
 
 

 

ELECTRONIC, MAGNETIC AND OPTICAL 

PROPERTIES OF OXIDE SURFACES, 

HETEROSTRUCTURES AND INTERFACES: ROLE OF 

DEFECTS 

 

LIU ZHIQI 

(B. SC. Lanzhou University, CHINA) 

 

 

A THESIS SUBMITTED 

FOR THE DEGREE OF DOCTOR OF PHILOSOPHY IN 

SCIENCE 

DEPARTMENT OF PHYSICS 

NATIONAL UNIVERSITY OF SINGAPORE 

2013 

  



 
 

 

DECLARATION 

 

I hereby declare that the thesis is my original  

work and it has been written by me in its entirety.  

I have duly acknowledged all the sources of  

information which have been used in the thesis. 

This thesis has also not been submitted for any  

degree in any university previously. 

 

 

 

 

______________________ 

Liu Zhiqi 

 

 
  



i 
 

 

Acknowledgements 

The PhD study in the past four years has been an extremely important stage in 

my life. During these four years, a lot of people have helped me to further my 

research and I am grateful to all of them. Especially, I would like to sincerely 

thank my supervisors Prof. Ariando and Prof. T. Venkatesan for educating and 

encouraging me. Prof. Ariando keeps me motivated in my research and 

persistently supports me without any reserve. It is well his infinite support that 

enables me to freely think and try in oxides research. However, what I have 

benefited from his education is far not only in academic research. Indeed, I 

have learned quite a lot about the attitude to life from frequent discussions 

with him which are not limited to research. Therefore, he is a supervisor in my 

research, and also a mentor in my life.  

I always think that it is really my fortune to study under Prof. T. Venkatesan. 

He is so creative and enthusiastic in research. We have frequent discussions on 

academic research, even sometimes until midnight, and even sometime during 

weekends. During discussions, he can always come up with some amazing 

ideas which excite us a lot and I therefore enjoy discussions with him quite 

much. I had never seen a man like him who can easily connect the knowledge 

of different areas together as his brain is “a live library” of material science. It 

is well his creativity and enthusiasm that enlighten me to boldly and creatively 



ii 
 

think in my own research. I will ever be indebted to Prof. Ariando and Prof. T. 

Venkatesan. 

I would like to take this opportunity to thank Prof. J. M. D. Coey from Ireland, 

who has ever been a visiting professor in Nanocore for several months. He is 

an eminent material scientist. What impresses me is that he is so 

knowledgeable that he can explain many tough physical issues in material 

science by simple estimations based on fundamental physics. I would like to 

thank him for illuminating and fruitful discussions on my own studies.  

Also, I would like to acknowledge Prof. Y. P. Feng in NUS and Prof. H. B. Su 

in NTU. They persistently support our studies with pertinent theoretical 

calculations, which make our work sound and convincing.  

I would like to express my special gratitude to my senior Mr. Wang Xiao, who 

taught me various instruments in our lab when I first joined in Nanocore. That 

enables me to perform various experiments easily in my own research later. 

He is quite kind and discreet in conducting me on various experiments. 

Definitely, I would also like to thank Dr. W. M. Lü for teaching me 

significantly in various experimental processes and helping me a lot in my life 

during the past four years. 

I would like to thank Dr. X. H. Huang, Dr. Z. Huang, Dr. K. Gopinadhan, Dr. 

S. Saha, Dr. M. Yang, Dr J. B. Yi and Dr X. P. Qiu for their consistent support 

in various experiments. Of course, there are a lot of talented lab mates who 

help me in my own studies from time to time. Hence I would also like to 

extend my gratitude to them, Mr. A. Annadi, Mr. S. W. Zeng, Mr. Y. L. Zhao, 



iii 
 

Mr. J. Q. Chen, Mr. A. Srivastava, Mr. T. Tarapada, Mr. C. J. Li, and Dr. M. 

Motapothula. 

I also warmly remember all the Internship and Final Year Project students who 

worked with me in Nanocore, the master student Ms. D. P. Leusink from 

University of Twente, Netherlands, the undergraduate student Ms. Y. T. Lin 

from NUS, the undergraduate students Ms. Poulami Das and Mr. Soumya 

Sarkar form NIT, India. 

