of the transport measurements were carried out with the help of Zheng Hui Lim and Mathew 

Chrysler from UTA. STEM images were taken by D. Su and H. Chen from Brookhaven National 

Laboratory and New York University Shanghai. Synchrotron X-ray diffraction and RSM were 

performed by D. P. Kumah and T. Chen at North Carolina State University. Dr. Ngai developed a 

code for Poisson-Schrodinger solver. Original code was provided by S. Ismail-Beigi.   
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Chapter 2 

Band-gap engineering at a semiconductor-crystalline oxide interface 

 

 

2.1 Introduction 
 

 
Over the last decade, many studies have been carried out in order to improve 

microelectronic technologies with the help of utilizing new materials that exhibit novel 

functionalities [86-93]. One of the most promising approaches in realizing new material 

functionalities is coupling the properties of heterostructures with dissimilar yet complementary 

electrical properties [13,14]. In this regard, transition metal oxides are a perfect candidate due to 

their unique properties such as ferromagnetism, ferroelectricity, metal-insulator transitions, and 

other strongly correlated phenomena that are not achievable in traditional semiconductors . 

Integrating complementary properties is very important because traditional semiconductors also 

exhibiting properties such as higher mobilities and direct band line ups that are difficult to be 

realized in oxide materials. Consequently, integrating electrical properties of complex oxides and 

semiconductors enable us to achieve functionalities that cannot be realized independently in either 

material alone [13,93-98]. 

 Among the complex oxides, transition metal oxides with perovskite crystal structures are 

believe to be the promising candidate for monolithically integrate on to conventional 

semiconductors. These perovskite oxides have smaller lattice mismatch with diamond and zinc 

blende semiconductor substrates such as Si, Ge and GaAs and therefore, can be directly grown on 
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these platforms. Epitaxial growth and characterization of these oxide materials as well as 

integrating their properties on to semiconductors are still a challenge [99]. Regardless of the ability 

to integrate crystalline oxides on semiconductors and create an epitaxial platform, electrically 

coupling these oxides have proven to be challenging due to the band offset between oxide and 

semiconductor. One approach to electrically couple oxide on semiconductors is band gap 

engineering in which the band gap of materials can be altered and tuned using composition 

modulation [100-104]. Band-gap engineering is a powerful technique for the design of new 

semiconductor materials and devices.  

Artificial heterostructures along with advanced deposition techniques enable band 

diagrams with continuous band-gap variations to be created [104]. The band alignment of two 

semiconductors in contact can be categorized in three different lineups based on the position of 

their valence and conduction bands as portrayed in the Figure 2.1.  The most common type of 

alignment is the “straddle alignment” or type-I in which the conduction band (valence band) of 

one semiconductor is above (below) the conduction (valence) band of the other one. The second 

type of band alignment is the “staggered lineup” or type-II in which the steps in the valence and 

conduction band go in the same direction and the third one is the most extreme band alignment, 

called “broken gap” or type-III [105,106,107].   

For gate dielectrics, maximizing the conduction and valence band (VB) offsets in a type-I 

arrangement between the oxide and semiconductor is essential. Furthermore, minimizing the 

physical thickness of the oxide is also necessary 
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Figure 2.1: Types of energy band alignments: (left) Straddling gap or type-I, (middle) Staggered gap or 

type-II, (right) Broken gap or type-III. 

 

 

2.2 Research objectives and motivations 
 

Multifunctional oxides such as BaTiO3 and SrTiO3 are among the most studied transition 

metal oxides for possible replacement of SiO2 gate dielectrics because of their low interface trap 

densities and high dielectric constants that could be realized via epitaxial growth. However, in real 

applications, integration of SrTiO3 or BaTiO3 on Si or Ge is not quite effective for device 

applications like insulating layer in field-effect devices, due to their band alignments with respect 

to Si or Ge or GaAs. [110,111]. Hence, tuning the band offset between oxide and semiconductor 

as well as their interface are two of the most critical challenges for oxide/semiconductors [108]. 

For instance, the band alignment between SrTiO3 and conventional semiconductors is staggered, 

or type-II, where the conduction and valence bands of oxides are below the conduction band of 

semiconductors. This kind of energy gap line up is not appropriate for electrically coupling oxides 

onto semiconductors due to the high leakage current.  
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Comparable to SrTiO3, the BaTiO3 is equally unsuitable for electrically coupling onto the 

semiconductors. The BaTiO3 conduction bands along with Si or Ge are almost aligned to the extent 

that prevents polarization of the multifunctional oxides to maintain accumulation or depletion in 

the semiconductors [103]. To couple ferroelectric features of oxides with semiconductors, the band 

alignment must be type-I [109-111]. This implies that the oxide’s conduction band must be above 

the conduction band of semiconductor and the oxide valence band beneath the valence band of 

semiconductors, as presented in the Figure 2.2. Therefore, the main objective of this part of our 

research is to investigate the tune ability of band offset between transition metal oxide and 

semiconductor.  

 

  

Figure 2.2: (Left) type-II band offset between oxide and semiconductor. (Right) type-I band alignment 

between the oxide and semiconductors. 

 

Band gap engineering principles can be utilized to manipulate the band offset between 

single crystalline perovskite oxides and the Ge semiconductor platform [112]. Oxide molecular 

beam epitaxy chamber was used to form an atomically abrupt and coherent interface between 

crystalline perovskite oxide and p-type Ge substrate. 
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 The solid solution of single crystalline SrZrxTi1−xO3 (SZTO) was epitaxially grown and 

integrated directly on to Ge. The band-gap of the oxide is enhanced through increasing the Zr 

content “x” in the solid solution which resulted in formation of the inversion layer in the Ge as 

well as exhibiting reduced leakage current [113].  

After successfully growing a series of SZTO/Ge heterostructures with Zr content ranging 

from x = 0.2 to 0.7, various structural and electrical characterization techniques were used to 

confirm the abrupt interface as well as enhanced band offset. The formation of atomically abrupt 

as well as coherent interface between crystalline oxide SZTO and the semiconductor Ge was 

confirmed by X-ray diffraction measurements. The RHEED was used in-situ for monitoring the 2-

dimensional growth quality. A type-I band offset is confirmed via current-voltage (I-V) and 

capacitance-voltage measurements (C-V). High-resolution photoemission spectroscopy 

measurements verify that type-I offset has been achieved for heterostructures with higher Zr 

content.  These findings prove that band-gap engineering can be manipulated to create 

multifunctional crystalline oxide/semiconductor heterojunctions in which a type-I band offset is 

achieved. In the following sections, details of the growth procedure and characterization methods 

will be discussed.  

 

2.3 Epitaxial Growth of SrZrxTi1-xO3 on Ge substrate   
  

Several carefully designed steps were involved in epitaxially growing SZTO on Ge  : first, 

chemical cleaning the Ge wafer (out-side the chamber). Next, achieving clean dimerized Ge 

surface (after introducing the wafer into UHV chamber). Then, calibrating the fluxes of Sr, Ti and 

Zr sources with high accuracy and monitoring the oxygen pressure during the growth to avoid 

formation of any unwanted secondary phases at the interface. 
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 With the use of custom-built oxide MBE chamber functioning at a base pressure of < 2 × 

10−10 Torr, the crystalline SZTO films were grown on p-type Ge (100) wafers (AXT Inc., ρ≈0.02 

Ω.cm). 

 The chemical etching and surface cleaning were performed prior to the introducing Ge 

wafers into the growth chamber. Cleaning the Ge wafer is a two-step process including chemical 

etching out-side the chamber and the UHV annealing. Chemical etching encompasses the multiple 

dipping process into the acid to remove native oxide layer as well as organic and metallic 

contaminations. Later hydrogen peroxide was used to create a protective oxide layer on clean Ge 

surface [114-116].  The chemical process consists of dipping the Ge wafer into HCl 15% for 20 

seconds as step one followed by dipping the wafer into H2O2 for 30 seconds as the second step. 

The steps are then repeated three times and for the third time, dipping is done in HCl 15% for 20 

seconds followed by keeping Ge in the H2O2 for duration of 60 seconds. Ge is then rinsed 

using ultra clean DI water and subsequently dried with Argon gas to prohibit any additional 

chemical reactions [117]. After carefully chemical etched the substrate, Ge wafer was introduced 

in the MBE chamber. A clean dimerized Ge surface was acquired by thermally desorbing the 

resulting GeO2 from the surface by annealing the wafer in UHV at 130 oC for half an hour and 

then substrate was heated up to ≈600 oC then cooled to room temperature.  

All source materials were evaporated using the effusion cells and fluxes were calibrated 

using a quartz crystal microbalance (QCM). The retractable QCM arm was located near the 

substrate to measure the same flux arriving at the wafer. The QCM is a widely known technique 

for measuring and monitoring the film growth in which varying the mass of evaporated materials  

due the oxidation or thermal decay per unit area causing a change in the frequency of a quartz 

crystal resonator [118]. 

https://en.wikipedia.org/wiki/Quartz_crystal
https://en.wikipedia.org/wiki/Quartz_crystal
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 The Ge was then heated to around 450 oC, and  half a monolayer of Sr was deposited. 

After cooling the Ge to room temperature. 1.5 monolayer of SrO and 2 monolayers of ZrxTi1-xO2 

were co-deposited in an oxygen background pressure of 3 × 10−7 Torr. The initial 1.5 ML SrO was 

necessary to form a template for subsequent layers [14]. Then the substrate was heated to 550 oC 

to crystallize 2.5 unit-cells of SZTO. Subsequently 3 unit-cells of SZTO was deposited at the 

substrate temperature of ≈ 250 oC at oxygen background pressure of 3 × 10−7 Torr to reach total 

thickness of 38 unit-cells (~15nm). After each 3 unit cells samples were briefly annealed in vacuum 

to enhance the crystallinity. Finally, when the total desired thickness achieved the substrate was 

heated to ≈ 580 oC in UHV for several minutes to improve crystallinity. The growth was monitored 

in-situ using RHEED which each growth step shown Figure 2.3.  

 

 

Figure 2.3. RHEED images taken (a) After 0.5 monolayers of Sr (b) The 38 unit-cell thick SZTO on Ge 

taken along [10] plus (c) [11] and (d) [21] directions. 
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2.4 Heterostructure Analysis 

 

 

2.4.1 Structural characterizations 

 
The X-Ray diffraction (XRD) method is used extensively in the characterization of thin 

film heterostructures given that it can reveal information regarding the lattice parameters of single 

crystals, crystalline phase, texture or even stress of polycrystalline materials [119]. The XRD 

measurements were done in a Bruker D8 thin-film diffractometer by using Cu Kα radiation. The 

XRD survey scan of various SZTO heterostructures with different Zr contents confirmed the single 

crystalline nature of our film grown on Ge, as shown in Figure 2.4 (a).  