Finally, it would not have been possible for me to finish my PhD without 

invaluable love and patience from my beloved wife Ms. Jing Wang. Also, I 

thank my parents and my talented sister for their persistent support. It is their 

everlasting love and support that have been the source of confidence and 

strength in my research and life. 

 

 

 

 

 

 

 

  



iv 
 

Table of Contents 

Acknowledgements ........................................................................................... i 

Table of Contents ............................................................................................ iv 

Abstract ..........................................................................................................viii 

List of Publications ........................................................................................ xii 

List of Awards .............................................................................................. xvii 

List of Tables ...............................................................................................xviii 

List of Figures ................................................................................................ xix 

List of Symbols ........................................................................................... xxxv 

Chapter 1    Introduction ................................................................................ 1 

1.1 Research Contents ............................................................................... 4 

1.1.1 Oxygen vacancy-mediated transport in SrTiO3 ........................... 4 

1.1.2 Origin of the two-dimensional electron gas at the LaAlO3/SrTiO3 
interface – the role of oxygen vacancies and electronic reconstruction ..... 6 

1.1.3 Transport properties and defect-mediated ferromagnetism in Nb-
doped SrTiO3 .............................................................................................. 8 

1.1.4 Resistive switching mediated by intragap defects ....................... 9 

1.1.5 Tailoring the electronic and magnetic properties of SrRuO3 film 
in superlattices .......................................................................................... 11 

1.1.6 Ultraviolet and blue emission in NdGaO3 ................................. 12 

1.2 Perovskite oxide materials ................................................................ 13 

1.2.1 SrTiO3 ........................................................................................ 13 

1.2.2 LaAlO3 ....................................................................................... 14 

1.2.3 SrRuO3 ....................................................................................... 15 

1.2.4 NdGaO3 ...................................................................................... 15 

1.2.5 DyScO3 ...................................................................................... 17 

1.2.6 (LaAlO3)0.3 (Sr2AlTaO6)0.7 ......................................................... 18 

Chapter 2    Sample fabrication and characterization ............................... 20 

2.1 Pulsed laser deposition ........................................................................... 20 

2.1.1 History ............................................................................................. 20 

2.1.2 Mechanism....................................................................................... 22 



v 
 

2.1.3 RHEED ............................................................................................ 27 

2.2 Sample characterization techniques ....................................................... 33 

2.2.1 Structural characterization ............................................................... 33 

2.2.2 Electrical characterization ............................................................... 46 

2.2.3 Magnetic characterization ................................................................ 62 

2.2.4 Optical characterization ................................................................... 69 

Chapter 3    Oxygen vacancy-mediated transport in SrTiO3..................... 76 

3.1 Transport properties of SrTiO3-x single crystals ..................................... 77 

3.1.1 Magnetic field induced resistivity minimum ................................... 77 

3.1.2 Quantum linear magnetoresistance .................................................. 87 

3.1.3 Summary .......................................................................................... 92 

3.2 Metal-insulator transition in SrTiO3-x thin films induced by carrier 
freeze-out effect............................................................................................ 93 

3.2.1 Fabrication of SrTiO3-x films ........................................................... 95 

3.2.2 Metal-insulator transition in SrTiO3-x thin films ............................. 99 

3.2.3 Electrical re-excitation and thermal effect ..................................... 103 

3.2.4 Negative Magnetoresistance .......................................................... 106 

3.2.5 Summary ........................................................................................ 109 

3.3 Insulating state in ultrathin SrTiO3-x films ........................................... 110 

3.3.1 Surface of LaAlO3 single crystal substrates .................................. 110 

3.3.2 Layer-by-layer growth of SrTiO3 on LaAlO3 ................................ 113 

3.3.3 Insulating interface between SrTiO3 thin film and a LaAlO3 
substrate 115 

3.3.4 Variable-range hopping in ultrathin SrTiO3-x films ....................... 117 

3.3.5 Summary ........................................................................................ 119 

Chapter 4    Origin of the two-dimensional electron gas at the 
LaAlO3/SrTiO3 interface – the role of oxygen vacancies and electronic 
reconstruction ............................................................................................... 120 