There are few remarks on the XRD results that must be explained in details. According to 

the Bragg’s diffraction law, lower diffraction angles represent higher lattice spacing [119].  

nλ = 2d sinθ 

Where “λ” is the wave length of incident beam (Cu Kα), “d” is the lattice spacing and “θ” is the 

diffracted angle. A closer examination of the (002) peaks reveals that increasing the amount of Zr 

content resulted in peaks shifting to the left. In case of our heterostructure where Ti atoms replaced 

with Zr atoms, the shifted peaks indicating out of plane lattice constant expansion as can be seen 

in Figure 2.4 (b). 

 Zr ions have a larger atomic radius than the Ti ions resulting in an increase in c-axis lattice 

parameter. Theoretically, increasing the Zr will enhance the lattice match with Ge which improve 

the quality of the film. The crystal structure of SZTO is tetragonal considering the fact that on one 

side, SrTiO3 has a perovskite cubic structure with a lattice constant of 3.905 Å and the other end is 

a orthorhombic SrZrO3 with larger lattice constant of 4.08 Å.  
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 A summary of the effect of Zr content on out of plane lattice constant enhancement is 

provided in Figure 2.5. The lattice mismatch will increase the interface energy, as a result, system 

ultimately reduces the raised interface energy through formation of interfacial defects or by 

transforming the growth condition from 2-dimensional to more heterogeneous, or 3-dimensiona l 

mode.   

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. (Left)  SZTO-Ge heterojunctions survey scan for various x confirms the single crystalline 

nature of the heterostructure. (Right) A shift in the (002) peak observed with increasing Zr content 

showing expansion of the out-of-plane lattice constant 

 

As discussed earlier, the monotonic expansion of lattice constant with increasing Zr content 

results in a smaller lattice mismatch between Ge/SZTO heterostructure and higher interface quality 

along with abrupt and coherent interface. 
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 The FWHM profiles extracted from the XRD data can demonstrate valuable information 

about the microstructure modulations and stress–strain buildup in the heterostructure [120]. As it 

was previously predicated, higher Zr content showing narrower FWHM angle compared to the 

lower Zr content “x” with wider FWHM values.  The measured FWHM ranging from Δω ≈ 0.390 

to Δω ≈ 0.650.  

 

 
 
 
 

 
 
 
 

 
 
 
 

 
 

Figure 2.5: An increase in the Zr content will bring about an increase in lattice constant 

 

Atomic force microscopy (AFM) is a commonly used technique for measuring the surface 

roughness in which the voltage variations in the tip of the cantilever were translated into the image 

and presented as a topographical map of the surface. AFM results also confirm the lattice match 

enhancement through increasing the Zr in the heterostructures which exhibit a smoother surface 

with roughness of less than < 1nm as shown in the Figure 2.6 below.  
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Figure 2.6: Atomic force microscopy image of a typical SZTO-Ge sample (x = 0.70) displaying surface 

roughness of less than 1 nm 

 
 
 

It is important to note that the heterostructures remained largely strained with respect to the 

Ge substrate confirmed by the reciprocal space mapping with Zr = 0.65 as shown in the Figure 

2.7.  Since the data translated into the real space phase, the round shape of Ge peaks in real space 

mapping data represent the cubic structure of Ge whereas a slight upward shift of SZTO can be 

attributed to the larger lattice constant of SZTO and elongation along the c-axis. The Ge lattice 

parameters were multiplied by √2 to allows for direct comparison of the Ge diamond cubic unit -

cell with perovskite SZTO as well as accommodation for the 450 rotations of heterostructure 

epitaxially grown Ge.   
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Figure 2.7: Direct-space map of a x = 0.65 SZTO-Ge heterojunction). 

 

Two additional characterization measurements were done on the heterostructure with Zr 

content x = 0.7 for the purpose of confirming the quality of the interface along with the abruptness 

of the heterojunctions. Scanning transmission electron microscopy (STEM) and electron energy 

loss spectroscopy. Scattered electrons from the sample can be used to form a Z-contrast image 

showing atomic locations as well as elemental compositions. The ability to provide two-

dimensional maps using STEM image is complementary to measurements based on X-rays, 

revealing any surface termination or inter-diffusion at the oxide/semiconductor interfaces as well 

as any local deviation at defects such as dislocation, stacking faults and antiphase boundaries [121].  

The scanning transmission electron microscopy (STEM) measurements offer atomic scale images 

of single crystalline SZTO and Ge interface. The STEM cross-sectional specimens along [110] 

direction of Ge was prepared by our collaborators at Brookhaven National Laboratory. Figure 2.8 

revealed atomically abrupt and structurally coherent interface.  
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It is important to point out that there exist no amorphous GeOx interfacial layers or any 

secondary phases at the interface confirming the growth quality and sharp interface. The result of 

Z-contrast in in high-angle annular dark field image (HAADF) is especially clear due the close 

atomic mass of Zr and Sr [122]. 

 

 

Figure 2.8.  STEM characterization of single crystalline SZTO x = 0.70 Ge (100) interface. The interface 

of SZTO and Ge is atomically abrupt as well as structurally coherent. 

 

Electron energy loss spectroscopy line scans also confirms the abruptness of the SZTO/Ge 

interface. The main advantage of using the electron energy loss spectroscopy is the ability of 

studying the atomic scale migrations at the interface [123]. Our SZTO/Ge heterostructure have an 

abrupt interface in which Ti, O and Ge inter-diffusion at the interface were below 1 nm as indicated 

from the electron energy loss spectroscopy spectrum (Figure 2.9).  
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The electron energy loss spectroscopy data showing a very narrow diffusion area that can 

be interpreted as an abrupt interface between SZTO and Ge substrate.  As discussed earlier in this 

chapter and chapter one, two key parameters in integrating oxide on semiconductors were coherent 

interface and the band offset. So far with the help of various structural characterization techniques, 

it has been confirmed that the interface between SZTO and Ge is atomically abrupt and coherent. 

Now it is time to turn to electrical characterization to investigate the band alignment enhancement 

in our heterostructure.  

 

Figure 2.9: EELS line-scan of the interface along [001] direction, displaying elemental fraction 

of Ti, O along with Ge. 

 

2.4.2 Electrical characterizations  

 
Prior to discussing the electrical measurements, a brief background of MOS capacitors and 

phrases commonly used in I-V and C-V measurements are explained here: The MOS capacitor 

comprises of a Metal-Oxide-Semiconductor structure as depicted by Figure 2.10.  
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 The semiconductor substrate with a thin oxide layer as well as a top metal electrode known 

as the gate is shown. An Ohmic contact to the rear of the semiconductor is formed by using counter 

electrode [124].   

 

Figure 2.10: MOS capacitance structure. 

 

There are four main bias modes that can be applied to a MOS capacitors. Depending on the 

voltage applied on the metal contact there are (a) accumulation (b) flat band (c) depletion and (d) 

inversion, as shown in Figure 2.11. Flat band condition occurs when the energy band of oxide and 

semiconductor is flat and the surface electric field is zero as shown in Figure 2.11 (b). The applied 

bias in the flat-band condition is called Vfb which is the difference between the Fermi levels. If the 

negative bias keeps increasing, the energy bands of the p-type substrate bending upward which 

results in an accumulation of holes at the interface, this condition is known as surface accumulation 

(shown in Figure 2.11 (a). Another scenario happens when applying the positive voltage to the 

gate. In this case the energy bands of the oxide bend downward and majority carriers (holes) 

pushed away from the surface known as the depletion region as shown in Figure 2.12(c). 

Interesting phenomena occur when increasing the positive bias at the gate, since all the majority 

carriers (holes in case of p-type substrate) pushed away from the surface, the carrier types will be 

change at a critical voltage known as threshold voltage (VT).  
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The band bending continues to the point that the surface inverted from p-type to n-type. 

This condition is called inversion as shown in Figure 2.12 (d) [125].  

 

 

 
 
 

 
 
 
 

 
 
 
 

 
 

 

 

 

Figure 2.11: The energy band diagrams in (a) accumulation, (b) flat band, (c) depletion, and (d) 

inversion for a MOS capacitor 

 
 
 

2.4.2.1 Current-Voltage analysis 
 

Our SZTO film epitaxially grown on p-type Ge substrate can be consider as a MOS 

capacitor where 30 nm Ni electrode pads were deposited by electron beam evaporation technique 

to create metal gate and the back side of the wafers were mechanically scratched using a diamond 

scribe. InGa eutectic applied to create a counter electrode as shown in Figure 2.12.  
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In order to compare the effect of Zr content (B-site substitution) on the band alignment of 

SZTO films grown on Ge (001), identically thick (15nm) Ba0.4Sr0.6TiO3 (BST) films (A-site 

substitution) were also grown under the same chamber conditions on p-type Ge. Prior to electrical 

characterization, all the heterostructures were annealed in wet oxygen at 350 oC for half an hour 

to improve the interface quality and remove the oxygen vacancies and [126,127]. 

 

 

 

 

 

 

Figure 2.12: Schematic of the I-V set up. 

 

It is important to note that low temperature annealing did not cause formation of any 

secondary phases like GeOx at the interface as confirmed by the post-annealing STEM image 

shown in Figure 2.13 which indicates an atomically abrupt and coherent interface [127].  

 
     

Figure 2.13. STEM image of a SZTO x = 0.70 sample after annealing in wet oxygen. 
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The current-voltage measurements were carried out on both BST and SZTO 

heterostructures (x = 0.25-0.7). The current-voltage measurements can reveal the improvement in 

leakage current as well as band offset enhancement in SZTO heterostructure.  The I-V was done 

on a Micromanipulator 8060 probe station using flexible, 10-micron radii tungsten probe whiskers 

and the current-voltage measurements were performed via ramping the current applied to the Ni 

electrode from 0 to +3 V and 0 to -3V by means of Agilent 4155 C. Figure 2.14 shows the I-V 

characteristics of both BST and SZTO heterostructures in which the current density plotted versus 

applied voltage. BST has a type-II band offset with respect to Ge that brings about higher leakage 

current compared to SZTO/Ge heterojunction as shown in Figure 2.14.  The continuous reduction 

of leakage current in SZTO/Ge heterojunctions arise as a result of the formation of type-I band 

offset.  

There are a few remarks appeared on the I-V curves that must be explained. The asymmetry 

in the I-V plots in positive and negative bias around the zero voltage can be attributed to the barrier 

height difference between Ni electrode and the p-type Ge substrate [128]. It is important to mention 

that substituting the Sr metal with Ba did not have a profound effect on the leakage current whereas 

increasing the Zr content as a B-site substitution improved a leakage current more than an order of 

magnitude. The remaining leakage currents that can be seen in Figure 2.14 mostly originated from 

the residual oxygen vacancies that did not annihilated during the wet annealing. These point 

defects can act as n-type dopant which increase the overall leakage of carriers in SZTO 

heterojunctions [128].  
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Figure 2.14: I-V curves of SZTO/Ge and BST/Ge heterojunctions. 

 

2.4.2.2. Capacitance -Voltage analysis 
 

Following the confirmation of the creation of type-I band offset in SZTO/Ge heterostructure 

utilizing the I-V measurements, capacitance-voltage (C-V) measurements were performed to 

additionally confirm the type-I band offset as well as compute the dielectric constant of SZTO. 

Capacitance-voltage measurements offer important information regarding the band alignment. 

Prior to discussing the CV measurements, a brief background of MOS capacitors C-V response 

are explained here:  The capacitance–voltage measurement is a powerful and accurate method to 

estimate the oxide thickness as well as calculating the flat band and threshold voltages. In most 

common C-V set up, a DC bias applied through the gate along with an AC signal and the response 

recorded by AC meter [125]. As discussed earlier, a MOS capacitor showing three different 

responses depending on the voltage polarity and the magnitude of the applied voltage 

(accumulation, depletion and inversion).  
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The MOS capacitor responds differently with frequency. At low frequencies known as 

quasi-static conditions, the generation rate of carriers in the depleted surface layer is fast, therefore, 

carriers have enough time to swept to the interface to create a sheet of charge whereas in a high 

frequency situation, the generation rate is not fast enough, thus carrier do not have time to respond 

to the high frequency [125]. The MOS capacitor consist of a series combination of fixed oxide 

capacitance and voltage dependent semiconductor capacitance. Hence, the most important 

parameter in determining the overall MOS capacitor is the amount of bias applied on the MOS 

capacitor. The ideal MOS C-V characteristics in various bias is shown in Figure 2.15 for a p-type 

substrate. The maximum MOS capacitance can be calculated in accumulation using the equation 

below:  

Caccumulation = CMOS = CMax = εOX / tOX 

Where εOX is the permittivity of the oxide and tOX is the oxide thickness.  

 

 

 

 

 

 

 

 

Figure 2.15: MOS capacitor C-V characteristics with high and low frequencies [125]. 
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The C-V measurements were carried out on our heterostructures at different frequencies 

using Agilent 4284A LCR meter and Micromanipulator 8060 probe station with flexible tungsten 

probe whiskers. Figure 2.16 shows a C-V response of our heterostructure at various applied 

frequencies ranging from 5KHz to 1MHz. As it can be clearly seen from the plot, the inversion 

layer was created in SZTO-Ge heterostructure (x = 0.7).  Zr substitution modifies the band offset 

from type-II to type-I in SZTO/Ge heterostructures. Without the formation of type-II band offset, 

the carriers would leak into the substrate in which the inversion layer never formed.  

There are few remarks on the C-V curves that need to be explained. The calculated flat 

band voltage showing the shift to the left. This flat band shift is consistent with presence of positive 

charge at the interface which originated form the oxygen vacancies at the interface [129-131]. 

Knowing the oxide film thickness (~15nm) and measured capacitance in accumulation (1.7×10 

−6 Fcm −2), enabled us to estimate the dielectric constant of our heterostructure using the MOS 

capacitor equation. The dielectric constant of the SZTO was approximated to be κSZTO = 29 (in 

accumulation at 1 MHz) which is very close to the dielectric constant of bulk SrZrO3 (≈ 30) and is 

comparable to some of the highest dielectric constants among gate materials reported [132,133]. 
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Figure 2.16: C-V characteristics of SZTO/Ge heterostructure (x = 0.70). 

 

 

2.4.3 Quantifying the Band Offset  

 

Additional measurements involved quantifying the band offset between the SZTO and Ge 

using high-resolution core-level(CL) and the valence band (VB) X-ray photoemission spectroscopy 

(XPS) measurements on a x = 0.65 heterostructure. XPS is a characterization method that can study 

a sample to nanoscale depth as well as revealing chemical elements and their bonds at the surface. 

XPS is very sensitive characterization technique to revealing the electron behavior in the valence 

band and oxidation state of the compound. X-ray photoemission spectroscopy measurements were 

carried out at Pacific Northwest National Laboratory (PNNL). To determine the valence band 

offset (VBO) of our heterostructure, core level and valence band spectra were used for clean Ge 

and both thin (6 u.c) and thick (38 u.c) SZTO/Ge films with Zr content of x = 0.65 [135,136]. 
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The energy from the top of the VB to the Sr 3d5/2 core peak of thick SZTO (38 u.c.) was 

measured to be 130.59eV. Similarly, the energy from the top of the VB to EGe3d5/2 core peak of 

clean Ge was measured to be 29.52 eV. The core level binding energy of Ge and Sr was measured 

to be 104.27 eV. Finally, the valence band offset was measured to be ΔEV= 3.2eV.  

(1) (ESr3d5/2 − EV) SZTO: 130.59eV 

(2)  (EGe3d5/2 − EV) Ge = 29.52eV 

(3)  (ESr3d5/2 − EGe3d5/2) HJ = 104.27(2) eV.  

(4) ΔEV = (ESr3d5/2 − EGe3d5/2) HJ + (EGe3d5/2 − EV) Ge − (ESr3d5/2 − EV) SZTO = 3.20(8) eV. 

Following the Vegard’s law, the conduction band offset in our heterostructure with Zr = 

0.65 is calculated to be 0.91 eV which is an agreement with achieving type-I band offset. Figure 

2.17 summarized all the calculations above.  

 

Figure 2.17: Band diagram showing conduction and valence band offsets for a x = 0.65 SZTO-Ge 

heterojunction. 
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2.5 Potential Applications & Conclusion 
 

Previously, intermediate buffer layers like rocksalt structured materials AeO were used to 

engineer a type-I band offset with respect to semiconductor platform [131]. The unpredictability 

of the rocksalt/perovskite stacks in which AeO layer can react with AeTiO3 make epitaxially 

growth and integration of AeO layers very challenging [138]. Moreover, rocksalt structured 

materials have low dielectric constants which make them an unfavorable candidate for gate 

dielectrics. Additionally, AeO materials are known to be unstable in ambient conditions. Therefore, 

our method of enhancing the band gap between crystalline oxides and semiconductors through 

creating a SZTO solid solution proved to be a more reliable method in integrating oxide on 

semiconductors since the band offset can be tuned through changing Zr content and avoid the 

mixing of rocksalt as intermediate buffer layer with perovskite. In the SZTO solid solution, 

increasing the Zr content (B-site substitution) modified both the band gap and crystallinity (less 

lattice mismatch with Ge), while A-site substitution mainly impacts only the lattice constant. 

It has been confirmed that SZTO thin films can be a possible replacement for a gate 

dielectric in the field-effect devices due to its high dielectric constant and its stability.  Other than 

functioning as a candidate gate dielectric, SZTO can also function as an electrical as well as 

epitaxial platform for integrating multifunctional crystalline oxides on semiconductors. Single 

crystalline SZTO films  have a potential to be utilized as a tunnel barrier in spintronic applications 

in which spin-polarized carriers from a half-metallic oxide can be injected into a semiconductor  

[137]. The solid solution SZTO can also function as an intermediate layer to mitigate the leakage 

of carrier from ferroelectric to semiconductor by maintaining the accumulation or inversion. Figure 

2.18 schematically summarize some of the potential applications of SZTO solid solution.   
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Figure 2.18: (a) SZTO as a gate dielectric for field effect devices. (b) SZTO as Ferroelectric for ultra-low 

power, and non-volatile logic, (c) Ferromagnetic: Spin-injection (Spintronics/Opto-spintronics) 

 

 

 

Summary 

Here we applied principals of band gap engineering to change the band offset between 

single crystalline SrZrxTi1−xO3 integrated directly on Ge from type-II to type-I through varying Zr 

content x. X-ray diffraction measurements confirmed the single crystalline nature of the 

heterostructure. STEM images confirmed the abrupt and coherent interface with no secondary 

phases existing at the interface. Electrical characterizations such as C-V and I-V measurements 

confirmed the formation of type-I band offset in our heterojunctions. The band offset calculated to 
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be around 0.91eV using XPS. A dielectric constant, estimated to be around 29 extracted from C-

V data which is among the highest reported so far for gate materials. Finally, single crystalline 

SZTO directly integrated on Ge can be utilized as an electrical platform for device applications 

such as a gate dielectric, ferroelectric and ferromagnetic devices. 
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Chapter 3 

Superconducting epitaxial YBa2Cu3O7-δ on SrTiO3 buffered Si (001) 

 

3.1 Introduction 
 
 

The changes in technology along with the increasing demand for electronic devices have 

prompted the researchers to search for novel materials having new properties with the intention of 

creating new functionalities. It has been indicated that the complex transition metal oxides exhibit 

exotic materials properties and thus regarded as a likely choice for future electronic applications 

[14]. These properties such as ferroelectricity, magnetism and superconductivity can be integrated 

into oxide-semiconductor heterostructures for device applications like microelectronic, sensing 

and energy harvesting technologies [139]. 

  One of the most interesting and technologically relevant properties of complex transition 

metal oxides is superconductivity in which material exhibit zero resistance below a transition 

temperature [140-145]. In 1911, superconductivity was first observed in Hg in which resistivity 

dropped when cooling down to 4 Kelvin. Superconductivity was under extensive research for 

finding new materials or compounds to exhibit superconductivity at higher temperature. 

Eventually M. K. Wu et al. found the first compound (a copper oxide YBa2Cu3O7) which exhibits 

superconductivity above the boiling point of liquid nitrogen. Since then, many research have been 

carried out to utilize YBa2Cu3O7 for possible device applications.  
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3.2 Literature Review & Motivation 
 

Cuprate systems are one of the most exciting class of transition metal oxides due to their 

interesting properties such as superconductivity. There are more than 40 different types of cuprate 

systems with various copper-oxygen planes. Among all copper-oxide compounds, 

superconducting YBa2Cu3O7- δ  is the most studied system due to its higher transition temperature 

as well as the ability of fabricating in the form of thin films [146]. The ability of growing single 

crystalline YBa2Cu3O7 on dissimilar compounds open a new pathway to investigate for integrating 

its properties on to different materials [147].  