4.1 Amorphous LaAlO3/SrTiO3 heterostructures....................................... 122 

4.1.1 Photoluminescence spectra ............................................................ 125 

4.1.2 Transport properties ....................................................................... 126 

4.1.3 Kondo effect and electric field effect ............................................ 130 

4.1.4 Critical thickness for appearance of conductivity ......................... 133 



vi 
 

4.2 Oxygen annealing experiment .............................................................. 136 

4.2.1 Oxygen annealing of amorphous LaAlO3/SrTiO3 ......................... 136 

4.2.1 Oxygen annealing of crystalline LaAlO3/SrTiO3 .......................... 137 

4.3 Ar-milling experiment .......................................................................... 140 

4.3.1 Ar milling of crystalline LaAlO3/SrTiO3....................................... 140 

4.3.2 Ar milling of amorphous LaAlO3/SrTiO3 ..................................... 142 

4.4 Re-growth experiment .......................................................................... 144 

4.5 Summary .............................................................................................. 146 

Chapter 5    Transport properties and defect-mediated ferromagnetism in 
Nb-doped SrTiO3 ......................................................................................... 148 

5.1 Transport properties of Nb-doped SrTiO3 single crystals .................... 148 

5.1.1 Electrical transport properties ........................................................ 148 

5.1.2 Magnetotransport properties .......................................................... 160 

5.1.3 Summary ........................................................................................ 163 

5.2 Defect-mediated ferromagnetism in Nb-doped SrTiO3 crystals .......... 164 

5.2.1 Ferromagnetism in Nb-doped (≥ 0.5wt%) SrTiO3 single crystals . 166 

5.2.2 Impurity examination .................................................................... 171 

5.2.3 Manipulation of ferromagnetism by annealing ............................. 174 

5.2.4 Relationship between magnetic moment and carrier density ........ 176 

5.2.5 Summary ........................................................................................ 179 

Chapter 6    Resistive switching mediated by intragap defects................ 181 

6.1 Resistive switching in LaAlO3 thin films ............................................. 183 

6.1.1 Reversible metal-insulator transition ............................................. 183 

6.1.2 Low temperature switching ........................................................... 188 

6.1.3 Structural phase transition check ................................................... 190 

6.1.4 Film cracking check ....................................................................... 192 

6.2 Defect mediated quasi-conduction band .............................................. 194 

6.2.1 Quasi-conduction band model ....................................................... 194 

6.2.2 Theoretical calculations ................................................................. 197 

6.2.3 Polarity and thickness dependence of resistive switching ............. 199 

6.3 Resistive switching of RAlO3 (R=Pr, Nd, Y) films ............................. 202 

6.3.1 PrAlO3 ........................................................................................... 202 



vii 
 

6.3.2 NdAlO3 .......................................................................................... 206 

6.3.3 YAlO3 ............................................................................................ 209 

6.4 Summary .............................................................................................. 211 

Chapter 7    Tailoring the electronic and magnetic properties of SrRuO3 
film in superlattices ...................................................................................... 212 

7.1 Transport properties of a 50 nm SrRuO3 film ...................................... 213 

7.2 SrRuO3/LaAlO3 superlattices ............................................................... 218 

7.2.1 Evolution of transport properties ................................................... 221 

7.2.2 Strain effect .................................................................................... 224 

7.2.3 Theoretical calculations for metal-insulator transition .................. 227 

7.2.4 Evolution of magnetic properties .................................................. 228 

7.2.5 Field effect modulation .................................................................. 232 

7.3 Summary .............................................................................................. 235 

Chapter 8    Ultraviolet and blue emission in NdGaO3 ............................ 237 

8.1 UV and blue emission in NGO single crystals ..................................... 238 

8.2 UV and blue emission in NGO thin films ............................................ 241 

8.2.1 Polycrystalline films ...................................................................... 241 

8.2.2 Epitaxial single crystal films ......................................................... 242 

8.2.3 Amorphous films ........................................................................... 244 

8.3 Mechanism of photoemission............................................................... 245 

8.4 Summary .............................................................................................. 247 

Chapter 9    Conclusion and future work .................................................. 248 