Superconducting YBa2Cu3O7 have many important applications such as infrared detectors, 

filters and superconducting quantum interface devices (SQUID) [140-148]. For many 

technological applications single crystalline films exhibit higher transition temperature and 

narrower transition widths are preferred [149,150]. However, growing single crystalline 

YBa2Cu3O7 is challenging since YBa2Cu3O7 is mostly grown on single crystalline substrates like 

SrTiO3 and La0.18Sr0.82Al0.59Ta0.41O3 (LSAT), which are very costly and cannot be fabricated in 

large sizes. Additionally, growing single crystalline YBa2Cu3O7 on technologically relevant 

platforms like silicon is proven to be very difficult since growing single crystal YBa2Cu3O7 

requires high temperature which cause inter-diffusion and formation of polycrystalline phases. 

 In this regard, different deposition method like magnetron sputtering [151-154], pulsed 

laser deposition (PLD), laser ablation, molecular beam epitaxy, chemical vapor deposition (CVD), 

metalorganic deposition (MOD), and metalorganic chemical vapor deposition (MOCVD) [155–

161], were utilized to grow YBa2Cu3O7 on silicon which resulted in low transition temperature and 

wide transition widths. To mitigate inter-diffusion in growing YBa2Cu3O7, buffer layers were 
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introduced at the interface to minimize the lattice mismatch and chemical reaction between 

superconducting YBa2Cu3O7 and the substrate. 

 Some of the most common compounds that are used as intermediary buffer layers were : 

𝑍𝑟𝑂2 , MgO, 𝑆𝑖𝑂2, 𝑌2𝑂3/𝑌𝑆𝑍 , 𝑀𝑔𝐴𝑙2𝑂4, 𝐶𝑒𝑂2 , 𝑅𝑢𝑂2 , 𝐶𝑜𝑆𝑖2, and Ba𝑇𝑖𝑂3 /𝑀𝑔𝐴𝑙2𝑂4 [161-

170]. The film quality, interface coherency and intermediate layer thickness are key parameters 

that have proven to be successful in reducing the inter-diffusion and increasing the transition 

temperatures from 55 K to 88 K. Therefore, the main objective of this chapter is to create an 

epitaxial platform to act as a buffer layer to integrate superconducting YBa2Cu3O7 on to silicon to 

exhibit higher transition temperature as well as narrower transition width with no inter-diffusion 

in YBa2Cu3O7/Si films. This achievement is important for future device technology since epitaxial 

YBa2Cu3O7 can be integrated on silicon instead of single crystalline expensive substrates. Hence, 

oxide molecular beam epitaxy chamber was utilized to grow single crystalline SrTiO3 as a buffer 

layer on a silicon (001) substrate, then single crystalline YBa2Cu3O7 was deposited using pulse 

laser deposition method as shown schematically in Figure 3.1. After successfully growing 

YBa2Cu3O7 on SrTiO3/Si, various characterization methods were used to determine the interface 

quality and the transport properties of the heterostructure.  

 

 

 

 

 

 

Figure 3.1: 30 nm STO grown on Si (001) using MBE, and 50 nm YBCO grown using PLD. 
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3.3 Step 1, Growing Epitaxial SrTiO3 on Silicon 
 

The 30 nm SrTiO3 buffer is grown on undoped, 0.5 mm thick, 2” diameter (001)-oriented 

Si wafers (resistivity of 14–22 Ω.cm MTI) using reactive MBE in a custom-built chamber 

operating at a base pressure of < 2 x 10-10 Torr. In order to remove residual organic materials from 

the substrate surface, the Si wafer was exposed at ambient temperature to activated oxygen for ten 

minutes in UHV. The activated oxygen was produced by breaking the O2 molecules to oxygen 

ions using radio frequency plasma source operating at 220 W in an O2 background pressure of 5 x 

10-6 Torr which result in a formation of a native layer of SiOx on the surface. In order to remove 

the native oxide layer formed from the previous step, 2 monolayers (ML) of Sr metal was deposited 

at a substrate temperature of 560 0C.  

All source materials were evaporated using thermal effusion cells (VEECO, SVT 

Associates) and fluxes were calibrated using a quartz crystal microbalance (QCM Inficon). 

Shutters were located near the evaporating cells to achieve atomic level control of the arriving 

materials towards the substrate. The silicon substrate was rotating at a constant speed throughout 

the growth to achieve a uniform deposition rate. A clean Si surface was obtained by heating the 

substrate to 860 0C in which SrO was desorbed from the Si surface evidenced by a 2 x 1 surface 

reconstruction monitored by RHEED [170]. In the next step, sufficient amount of Sr was deposited 

to achieve half monolayer Sr coverage at a substrate temperature of 660 0C to create necessary 

templates for subsequent layers [14].  Next, 1.5 ML of SrO and 2 ML of TiO2 were co-deposited 

at ambient temperature and then heated up to 500 0C to crystallize and form 2 unit-cells of 

crystalline SrTiO3.  

Fluxes were then re-calibrated to be 1:1 ratio and additional SrTiO3 layers were deposited 

at a substrate temperature of 625 0C in a background O2 pressure of 3 x 10-7 Torr. Reflected high 
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energy electron diffraction was used during the growth to monitor the film quality. Strong RHEED 

intensity along the [10], [21] and [11] directions and streaky nature of the diffracted patterns 

confirm the high crystal quality and 2-dimesnional epitaxial growth of 30 nm SrTiO3 on silicon as 

shown in Figure 3.2(a-d). Atomic force microscopy also confirms the smooth surface resulting 

from a 2-dimensional growth mode of the SrTiO3. The surface roughness was measured from a 

line profile of AFM to be less than 1nm as shown in Figure 3.2 (e) and (f).  

 

 

 

 

Figure 3.2: (a) RHEED patterns of clean Si along [10] direction; (b) After 30 nm STO grown epitaxially 

on Si (001) taken along [10] and (c) [21] and (d) [11] directions. (e) AFM image of 30 nm STO on Si 

(001). (f) The surface morphology confirms 2-dimenssional growth. 
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3.4 Step 2, Growing YBa2Cu3O7 using Pulse Laser Deposition 
 

After growing 30 nm epitaxial SrTiO3 on Si, wafers were taken out of the chamber and 

broken into smaller 5 × 5 mm pieces and transported in ambient condition to a PLD chamber. Pulse 

laser deposition is a known technique for growing complex oxides such as YBa2Cu3O7. The PLD 

is a simple technique in principle where high power laser used for evaporating materials from a 

target to deposit them on the substrate as schematically depicted in Figure 3.3 [171]. Some of the 

advantages of using pulse lase deposition method are:  

1. Stoichiometric and complex compounds can be deposited in PLD. 

2. Relatively precise thickness control and fast growth rate. 

The YBa2Cu3O7 growth using PLD was done at University of Toronto. Prior to PLD 

deposition of YBa2Cu3O7, samples were glued on to a contact heater using Ag paste. The substrate 

is then heated to 850 0C in a background O2 pressure of 200 mTorr, at which the YBa2Cu3O7 is 

deposited by striking a stoichiometric polycrystalline target with a laser. The stoichiometric YBCO 

target is situated ~ 6 cm from the substrate and is continuously rotated during deposition. After 

growth, the PLD chamber is back-filled with 1 atm of O2 and the YBa2Cu3O7 film is slowly cooled 

to 300 0C at a rate of 12 0C/min, and then cooled to room temperature.  
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Figure 3.3 Schematic view of PLD-system [Oxford Instrument]. 

 

 

 After successfully growing YBa2Cu3O7 on SrTiO3/Si, the next step is to study the quality 

of the interface using some of the advanced characterization techniques such as high resolution 

transmission electron microscopy (HRTEM) and scanning transmission electron microscopy 

(STEM) imaging which provide real-space structural characterization of the YBa2Cu3O7/SrTiO3/Si 

heterostructures.  

 Figure 3.4(a) shows a HRTEM image of the combined stack comprised of 50 nm of 

YBa2Cu3O7 grown on 30 nm of SrTiO3 on Si. As it can be seen from the image ~ 5 nm thick layer 

of SiOx situated between the Si substrate and SrTiO3 buffer. The formation of the oxide layer at the 

interface can be attributed to the high temperature required to grow YBa2Cu3O7 which results in 

oxygen diffusion through the SrTiO3 to the SrTiO3/Si interface. Scanning transmission electron 

microcopy images confirmed the atomically abrupt and coherent interface between 30 nm SrTiO3 

and silicon even after growing 50 nm YBa2Cu3O7 and formation of the oxide layer.  
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Figure 3.4: (a) HRTEM image of the YBCO/STO/Si heterostructure with SiOx layer. 

 

3.5 Interface Analysis and Structural Characterizations  
 

 High resolution transmission electron microscopy was utilized to investigate the growth 

quality and the interface between SrTiO3/Si and YBa2Cu3O7/ SrTiO3. The HRTEM imaging 

indicate the thickness of the SrTiO3 still remained 30 nm despite formation of SiOx layer. 

YBa2Cu3O7 film exhibiting c-axis oriented growth and the interface between superconducting 

YBa2Cu3O7 and buffer layer SrTiO3 remained abrupt, revealed by the high angle annular dark-field 

image shown in Figure 3.7(b) and (c).  

 Higher growth temperature and excess oxygen in YBa2Cu3O7 during the PLD growth 

resulted in the formation of some distortion and modulation in the spacing between adjacent 

YBa2Cu3O7 layers as indicated by arrows in Figure 3.4 (b). Line profile analysis of the 50nm 

YBa2Cu3O7 grown on SrTiO3 buffered Si using contact mode atomic force microscopy confirmed 

3-dimensional growth as shown in Figure 3.5 [172]. 
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Figure 3.4: (b) STEM image of YBCO on STO buffer (c) STEM image of the atomically abrupt interface 

between the YBCO and STO buffer  

 

Figure 3.5: (a) AFM image of a YBCO on STO buffered Silicon. (b) Line-profile analysis of the surface 

roughness 
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X-ray diffraction analysis on the 50 nm thick YBa2Cu3O7 film revealed the single 

crystallinity of the heterostructure. The XRD results confirm a c-axis oriented epitaxial growth of 

YBa2Cu3O7 crystal; samples were characterized at room temperature, using the Bruker D8 X-ray 

Diffractometer. Thin film Nickel filter monochromator was used to filter Cu-Kβ and retain Cu-Kα1 

(λ=1.54056 nm) and Cu-Kα2 (λ=1.544 nm) radiation. Data were recorded in the wide range (5 ˚ < 2θ <95˚) 

with the step size of 0.01 and time per step of 1.0 second in order to observe low angle YBCO peaks. The 

divergence and anti-scatter slits were both 1.0 mm. Figure 3.6 shows the XRD pattern with wide angle 

peaks from [001] to [0011] and a peak located at 2θ ~ 440 indicated by the asterisk which can be 

originated from the presence of silver compound. The extracted out of plane lattice constant of 50 

nm YBa2Cu3O7 is estimated to be around c = 11.66 Å which is comparable to the c lattice constant 

of bulk YBa2Cu3O7.  