9.1 Conclusion ............................................................................................ 248 

9.2 Future work .......................................................................................... 249 

Bibliography ................................................................................................. 251 

 

  



viii 
 

Abstract 

In this thesis, electrical and magnetotransport properties of reduced SrTiO3 

(STO) single crystals and SrTiO3 thin films were investigated. In STO3-x 

single crystals, the Fermi liquid exists; a magnetic-field induced resistivity 

minimum emerges due to the high mobility and the possible strengthening of 

the classical limit by mass enhancement of strong electron correlations; also, 

linear in-plane transverse MR was observed and attributed to the unusual 

quantum linear MR. In contrast, metal-insulator transition was observed in 

STO3-x thin films. By comparing the electrical properties of STO3-x single 

crystals and STO3-x thin films, the distribution of oxygen vacancies in STO 

single crystals was found to be mostly on the surface. There is a large 

concentration gradient of oxygen vacancies from the STO single crystal 

surface to its interior, which leads to anisotropic 2D-like transport in reduced 

STO single crystals. In addition, high similarities between the carrier freeze-

out observed in STO3-x films and the spin glass state enable us to think the 

carrier freezing state as a kind of “charge glass” state. 

Atomically flat interfaces between STO films and single-terminated 

LaAlO3 (LAO) substrates were also achieved. The transport measurements 

displayed that this kind of interface is highly insulating. The reason for that 

could be the surface reconstruction of LAO single crystals or due to the 

interface epitaxial strain. Ultrathin STO3-x films are insulating, which could be 

due to a large number of compensating defects. Besides, our work opens a 

way to achieve atomically flat film growth based on LAO substrates. 
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Furthermore, the quasi-2DEG (two-dimensional electron gas) could even also 

be tailored probably by means of vacuum reduction or Argon-ion milling after 

the realization of atomically flat nanoscale film growth on LAO substrates. 

In addition, we studied the origin of the 2DEG at the LAO/STO interface a 

comprehensive comparison of (100)-oriented STO substrates with crystalline 

and amorphous overlayers of LAO of different thicknesses prepared under 

different oxygen pressures. By virtue of transport, optical, oxygen-annealing 

and Ar-milling studies, we conclusively found that oxygen vacancies account 

for the interface conductivity in amorphous LAO/STO heterostructures; both 

oxygen vacancies and electronic reconstruction contribute to the conductivity 

of crystalline LAO/STO heterostructures which have not been annealed in 

oxygen post deposition; the interface electronic reconstruction due to the 

potential build-up in LAO overlayers is ultimately responsible for the 

conductivity oxygen-annealed crystalline LAO/STO heterostructures. 

Moreover, our experiments demonstrate that the crystallinity of the LAO layer 

is crucial for the polarization catastrophe. 

We also studied electrical and magnetic properties of Nb-doped SrTiO3 

(NSTO) single crystals. Reversible room-temperature ferromagnetism was 

observed in highly-doped (≥ 0.5wt%) NSTO single crystals and found to be 

induced by oxygen vacancies and closely related to free carriers. We proposed 

the RKKY interaction to explain the ferromagnetism, where free electrons 

from Nb doping mediate the magnetic interaction among localized Ti 3d 

magnetic moments originating from oxygen vacancies. On the other hand, the 

use of this kind of substrate to search for novel ferromagnetism in oxide thin 
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films should be exercised with care due to the existence of ferromagnetism up 

to RT. Even though the ferromagnetic signal observed here is weak for a bulk 

single crystal, it is strong enough to mix up magnetic signals of thin films 

grown on it. 

In this thesis, we have also studied the resistive switching of LAO films in 

metal/LAO/NSTO heterostructures and observed the electric-field-induced 

reversible MIT. The reversible MIT is ascribed to the population and depletion 

of quasi-conduction band (QCB) consisting of a wide range of defects states in 

LAO. The stable metallic state can be obtained only when the filling level of 

QCB inside the LAO aligns with the Fermi level of NSTO such that the wave 

functions of electrons inside the QCB and the conduction band of NSTO can 

overlap and interact with each other. The implications of this mechanism are 

far-reaching especially now the entire semiconductor industry is moving 

toward high$-k$ materials. For example, the use of multi-component oxides as 

insulators in devices, (e.g., high-k dielectrics in silicon CMOS devices) must 

be exercised with caution because of the presence of multiple defect levels 

within their bandgap. Furthermore, we have demonstrated that the defect 

medicated quasi-conduction band model also applied to other large bandgap 

RAlO3 (R = Pr, Nd, Y) oxide materials. 

In this thesis, we have also studied the electronic and magnetic properties 

of SrRuO3/LaAlO3 (SRO/LAO) superlattices. By varying the thickness of 

SRO layers in the superlattices, we are able to modulate both electrical and 

magnetic properties of SRO films in SRO/LAO superlattices. For example, the 

ferromagnetic metal SRO can be tuned into a ferromagnetic insulator with a 
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much lower Tc of ~110 K as SRO layers are reduced to 2 uc in SRO/LAO 

superlattices. We have investigated the origin of the metal-insulator transition 

in ultrathin SRO films, which was found to be due to the interplay between 

dimensionality and dynamic spin scattering. Moreover, we have demonstrated 

field effect devices based on SRO/LAO superlattices, which reveals the 

possibility of realizing novel field effect devices based on multilayer structures. 

Finally, we studied PL properties of NdGaO3 (NGO) single crystals and 

thin films. The UV (~360 and ~390 nm) and blue emissions (~420 nm) were 

observed in both NGO single crystals and thin films. The PL emission of NGO 

is significantly enhanced at low temperatures and the high temperature 

activation energy is 35 meV. It was found that the crystallinity of NGO is 

essential for sharp emissions by virtue of Stark splitting. The observed UV and 

blue emissions can be understood based on the energy level diagram of the 

Nd3+ ion. Our observation is expected to open the path for NGO to be utilized 

as laser material or in photonic devices. In addition, the UV and blue emission 

in amorphous NGO films grown on commercial SiO2/Si substrates is potential 

for large-scale photonic device applications. 
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Chapter 1    Introduction 

Oxide materials exhibit luxuriously abundant and exotic physical properties 

such as high temperature superconductivity [1,2], metal-insulator 

transition [3,4], colossal magnetoresistance [5,6], electronic phase 

separation [7–9], resistive switching [10–12], ferroelectricity [13] and 

multiferroicity [14].  They have broad applications in both large scale (such as 

the maglev train system, electricity grids, and high magnetic field generators) 

and various microscopic electronic devices (such as CMOS, optoelectronic, 

and memory devices), as well as chemical catalysis, lithium-batteries and solar 

energy conversion. 

In the last decade, the resistive switching and interface physics in oxide 

heterostructures have been the research spotlights in the community of oxide 

electronics. In practice, rapid advances in information technology rely on 

high-speed and large-capacity nonvolatile memories and resistive switching in 

oxides is potential for the new generation of flash memory devices – resistance 

random access memory (ReRAM) with advantages of low power cost, fast 

write (of ~ns [15]) and read access. As the conventional memory unit scaling 

is expected to approach the technical and physical limits, ReRAM devices 

capable of multi-state storage become remarkably important.  
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Nevertheless, the gold rush in oxide heterostructures has been significantly 

stirred by novel functionalities created at interfaces [16]. Take several model 

systems for examples: a metallic two-dimensional electron gas at the interface 

between the two band insulators SrTiO3 and LaAlO3 [17], originating from the 

interface electronic reconstruction [18], shows superconductivity [19], the 

Kondo effect [20] and electronic phase separation [9]; ferroelectricity emerges 

in SrTiO3 thin films grown on DyScO3 substrates own to interface strain [21]; 

the bulk polarization of BiFeO3 is modulated by interface coupling in 

BiFeO3/La0.7Sr0.3MnO3 heterostructures [22]; and a magnetic proximity effect 

shows up in YBa2Cu3O7/La0.7Ca0.3MnO3 superlattices  [23].  

Now looking back upon my own studies in the past four years, they also 

mainly fall into the above two areas, i.e., resistive switching and oxide 

heterostructure interface physics. More interestingly, all my studies are, to 

some extent, all related to defects in oxide and oxide heterostructure. Basically, 

a defect in oxide materials is a break in the periodicity of a crystalline lattice. 