 In order to determine the effect of 30 nm single crystalline SrTiO3 as a buffer layer, 

identically thick 50 nm YBa2Cu3O7 was grown directly on a single crystal SrTiO3 substrate using 

PLD under the same conditions. One of the extremely useful techniques to study the film quality, 

strain, layer thickness and lattice mismatch is the rocking curve method. The YBa2Cu3O7 grown 

on SrTiO3 buffered silicon shows a slightly larger full-width half maximum (Δω = 0.850 ) 

compared to YBa2Cu3O7 grown directly on a single crystal SrTiO3 substrate ( Δω = 0.650 ) as shown 

in the inset of Figure 3.6.  

The difference in full width at half maximum (FWHM) values can be attributed to the 

lattice mismatch between YBa2Cu3O7/ SrTiO3 and YBa2Cu3O7/ SrTiO3/Si. Growing YBa2Cu3O7 on 

SrTiO3 buffered Si or YBa2Cu3O7 grown directly on SrTiO3 enhanced the FWHM values which is 

largely attributed to the difference in c lattice constants between the SrTiO3 and the YBa2Cu3O7 

[14,173].  
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Generally, heterostructures that we have grown, experiencing compressive strain which 

result in formation of dislocations to minimize the surface energy known as “mosaicity”. For 

instance, the SrTiO3 film growing on silicon exhibit much smaller FHWM values (Δω = 0.400 ) 

due to the smaller lattice match and smaller interfacial strain. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: XRD of a YBCO/STO/Si heterostructure. Rocking curve of the YBCO grown on STO buffered 

Si (001) is shown in the inset (black). For comparison, the rocking curve of a 50 nm thick YBCO film 

grown on STO single crystal substrate is also shown (red).  

 

So far structural characterization confirmed the abrupt interface between SrTiO3 and silicon 

substrate as well as 3-dimenssional growth mode in YBa2Cu3O7. After confirming the crystallinity 

of the heterostructure using XRD, RHEED and STEM imaging, electrical characterization of 

YBa2Cu3O7/ SrTiO3/Si films were investigated by our collaborators at the University of Toronto 
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using transport measurement technique to determine the transition temperature of the thin film 

epitaxially grown on silicon.  

 

 

3.6 Transport Measurements and Electrical Characterizations 
 

One of the most common transport measurement techniques to determine the low 

temperature electrical properties of materials is a four-point measurement. The four-point probe is 

a widely used technique to measure the sheet resistance of thin layers. The electrical transport 

measurements were performed using a standard AC lock-in technique on 1 × 5 mm samples in a 

4-point geometry. Prior to the transport measurements, 15 nm thick Au contacts were deposited 

on the sample surface using DC magnetron sputtering (shadow mask) then conducting leads (lines) 

were connected in-line using silver wires.  

 Transport analysis revealed high Tc’s and narrow transition widths for our 50 nm 

YBa2Cu3O7 grown on 30 nm SrTiO3 buffer layer on Si (001).  Figure 3.7 shows the resistivity 

plotted versus temperature for both YBa2Cu3O7 on SrTiO3 buffered silicon and YBa2Cu3O7 directly 

on a single crystal SrTiO3 substrate. In transport data, the critical temperature (Tc) was defined as 

the temperature at which zero resistivity was recorded.  

As can be clearly seen from the inset of the Figure 3.6, the Tc value of the YBa2Cu3O7 film 

deposited directly on single crystal SrTiO3 substrate (~ 90 ± 0.5 K), is lower than the YBa2Cu3O7 

grown on SrTiO3 buffered silicon (93 ± 0.5 K). The extrapolated zero temperature residual 

resistivity of the YBCO film grown on SrTiO3 buffered Si is about 110 Ω.cm which is higher than 

YBa2Cu3O7 on SrTiO3 single crystal (~ 75 Ω.cm). The RRR is defined as the resistivity of the 

material at room temperature over the estimated resistivity at zero Kelvin. The RRR is directly 
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dependent on crystal quality, defects and inelastic scattering. Commonly, higher RRR value can 

be attributed to a higher impurity in the crystal structure or the interface. The YBa2Cu3O7 film 

grown on SrTiO3 buffered silicon the extrapolated RRR value is around ~16 whereas the RRR value 

for the YBa2Cu3O7 grown directly on SrTiO3 substrate is ~9. The enhanced RRR can be originated 

from couple of reasons: as discussed earlier, YBa2Cu3O7 film grown on silicon was experienced 

more compressive strain compared to YBa2Cu3O7 grown on SrTiO3. The excessive compressive 

strain resulted in a formation of mosaicity due to higher lattice mismatch. 

 In addition to the mosaicity, the SiOx layer in the YBa2Cu3O7 film grown on SrTiO3 

buffered silicon is another source of scattering. Consequently, higher RRR value calculated for 

YBa2Cu3O7 film on silicon can be attributed to higher density of defects and scattering.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Transport characterization of YBCO/STO/Si (red) and YBCO/STO (blue) heterostructures  
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3.7 The Origin of Higher “Tc” 
 

Growing a single crystalline SrTiO3 buffer layers using MBE, followed by growing 

YBa2Cu3O7 using PLD are the main reasons to achieve a higher Tc as compared to previously 

reported values for YBa2Cu3O7 grown on Si. Hereof, it is important to understand why YBa2Cu3O7 

grown on STO buffered Si exhibits higher Tc than same thickness YBa2Cu3O7 film grown directly 

on SrTiO3 substrate. The enhanced Tc could be attributed to several separate mechanisms involved 

in growing YBa2Cu3O7 on SrTiO3 buffered Si. 

 According to structural analysis, superconducting YBa2Cu3O7 grown on 30 nm buffered 

silicon exhibits more mosaicity which can be explained by generating more dislocations. These 

dislocations can facilitate the oxygen flow through the heterostructure. Additionally, previous 

studies have shown silver inclusion (seen in the XRD data) can increase the amount of oxygen 

reaching the YBa2Cu3O7 [37-40]. Consequently, higher Tc reported for YBa2Cu3O7 grown on 

SrTiO3 buffered silicon could originate from the improved oxygenation happening during the 

growth. Single crystalline SrTiO3 grown epitaxially on Silicon with MBE is proven to be a reliable 

platform to integrate superconducting YBa2Cu3O7 films. The stability of 30 nm SrTiO3 on silicon 

under ambient conditions without any protective layer makes it an ideal candidate to be used as 

platform for other deposition techniques like sputtering which can enable growth of YBa2Cu3O7 

on larger sized wafers.  
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Chapter 4 

Tuning metal-insulator behavior in LaTiO3/SrTiO3 heterostructure integrated directly on 

Si (100) through control of atomic layer thickness 

 

  

4-1 Introduction & Motivation 
 
 

Since the invention of transistors and entering the computer era, science and technology 

have mainly focused to develop cheaper, faster, smaller and energy-efficient products. In this 

regard, understanding the materials behavior at a smaller scale is of great fundamental and 

technological importance for electronic devices. Multifunctional oxides are among the most 

exciting candidates for future device applications due to their exotic properties that were explained 

in details in previous chapters.  

Among multifunctional oxides, transition metal oxides that exhibit strongly correlated 

phenomena are of great interest due to their unique properties such as strong electron-electron 

correlation, high carrier density, superconductivity, magnetism and metal insulator transition 

[175,185]. The ability of growing oxide heterostructures with atomic level precision utilizing 

molecular beam epitaxy enables us to introduce strong electron-electron correlation phenomena at 

the interface through varying the thickness of oxide layers and manipulating the electronic stability 

of heterostructures [176-184].   
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Transition metal oxides such as rare-earth titanates are a perfect example of filling control 

metal-insulator (FC-MI) Mott systems in which transitions are driven by carrier density.  

Depending on the thickness of the heterostructure, carrier density can be modulated in different 

ways. Oxide heterostructures such as bulk rare-earth titanates allow for external control of 

properties through the manipulation of carrier concentration through changing composition while 

carrier density in thin film can be modified using field effect [180,185,190]. In this regard, 

achieving Mott-driven MI behavior in oxide heterostructures and integrating this phenomenon on 

the most technologically relevant platform (silicon) through highly controlled growth processes 

are of great interest for future applications in device technologies such as information processing 

and sensing. 

 In this chapter, electrical and structural characterization of metal-insulator behavior in 

oxide heterostructures integrated directly on silicon were investigated. The system that we explore 

consist of a wide band gap insulating SrTiO3 and a Mott insulator LaTiO3 epitaxially grown on un-

doped Si (001) using oxide-MBE system. Both SrTiO3 and LaTiO3 share the same perovskite 

crystal structure.  SrTiO3 is a band insulator with an empty d-band and Ti4+ valence, whereas 

LaTiO3 is a Mott–Hubbard insulator with one d-electron per-site and titanium valence of Ti3+ [191-

195]. 

 Over the last decade perovskite oxides such as SrTiO3 have gained a lot of attention due 

to its ability to form a two dimensional electron liquid (2DEL) with high carrier densities at the 

interface. The mechanism of formation of a 2DEL in these type of oxide interfaces is different 

from the mechanism observed in other semiconductor systems like AlxGa1-xAs / Ga As in which a 

2DEL or 2DEG  is formed due to the band bending at the quantum well interface.   
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Interfaces between RTiO3 (R is a trivalent rare earth ion) and SrTiO3 such as 

LaAlO3/SrTiO3, LaTiO3/SrTiO3, GdTiO3/SrTiO3 , LaTiO3 / KTaO3 etc. exhibit a polar discontinuity 

at the interface in which high-density mobile carriers mitigate the raised electrostatic potential 

energy created by polar/none polar interface [193-200]. The band insulator SrTiO3 is composed of 

neutrally charged SrO (A-site) and TiO2 (B-site) planes whereas polar RTiO3 oxides are composed 

of R+3O-2   planes with (+1 charge) that transfer charge to SrTiO3 (0.5 electron per unit cell) as 

shown in Figure 4.1. This mechanism of charge transfers due to polar discontinuity (polar 

catastrophe) is known as electronic reconstruction [196-200].   