It extensively exists in crystalline materials in different terms such as point 

defects including vacancies, interstitial atoms, off-center ions, antisite defects 

and topological defects, line defects (e.g., dislocations), planar defects 

including grain boundaries and stacking faults, and even bulk defects (voids or 

impurity clusters). Most of complex oxides have predominantly ionic bonds 

and prone to a variety of cationic and anionic point defects energetically 

favorable in such materials. Point defects could significantly affect the 

electronic, magnetic, optical and mechanical properties of materials.  



3 
 

However, the interface defect issue induced by combining different oxides 

together in oxide heterostructures is much more complicated. Generally such 

issue can be classified into the following categories: (i) the substrate surface 

roughness could result in island formation during thin film growth and loss of 

conducting percolation [24]; (ii) thermal interdiffusion may lead to interface 

atoms intermixing and even the formation of solid solutions; (iii) interfacial 

strain arising from mismatch in lattice constants may induce thermodynamic 

defects during high temperature growth in oxide thin films; (iv) structure 

reconstruction may occur due to electrostatic incongruity [25]; (v) charge 

depletion or accumulation can be driven at interfaces by the chemical potential 

difference of distinct oxide materials; (vi) polar discontinuity at the interface 

between a polar and a nonpolar oxide could stir up interface defects such as 

precipitates [26] and dislocations [27]; (vii) the optimized oxygen pressure 

during deposition could be largely different for various oxide materials, 

making some materials incompatible. 

One point worth underlining is that not all defects in oxides are detrimental 

for applications. Instead, they have their own specific roles in determining the 

electronic, magnetic and optical properties of oxides and oxide 

heterostructures. For a simplest example, chemical doping could create high 

temperature superconductivity and colossal magnetoresistance.  

This PhD thesis involves diverse research topics related to oxides and 

oxide heterostructures. What is common in all of my research topics is pulsed 

laser deposition, which was intensively used to fabricate oxide thin films and 

oxide interfaces. Various characterization techniques were also utilized to 
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explore the structural, electrical, magnetic and optical properties of the 

samples. As the research topics covered by this thesis are loosely 

interconnected, I therefore organize the main body of thesis into a research 

topic-based pattern and divide different research topics into separate chapters.  

In this introduction chapter, a preview of what I have done in terms of 

different research topics will be presented, followed by the introduction to 

different oxide materials involved in this research. 

1.1 Research Contents 

1.1.1 Oxygen vacancy-mediated transport in SrTiO3  

Since the discovery of the two-dimensional electron gas at the interface 

between two band insulators SrTiO3 and LaAlO3 in 2004 [17], the role of 

oxygen vacancies in electrical properties of SrTiO3 has again attracted a 

significant attention as it is of great importantance in various novel properties 

of the newly developed two-dimensional electron system. For this reason, we 

studied the effect of oxygen vacancies on the transport properties of SrTiO3.  

Oxygen vacancies are a kind of doping and they can convert an insulating 

SrTiO3 into a metal. The mobile carriers have a high mobility due to the giant 

dielectric constant of SrTiO3 at low temperatures and the resulting dielectric 

screening of ionic scattering potential. Consequently, a magnetic field-induced 

resistivity minimum can be seen at low temperatures. However, oxygen 

vacancies serve as doubly charge donor centers, the activation energy of which 

could be up to several ten meV. Therefore, the carrier freeze-out effect can 
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occur in oxygen deficient SrTiO3, which induces a metal-insulator transition in 

SrTiO3-x films. The low temperature frozen state in SrTiO3-x thin films can be 

re-excited by electric field, Joule heating and magnetic field, which has been 

coined as a “charge glass”. 

By comparing the electrical properties of reduced SrTiO3 thin films with 

single crystals, it was found that oxygen vacancies in SrTiO3 single crystals 

obtained by finite-time reduction are far from uniform due to the small 

diffusion constant of oxygen vacancies in SrTiO3. Instead, there is a strong 

concentration gradient of oxygen vacancies from its surface to interior. As a 

result, highly anisotropic magnetotransport behavior as well as an 

inhomogeneity-induced quantum linear magnetoresistance is present in 

reduced SrTiO3 single crystals. Overall, free electrons originating from 

oxygen vacancies in SrTiO3 single crystals behave in a quasi-2D fashion on 

the SrTiO3 surface region due to the confinement by inhomogeneity. 