 

Figure 4.1: (a) Schematic showing the formation of a 2DEL at a polar/ none polar oxide 

interface formed between SrTiO3 and RTiO3 oxides. (b) Charge distribution in LTO/STO, (c) electric field 

in the heterostructure and (d) Potential build up. 
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A perfect example of forming a 2DEL due to charge transfer is the system that we have 

explored in this chapter namely LaTiO3 and SrTiO3, in which variation in titanium valence at the 

LaTiO3/ SrTiO3 interface will result in a formation of electron liquid at the SrTiO3 layer as shown 

in Figure 4.2.  

 

 

 

 

 

Figure 4.2: The formation of 2-dimenssional quasi electron liquid at the LaTiO3/ SrTiO3 interface. 

 

In this research, various characterization techniques and theoretical approaches were 

carried out to explain the metal-insulator transition in LaTiO3/ SrTiO3 heterostructures in which 

increasing the thickness of SrTiO3 layers will result in an emergence of metal-insulator transition.  

The  metallic behavior in the heterostructure can be explained by Fermi-Liquid behavior, while 

reducing the thickness of the SrTiO3 channel between silicon and LaTiO3 will result in carrier-

carrier enhancement and therefore give rise to insulating behavior that can be described by 

activated transport. The manipulation of Mott metal-insulator behavior in oxides grown directly 

on Si opens the pathway to harnessing strongly correlated phenomena in device technologies. 
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 4.2 Methodology 
 
 

4.2.1 Growth Mechanism & Structural Characterizations 

 
The LaTiO3/ SrTiO3 heterostructures consist of 3 layers: a bottom layer of SrTiO3 that is n 

unit-cells (u.c.) thick, an intermediary layer comprised of 3 u.c. of LaTiO3 and a top layer 

comprised of 1.5 u.c. SrTiO3, as illustrated in the schematic of Figure 4.1.  

 

 

 

 

 

 

 

 

 

Figure 4.2: Schematic representation of the LaTiO3/ SrTiO3 /Si heterostructures. 

 

 The LaTiO3/ SrTiO3 /Si heterostructures were grown in a custom built oxide molecular 

beam epitaxy chamber operating at a base pressure of < 2 x 10-10 Torr. Prior to film deposition, 

undoped 2” diameter Si (100)-oriented wafers (Virginia Semiconductor) were cleaned by exposing 

to activated oxygen generated by a radio frequency source (VEECO) to remove residual organics 

from the surface. Then, two monolayers of Sr metal (fluxes calibrated by QCM) deposited at a 

substrate temperature of 550 C, which was subsequently heated to 870 C to remove the SiOx 

layer. Surface reconstructions (2 x 1) captured by in-situ RHEED confirmed a clean, dimerized 
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silicon surface. Then enough Sr was deposited at 660 C to achieve a total of half monolayer Sr 

coverage which is a very crucial step to form a template for subsequent layers [14].The substrate 

was then cooled to room temperature, at which 3 ML of SrO and 2 ML of TiO2 were co-deposited 

at room temperature. In the next step, the substrate was heated up to 500 C to crystallize 2.5 unit-

cells of SrTiO3. Then Sr and Ti fluxes were re-calibrated to 1:1 ratio and following layers of SrTiO3 

of various thicknesses were co-deposited at a substrate temperature of 500 C. All the fluxes were 

calibrated using quartz crystal microbalance mounted on the retractable arm and located near the 

substrate surface to capture and measure the same flux reaching the wafer. 

 The single crystalline SrTiO3 film was A-site terminated due to the initial SrO monolayer, 

therefore, prior to depositing LaTiO3 layers, a single monolayer of TiO2 was deposited to form a 

B-site terminated growth, which minimizes intermixing of Sr and La during the LaTiO3 growth. 

Later, single crystalline SrTiO3 was briefly annealed at 580 C to improve crystallinity just before 

depositing LaTiO3 layers. The oxygen background pressure (3 × 10-7 Torr) was kept constant for 

all grown films, as measured by an ion gauge situated away from the substrate. This oxygen level 

prevents the formation of insulating phases such as La2Ti2O7.  

 Finally, 7 nm of amorphous silicon was deposited as a capping layer on all heterostructures 

at room temperature to protect underneath oxide layers.  Since the amorphous Si was deposited at 

room temperature, no structural changes occurred in our heterostructures due to the capping layer. 

Figure 4.3 (a) and (b) show typical post-growth RHEED images taken along the [10] and [11] 

crystal directions.  

In order to determine the interface quality, Scanning transmission electron microscopy 

imaging was used. The HAADF image of the heterostructures confirmed the atomically sharp and 

coherent interface, as shown in Figure 4.3(c) and (d). The LaTiO3 is heavier than SrTiO3 and 
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silicon, hence it is brighter in STEM image due to the fact that, heavier elements scatter more 

electrons and the HAADF detector capture more signal whereas lighter elements like oxygen can 

be detected by low angle or medium angle detectors (less intense scattering) 

 

 

Figure 4.3: (a) and (b) RHEED images taken along [10] and [11] directions. (c) and (d) STEM image of 

the heterostructure confirms the atomically abrupt interface between LTO/STO and STO/Si interfaces 

 

4.2.2 Transport Measurement Set up 

 

In the previous section, the growth quality and the abruptness of the interfaces were 

confirmed using different characterization and imaging techniques, now in this section the main 

focus is on the electrical transport measurements of LaTiO3/ SrTiO3 /Si heterostructure. 
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 Electrical transport of the heterostructures were measured in the Van der Pauw geometry. 

Measuring the resistivity using Van der Pauw is a more reliable technique in which electrical 

contacts are made at the corner of the sample as show in Figure 4.4. Ohmic contacts were 

established on the four corners of 4 mm × 4 mm samples using Al wedge bonding. 

  

 

Figure 4.4: Examples of possible Van der Pauw configurations and their preference [226]. 

 

Resistivity and Hall measurements were carried out using a Keithley 2400 source-meter 

and a Keithley 2700 multiplexer in a Quantum Design Physical Property Measurements System 

(PPMS) located at University of Texas at Dallas. The PPMS configurations were kept constant 

throughout the measurements for all different heterostructures, meaning samples were cooled 

down at the constant rate (5K0/min), the maximum magnetic field applied in these measurements 

were ~5 Tesla and the excitation current was set to ~20 µA throughout the measurements.  
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4.3 The Origin of Metal-Insulator Transition in LaTiO3/ SrTiO3 /Si Heterostructure 
 

According the calculated sheet carrier densities from the Hall measurement, the “ns” values 

were relatively independent of the heterostructure thickness, which confirms the formation of 

2DEL near the LaTiO3/ SrTiO3 interface as shown in the schematic of Figure 4.1 and 4.2. The 

sheet carrier densities measured in our heterostructures are near ~ 2 × 1015 cm-2, which is much 

higher than the ~ 3.5 × 1014 cm-2 expected strictly from charge transfer from LaTiO3 to SrTiO3 

[192, 202, 203]. Figure 4.5 Shows the calculated sheet carrier densities plotted versus the number 

of unit-cells (thickness) for LaTiO3/ SrTiO3 /Si heterostructures. 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 : Sheet carrier density ns versus thickness of quantum well n. 

 

The higher sheet carrier densities calculated from the Hall data can be originated from two 

main sources. All heterostructures were briefly annealed in vacuum to improve crystallinity which 

could potentially generate extra oxygen vacancies in the heterostructures. Additionally, lower 

oxygen pressure required for LaTiO3 growth to avoid formation of insulating La2Ti2O7 might be 

the other source of oxygen vacancies. The excess oxygen vacancies act as extra donors and thus 

increase the carriers at the interface [191].  
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It is also important to note that, since the SrTiO3 layer grown on top is only 2 unit-cell thick, 

carriers  transferred from the LaTiO3 to the top are likely localized. However, the last 2 u.c of 

SrTiO3  and 7nm amorphous silicon are proven to be effective in maximizing the sheet carrier 

density in LaTiO3/ SrTiO3 /Si heterostructures as show in Figure 4.6. In addition to their effect on 

increasing the sheet carrier density, thin SrTiO3 layer and silicon cap reduced the surface depletion 

and further LaTiO3 oxidation [181,204]. Hence, itinerant carriers in our heterostructures confined 

within a SrTiO3 channel situated between LaTiO3 and Si. 

 

Figure 4.6: (a) Effect of 1.5 u.c. STO cap on ns. Note that ns is higher with the cap. (b) Effect of 7 nm 

amorphous Si cap on ns. 

 

 

The carrier mobilities measured on our heterostructure are also consistent with the mobility 

measured for rare-earth titanates heterostructures grown on comparable SrTiO3 layer thickness. 

Figure 4.7 shows the mobility of LaTiO3/SrTiO3/Si heterostructure with different SrTiO3 layer 

thickness over temperature range.  
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Figure 4.7: Mobility vs temperature for various LTO/STO/Si heterostructures.  

 

  Here in Figure 4.8, the sheet resistance was plotted versus temperature range for all 

heterostructures with different SrTiO3 thickness. The metal to insulator transition observed in our 

heterostructures originated from SrTiO3 thickness variations in which reducing (increasing) the 

SrTiO3 layers exhibit insulating (metallic) transport behavior.  

The transition occurs at SrTiO3 thickness of n ~ 5, 6.  The metal-insulator transition in our 

heterostructure is consistent with the transition driven by strong correlations, as opposed to 

disorder for several reasons: 

1. There is a correlation between effective mass enhancement and the thickness of the 

heterostructures.  

2. The insulating regimes are described by activated transport instead of disorder driven. 

3.       The activation energies are very small which is an agreement with Arrhenius activated 

transport.  
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Figure 4.8:  Sheet resistance versus temperature of STO/LTO/STO/Si heterostructures of various 

thicknesses. 

 
 

 The metal-insulator transition in our system happening through strong electron-electron 

correlation and not through disorder driven mechanisms. According to the transport data, 

increasing the SrTiO3 layer thickness induces metallic behavior in our heterostructures which can 

be explained by the quadratic temperature dependence of sheet resistance known as Fermi-Liquid 

behavior as shown below.  

Rs = AT2 + R0 

Where Rs is the sheet resistance, A is the Fermi-Liquid T2 dependence, R0 is the residual 

resistivity and T is the temperature [205]. The quadratic temperature dependence is observed in all 
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of our films over a wide temperature range which is consistent with characteristics of electron-

electron scattering as being the dominant transport mechanism.  