In addition, we succeeded in layer-by-layer growing ultrathin SrTiO3 films 

(4-10 nm) on atomically flat LaAlO3 substrates. Unlike the conducting 

heterostructures consisting of epitaxial LaAlO3 films and SrTiO3 substrates, 

such a heterostructure consisting of a SrTiO3 thin film and a LaAlO3 substrate 

is highly insulating. The reason was attributed to the surface reconstruction of 

LaAlO3 single crystals and also possibly the interfacial strain. Metallicity is 

absent in ultrathin SrTiO3-x films obtained by vacuum reduction, which 

indicates that compensating defects such as Sr and Ti vacancies are dominant 

in thermally reduced ultrathin SrTiO3-x films. 
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The above results can shed light on the origin of the two-dimensional 

electron gas at the interface between SrTiO3 and LaAlO3. For example, the 

insulating interface between a SrTiO3 film and a LaAlO3 single crystal reveals 

that the intermixing of Sr/La and Ti/Al is not responsible for the conductivity 

in conducting crystalline LaAlO3/SrTiO3 heterostructures. Moreover, such 

studies provide a fundamental basis for exploring the origin of the two-

dimensional electron gas at the LaAlO3/SrTiO3 interface. For instance, the 

carrier freeze-out effect observed in SrTiO3-x films is also present in 

unannealed crystalline LaAlO3/SrTiO3 heterostructures, which suggests that 

oxygen vacancies exist in SrTiO3 substrates. 

1.1.2 Origin of the two-dimensional electron gas at the 

LaAlO3/SrTiO3 interface – the role of oxygen 

vacancies and electronic reconstruction 

Despite of a substantial body of novel properties unveiled by many research 

groups for the two-dimensional electron gas at the interface between SrTiO3 

and LaAlO3, such as the electronically coupled complementary interfaces [28], 

the metal-insulator transition as the thickness of LaAlO3 layer decreases to 

below 4 unit cells [29], the magnetic Kondo scattering at the interface [20], the 

low temperate two-dimensional superconductivity [19], the electric-field 

tunable ground state [30], the electronic phase separation [9], the coexistence 

of superconductivity and ferromagnetism [31–33], the large gate capacitance 

enhancement due to strong electron correlation [34], and the feasibility of 

integration with Si [35], its origin is still unclear.  
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Generally three different mechanisms have been proposed [36]. First is 

interface electronic reconstruction to avoid the polar catastrophe induced by 

the discontinuity at the interface between polar LaAlO3 and nonpolar 

SrTiO3 [18,37,38]. Second is doping by thermal interdiffusion of Ti/Al or 

La/Sr atoms at the interface [39]; A third possible mechanism is creation of 

oxygen vacancies in SrTiO3 substrates during the deposition process [40–43]. 

Oxygen vacancies are known to introduce a shallow intragap donor level close 

to the conduction band of SrTiO3 [44], and their action may be specific to this 

one substrate. The thermal interdiffusion mechanism was discounted in recent 

work [45], which studied the effect of a mixed interface layer. It is also in 

conflict with the experimental results that p-type LaAlO3/SrTiO3 

interfaces [17] and interfaces created by growing SrTiO3 films on LaAlO3 [46] 

are insulating. 

Metallic interfaces with similar electronic properties produced by 

amorphous oxide overlayers [47,48] on SrTiO3 have further called in question 

the original polarization catastrophe model. We resolve the issue by a 

comprehensive comparison of (100)-oriented SrTiO3 substrates with 

crystalline and amorphous overlayers of LaAlO3 of different thicknesses 

prepared under different oxygen pressures, using photoluminescence to 

monitor the oxygen vacancy concentration created at the interface. For both 

types of overlayer, there is a critical thickness for the appearance of 

conductivity, but its value is always 4 unit cells (~1.6 nm) for the oxygen-

annealed crystalline case, whereas in the amorphous case the critical thickness 

could be varied in the range 0.5 to 6 nm depending on the deposition 



8 
 

conditions. Subsequent ion milling of the overlayer restored the insulating 

state for the oxygen-annealed crystalline heterostructures but not for the 

amorphous ones. Oxygen post-annealing removes the vacancies, and the 

interfaces become insulating in the amorphous case, but the interfaces with a 

crystalline overlayer remain conducting but with a reduced carrier density.  