Figure 4.9 shows sheet resistance as a function of T2 for heterostructures of various SrTiO3 

thickness ranging from n = 6 to n = 25, sandwiched between LaTiO3 and Si substrate. The dashed 

black lines in the plot are fits to the quadratic temperature dependence of our heterostructures. The 

temperature coefficient A was obtained from the slope of the fits to the quadratic temperature 

dependence The inverse correlation between the “A coefficient” and heterostructure thickness is 

proportional to the mass enhancement, and can be attributed to several parameters such as carrier 

concentrations and band-structure, which is consistent with Fermi-Liquid behavior. One of the 

main characteristics of enhanced electron-electron scattering in bulk rare-earth titanates is 

increasing the effective mass of carriers [175,180,188,189, 204].   

 

 
 
 

 
 
 
 

 
 
 
 

 
 
 

 

Figure 4.9: Sheet resistance plotted versus T2 showing Fermi-liquid behavior. The black dashed lines are 

the fit for the quadratic temperature dependence. 
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Figure 4.10 shows the temperature coefficient “A” plotted versus number of unit-cells. As 

it can be seen from the plot, by reducing the SrTiO3 channel thickness, the “A” value increases 

which as stated earlier is consistent with enhancement of electron effective mass.  

 

 
 
 
 

 
 
 
 

 
 
 
 

 
 

Figure 4.10: Temperature coefficient “A” as a function of thickness for metallic samples. 

 
On the opposite side of the transition where heterostructures with n= 4 and 5 show 

insulating behavior (dRs/dT < 0), the transport behavior can be explained by activated transport 

and sheet resistance can be fitted perfectly with Arrhenius transport as shown below: 

Rs ∼ exp(ΔE/kT ) 

Rs is the sheet resistance, k is the Boltzmann constant, T is temperature and ΔE is the 

activation energy. Figure 4.11 shows the sheet resistance plotted versus temperature for insulating 

samples and fitted to the activated transport.  
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Figure 4.11: Sheet resistance of insulating heterostructures fitted to Arrhenius law. The inset shows sheet 

resistance plotted against 1/T for the insulating heterostructures. Black dotted lines are fits to the 

activated transport 

 

 It is important to note that transport behavior of the insulating regime is identical to the 

range found in bulk LaTiO3 [188], and more importantly the dominant insulating mechanism 

originate from activated transport as opposed to disorder transport or variable range hopping 

(VRH). Transport behavior of the insulating heterostructures cannot be explained by VRH . The 

relationship between sheet resistance and temperature in VRH is described as : 

Rs ∼ exp[T0/T ]y 

Where Rs is the sheet resistance, T is the temperature and T0 is the characteristic 

temperature. 
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 The transport data in the insulating regime can be fitted with the VRH, but the extracted 

characteristic temperature (T0) which represents a total sum of all possible energy states of hopping 

electrons in the localized area is much smaller (36K0) than the reported values in the literatures 

(104-105) [180, 206, 227]. Therefore, VRH cannot be the dominant mechanism of the metal-

insulator transitions in our heterostructures. Figure 4.12 shows the sheet resistance fitted with the 

VRH. 

 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 

 

Figure 4.12: Sheet resistance of insulating heterostructures fitted to variable range hopping.  

 

Second, the extracted activation energies EA’s are very small, around 2-3 meV which also 

confirms that disorder driven insulating transport is not the dominant mechanism driving the metal-

insulator transition. Third, the calculated energy gap (activation energy) of more insulating 

samples (n=4) is higher than n = 5 which is consistent with a trend seen in enhanced correlated 

systems. Consequently, based on the transport behavior and data analyses performed on the 

n= 4 

n= 5 
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heterostructure, it has been demonstrated that the metal-insulator transition observed in our films 

are originated form strongly correlated effect as oppose to disorder driven mechanism.  

 

 
4.4 The Effect of Strain Gradient on Metal-Insulator Transition  
 

The structural characterizations of our LaTiO3/ SrTiO3 /Si heterostructure were done by our 

collaborators from North Carolina State University. Both LaTiO3 and SrTiO3 have the same 

perovskite crystal structures. The lattice constant of bulk LaTiO3 (3.95 Å) is slightly larger than 

SrTiO3 (3.91 Å) and yet larger than diamond cubic silicon (3.84 Å), consequently, the LaTiO3/ 

SrTiO3 heterostructure grown epitaxially on silicon (001) experiences compressive strain as shown 

schematically in Figure 4.13. 

 

 
 
Figure 4.13: Perovskite structure of LTO/STO heterostructure grown on diamond cubic Si (001) facing 

compressive strain throughout the thin film. 

 
One way of reducing the raised surface energy originated from compressive strain and 

lattice mismatch is the film relaxation through generating dislocations at heterostructure interfaces 
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[207-209] . Synchrotron X-ray diffraction and reciprocal space mapping were used to investigate 

the rapid relaxation of strain (strain gradient) in our system.   

 

Synchrotron X-ray diffraction measurements were measured at the 33ID beamline at the 

Advanced Photon Source at room temperature. Diffraction intensities were measured using a 

Pilatus 100K 2D detector with an incident photon wavelength of 0.799 Angstroms. Figure 4.14 

(a), shows RSM data taken from n= 5, 6, 7, and 11 samples around the off-axis reflection of Si (2, 

2, L) for which there is no overlap with a Si Bragg peak. The RSMs are plotted in terms of the 

reciprocal lattice unit (r. l. u.) of bulk Si. Off-axis peak represents planes that are not parallel to 

the sample surface, therefore, they have an in-plane component (in addition to the perpendicular 

lattice plane spacing). Based on the data revealed by the RSM shown in Figure 4.14 (a) and (b) the 

interface near the SrTiO3 and silicon remained largely coherent and compressively strained 

(labeled as C), while moving further from the interface by just a few unit-cells results in formation 

of partially relaxed regions (labeled as A and B). 

 In other words, varying the film thickness causes a decrease (increase) in the intensity of 

the strained (relaxed) region as indicated in the RSM data. As mentioned earlier, the lattice 

constants of LaTiO3 and SrTiO3 are larger than Si, therefore in reciprocal space, relaxation was 

resulted in a broadening in peak intensity and lower r.l.u values (larger real spacing).   For more 

clarity Figure 4.15(b) shows the line profile of the heterostructure at different thicknesses which 

confirms the strain relaxation through three areas. As it can be clearly seen from the line profile at 

(2, 2, 2.7) increasing the thickness of the heterostructure were resulted in  film relaxation, since 

the intensity of the strained portion was rapidly decreased whereas the intensity of the partially 
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relaxed portion was increased. The extracted in-plane and out-of-plane lattice constants of 

components A, B and C are compared in Table 4.1 for the n = 5, 6, 7 and 11 heterostructures.  

 

Figure 4.15: (a)Reciprocal space maps taken of heterostructure with  various thickness n, showing the 

partially relaxed (labeled A, B) and coherently strained regions (labeled C).  (b). Line profile plots of the 

RSM. 
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Table 4.1: Extracted lattice constants of A, B and C region C of for the n = 5, 6, 7, and 11 

heterostructures. 

 

As mentioned earlier, film relaxation can be explained through formation of dislocations 

to minimize the raised energy due to lattice mismatch between Si, SrTiO3 and LaTiO3. Misfit 

dislocations can be the source of carrier scattering which can induce disorder driven transitions. 

However, film relaxation (dislocations) cannot explain the metal-insulator transition observed in 

our heterostructures. It is important to note that thicker samples must have more dislocations to 

compensate for the larger misfits, whereas thinner heterostructures have fewer dislocations. 

Consequently, one must expect thicker heterostructures exhibit insulating behavior if the metal-

n region c (Å) a (Å) c/a 

5 A 3.9284 3.9571 0.9928 

 B 3.9497 3.8954 1.0139 

 C 4.0334 3.8356 1.0516 

     

6 A 3.9135 3.9526 0.9901 

 B 3.9446 3.8925 1.0134 

 C 4.0047 3.8300 1.0456 

     

7 A 3.9073 3.9497 0.9893 

 B 3.9560 3.8853 1.0182 

 C 4.0085 3.8342 1.0455 

     

11 A 3.9049 3.9480 0.9891 

 B 3.9222 3.8924 1.0077 

 C 3.9598 3.8397 1.0313 
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insulator transition is induced solely by a carrier scattering mechanism. In contrary, the insulating 

behaviors are observed in thinner heterostructures with fewer dislocations.  

In order to eliminate extrinsic origins of the transition behavior seen in our heterostructures, 

we have also studied ultrathin 6 unit-cell solid solution La0.75Sr0.25TiO3 film grown epitaxially on 

Si using MBE. We found that La0.75Sr0.25TiO3 films of comparable thicknesses to the insulating 

samples remained metallic and the sheet carrier density calculated to be ns ~ 4 × 1015 cm-2 as shown 

in Figure 4.16. The transport results confirm that insulating behavior in our heterostructures is 

actually originated from strongly correlated phenomena as opposed to a common effect of reducing 

the metallic oxide film thicknesses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: Sheet resistance of La0.75Sr0.25TiO3 film grown epitaxially on Silicon. 

 

 

4.5 Theoretical Approach and Conclusion 
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The metal-insulator transition in our heterostructure occurred through the filling-controlled 

mechanism, it is required that the three dimensional carrier density must exceed above 1.6x 10 22 

cm -3, or one electron per Ti site. Therefore, Schrödinger-Poisson equations were applied to 

estimate carrier density (n3D) in the LaTiO3/ SrTiO3 /Si heterostructure. 

 According to the time independent Schrödinger equation, the existing eigenvalue consists 

of the kinetic part and the potential part. The carrier potential part of Schrödinger equation (V) 

obtained from solving the Poisson equation for voltage. In the Poisson equation (ρ) is the sum of 

all the possible source of carriers such as carriers in 2DEL, fixed ions and oxygen vacancies in the 

SrTiO3. The Schrödinger equation cannot be solved by itself, since the density state of electrons 

change the potential value, in order to estimate n3D, the carrier potential V is determined by 

iteratively solving the Poisson and Schrödinger equations.  

 

Heterostructure with n = 6 were selected for our calculations since the transition happens 

in the vicinity of this thickness. The 3-dimensional carrier density calculated from a Schrodinger -

Poisson model shows the carrier density is equivalent to 1 electron per Ti as can be seen in Figure 

4.17.  
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Figure 4.17:  n3D calculated from a Poisson-Schrodinger model showing the carrier density equivalent to 

1 electron per Ti. 

Earlier we discussed the effect of oxygen vacancies as a possible source of carrier density 

enhancement. In this regard, the strain gradient observed in the SrTiO3 channel can  also improve 

n3D through an electric field ESTO produced by the flexoelectric effect. Flexoelectricity is a property 

of all insulators when subject to an inhomogeneous deformation like vertical gradient of in-plane 

strain induced for instance by bending or lattice mismatch strain [217]. Such deformations may 

cause the central cations to be squeezed up inside a unit-cell, breaking the local centro-symmetry 

and inducing polarity [217]. The lattice mismatch between the SrTiO3 and Si layers induce strain 

gradients throughout the heterostructures that decay rapidly further away from the interface.  

The existence of the a compressively strained region moves Ti cations towards positive c-

direction which induces upward polarization in the SrTiO3 crystals and generates an electric field.  

Reducing the thickness of heterostructures intensifies the polarization of the strained component 

of the SrTiO3 as demonstrated by the c/a ratios shown in Figure 4.18.  
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Figure 4.18: (Left) c/a ratio for the strained region. (Right) Schematic illustrating the thickness of the 

coherently strained STO and the number of unit-cells over which strain relaxes for the n = 5 

heterostructure . 

 

The large positive polarization at the Si/ SrTiO3 interface has been previously reported in 

standalone epitaxial films of SrTiO3 that are strained to Si (100) [221]. The negative polarization 

in the LaTiO3, which has previously been predicted in LaTiO3/ SrTiO3 heterostructures, arises from 

charge transfer from the LaTiO3 to the SrTiO3, which leaves behind a positive ion core. The LaTiO3 

structure polarizes to screen the ion core, which screening enables carriers to extend further into 

the SrTiO3 [222-224]. We follow the approach of D. Lee et al. [225] to estimate the electric field 

induced by the flexoelectric effect. ESTO is given as:  

 

                                       𝐸𝑆𝑇𝑂 =
𝑒

4𝜋𝑎𝜖0

𝜕𝑢

𝜕𝑧
 

where e is the electronic charge, ϵ0 is the permittivity of free space, a is the lattice constant 

and ∂u/∂z is the gradient in strain. Given the rapid relaxation of the SrTiO3 over ~ 2 – 3 u.c. as 
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indicated by the RSM’s of Figure 4.15, we approximate ∂u/∂z as Δu/Δz and estimate Δu from the 

fits to the RSMs. Following this approach, ESTO is estimated to be ~ 8 x 107 V/m. 

In conclusion, based on the theoretical calculations such as flexoelectric effect and 

Schrödinger-Poisson equation along with the structural and electrical analysis like RSM, RHEED, 

STEM and transport data, it has been proved that the three dimensional carrier density in LaTiO3/ 

SrTiO3 /Si heterostructure is higher than 1.6x10 22 cm -3 or one electron per each Ti site. Hence, 

the metal insulator transition (Mott transition) occur in our heterostructure can explained through 

filling control mechanism.  

The ability of tuning metal insulator transition in strongly correlated oxide heterostructures 

grown directly on silicon substrate opens a pathway for various device applications such as field 

effect devices (MottFETs), fast response switching devices, sensor technologies and energy 

harvesting. The material behavior of strongly correlated oxides complements the properties of 

conventional semiconductors and would lead to additional modalities in device functionality. 

 

Summary 

 

Rare-earth titanates are known for exhibiting metal insulator transitions due to strong 

electron-electron correlation. The LaTiO3/ SrTiO3 /Si heterostructures exhibit MI transitions in 

which the metallic side of the transition can be explained with Fermi-Liquid behavior and the 

insulating regime can be described by activated transport. The temperature coefficient is enhanced 

by decreasing the SrTiO3 channel thickness and transport behavior of the insulating side are in 

perfect agreement with activated transport data fits over a large temperature range. All of the 
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mentioned transport behavior of the heterostructures indicate MI transition driven by a filling-

control near the carrier densities of 1 electron per Ti site.  
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Chapter 5  

Conclusion and Outlook 
 

Oxide MBE was utilized to grow transition metal  oxides with unprecedented control, 

layer-by-layer, at the atomic scale. By carefully changing the composition and functionality at the 

atomic scale, artificial heterostructures that exhibit a wide range of functionalities with novel 

applications can potentially be designed for future electronic devices.  Improvements in the growth 

of artificial heterostructures have enabled many of the exotic properties of oxides such as 

superconductivity, high dielectrics, metal-insulator transition to be integrated on semiconductor 

platforms.  

Over the last four chapters of this document, we have successfully achieved the main goals 

that were set in the beginning of the thesis. The main goals were: can we epitaxially grow three 

different classes of transition metal oxides on semiconductors? and will these oxides still exhibit 

same behaviors after integrated on semiconducting platforms?. In this regard, we have individually 

studied three different multi-functional oxide systems exhibiting different properties including 

high dielectric SZTO, superconducting YBa2Cu3O7 and strongly correlated systems including 

LaTiO3/ SrTiO3 heterostructures. We have successfully demonstrated through individual projects 

that these multifunctional oxides can be epitaxially grown on semiconductors while they have 

maintained integrate their properties. 

Here is the brief summary of each individual projects: In chapter two, principals of band 

gap engineering were applied to manipulate the band offset between single crystalline SrZrxTi1−xO3 

integrated directly on Ge from type-II to type-I through varying Zr content x.  
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Various structural characterization techniques such as X-ray diffraction and scanning 

transmission electron microscopy confirmed the single crystalline nature of the film with abrupt 

and coherent interface. Later Electrical characterizations such as C-V and I-V measurements 

confirmed the formation of type-I band offset in our heterojunctions. These findings confirm that 

the single crystalline SZTO can successfully be integrated on Ge and function as an electrical 

platform for device applications. 

In the next chapter, the research mainly focused on creating an epitaxial platform to 

integrate properties of superconducting YBa2Cu3O7 on silicon. In the first step, 30 nm single 

crystalline SrTiO3 was successfully grown on un-doped silicon wafer. The RHEED images taken 

during the growth as well as STEM image confirmed the high crystallinity between SrTiO3 and Si. 

Later 50 nm single crystalline YBa2Cu3O7 was deposited in PLD chamber. The transition 

temperature for single crystalline YBa2Cu3O7 grown on SrTiO3 buffered silicon was recorded to be 

~93K, which is the highest reported for single crystalline YBa2Cu3O7 on silicon. Single crystalline 

SrTiO3 grown epitaxially on silicon with MBE is proven to be a reliable platform to integrate 

superconducting YBa2Cu3O7 films. The stability of 30 nm SrTiO3 on silicon under ambient 

conditions without any protective layer makes it an ideal candidate to be used as platform for other 

deposition techniques like sputtering which can enable growth of YBa2Cu3O7 on larger sized 

wafers. 

Finally, in chapter 4, we have successfully integrated strongly correlated oxide exhibiting 

metal-insulator transition on to the most technologically relevant substrate. Oxide MBE was 

utilized to grow heterostructure consists of Mott insulator LaTiO3 and band insulator SrTiO3 on 

undoped silicon substrate. 2DEG formed in the interface between the SrTiO3 and LaTiO3 due to 

charge difference between Ti+4 and Ti+3. The transport data confirmed the metal-insulator 
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transition in heterostructure through changing the SrTiO3 thickness layer. Thicker samples 

exhibiting metallic behavior that can be explained with Fermi-Liquid behavior whereas thinner 

sample show insulating behavior that can be described by activation transport. STEM images 

confirmed a formation of abrupt and coherent interface. It has been found that, reducing the 

thickness of the SrTiO3 layer sandwiched between silicon substrate and LaTiO3 layer, causing the 

carriers confined and induce metal-insulator transition in the heterostructure. Later, solving the 

Schrodinger-Poisson equation confirmed that the 3-D carrier density can reach the minimum value 

required for the filling control metal insulator transition (one electron-per Ti sites).  

While we have addressed some of the challenges in epitaxial growth and integration of 

multifunctional oxides on semiconductors, a lot of problems remain to be solved in a future to fully 

understand the structural and electronic properties of these complex oxide systems. For instance, 

understanding the strongly correlated phenomena observed in many transition metal oxides  

remains one of the greatest challenges in solid state physics.  

Based on our findings, the strongly correlated behavior (metal-insulator transition) that 

observed in LaTiO3/ SrTiO3 heterostructure can be mainly attributed to the carrier enhancement 

through controlling the thickness of the SrTiO3 layers. Given the stacking structure of perovskite 

ABO3, two independent interfaces can be defined at the LaTiO3/ SrTiO3 interface corresponding to 

the position at which the chemical make-up of the AO and BO2 planes switch. Therefore, 

understanding how the interface compositions (A-site or B-site terminated) can  affect the transport 

characteristics could be a new research trend. We have also shown that upward polarization in Ti 

atoms due to strain gradient in the heterostructure can induce electric field through flexoelectric 

effect that can further confine carriers near the interface. 
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 In this regard, another approach that can improve our knowledge about these correlated 

systems is to realize other heterostructures comprised of different oxides with the aim to possibly 

control the metal-insulator transition only through strain effect which can be utilized in sensitive 

detectors and sensors.  

In addition to understanding the fundamental physics of transition metal oxides, 

investigating their unique properties in device technologies can be a new pathway for experimental 

researchers in the field of oxide microelectronics as shown schematically in Figure 5.1. Hereof, 

this work has shown that SZTO can act as structural as well as electrical platform for integrating 

properties of transition metal oxides on Ge substrate, the next step is to explore a wide range of 

possible device applications of SZTO. For instance, further studies on this solid solution will be 

valuable to explore the possibility of using single crystalline SZTO as an intermediate buffer layer 

to minimize the charge transfer from a ferroelectric material to semiconductors. 

 

 

 

 

 

 

 

 

Figure 5.1: Fascinating properties of oxides. Right: possible applications. 
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Maximizing the conduction and valence band offsets in a type-I arrangement between the 

oxide and semiconductor is essential. Furthermore, minimizing the physical thickness of the oxide 

is also necessary. So far, we have demonstrated that solid solution SrZrxTi1-xO3 (x ranging between 

0.25- to 0.7) can be utilized as a possible gate dielectric due to its type-I band offset and low 

leakage current. Therefore, exploiting the end member of solid solution SrZrxTi1-xO3 meaning 

SrZrO3 (x=1) is also important to find out the most favorable composition for the Ge based PMOS.  

Finally, in order to gain further understanding of the origin of superconducting behavior in 

YBa2Cu3O7 and the effect of epitaxial buffer layer on the transition temperature a variety of further 

experiments are necessary. To the best of my knowledge most of the buffer layers that have been 

used for YBa2Cu3O7 is polycrystalline, therefore , there is a great opportunity to study a possible 

further improvement of transition temperature by using other transition metal oxides that can be 

epitaxially grown on traditional platforms as a buffer layer.  
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