Our data clearly demonstrate that oxygen vacancies are the dominant 

source of mobile carriers when the LaAlO3 overlayer is amorphous, while both 

oxygen vacancies and polarization catastrophe contribute to the interface 

conductivity in unannealed crystalline LAO/STO heterostructures, and the 

polarization catastrophe alone accounts for the conductivity in oxygen-

annealed crystalline LAO/STO heterostructures. Furthermore, it was found 

that the crystallinity of the LAO layer is crucial for the polarization 

catastrophe mechanism in the case of crystalline LAO overlayers. 

1.1.3 Transport properties and defect-mediated 

ferromagnetism in Nb-doped SrTiO3 

Nb is a hydrogenic-type donor to SrTiO3, which has inappreciable activation 

energy (~0.8 meV) due to the large dielectric constant of STO. The free 

electrons originating from Nb doping have high mobility due to the giant 

dielectric constant of SrTiO3 at low temperatures and the resulting dielectric 

screening of ionic scattering potential. Consequently, a magnetic field-induced 

resistivity minimum can be observed in high mobility Nb-doped single 

crystals.  
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In addition, the search for oxide-based room-temperature ferromagnetism 

has been one of the holy grails in condensed matter physics. We observed 

room-temperature ferromagnetism in Nb-doped SrTiO3 single crystals. The 

ferromagnetism can be eliminated by air annealing and can be recovered by 

subsequent vacuum annealing. The x-ray photoemission spectroscopy, the 

static time-of-flight and also the dynamic secondary ion mass spectroscopy 

measurements were performed to examine any possible magnetic impurities, 

but no impurity was seen. The temperature dependence of magnetic moment 

resembles the temperature dependence of carrier density, suggesting an 

intrinsic origin of the ferromagnetism – carrier-mediated Ruderman-Kittel-

Kasuya-Yosida (RKKY) interaction, where free electrons from Nb doping 

mediate the magnetic interaction among the localized Ti 3d magnetic moments 

originating from oxygen vacancies.  

Our experimental observation demonstrates an interesting system where 

defects together with carriers play important roles in room temperature 

ferromagnetism. Moreover, the use of this kind of single crystals as substrates 

to search for novel ferromagnetism in oxide thin films should be exercised 

with care due to the existence of ferromagnetism up to room temperature, 

which is strong enough to mix up the magnetic signals of thin films grown on 

them. 

1.1.4 Resistive switching mediated by intragap defects 

The insulating state is one of the most basic electronic phases in condensed 

matter. This state is characterized by an energy gap for electronic excitations 
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that makes an insulator electrically inert at low energy. However, for complex 

oxides, the concept of an insulator must be re-examined. Complex oxides 

behave differently from conventional insulators such as SiO2, on which the 

entire semiconductor industry is based, because of the presence of multiple 

defect levels within their bandgap. As the semiconductor industry is moving to 

such oxides for high-dielectric (high-k) materials, we need to truly understand 

the insulating properties of these oxides under various electric field excitations.  

In this part we demonstrate that the insulating properties of an insulator 

can be significantly changed due to its intragap defects by investigating the 

resistive switching properties of insulating RAlO3 (R = La, Pr, Nd, Y) thin 

films in metal/RAlO3/Nb-SrTiO3 heterostructures. Resistive switching is a 

phenomenon occurring in metal/insulator/metal sandwich structures, where the 

resistance of such sandwich structures changes upon the excitation of current 

or voltage pulses. Reproducible and reversible transitions were observed 

between a low-resistance metallic state and a high-resistance non-metallic 

state when applying suitable voltages in metal/RAlO3/Nb-SrTiO3 

heterostructures. The possibility of diffusion of the metal electrodes or oxygen 

vacancies into the RAlO3 layer was excluded by low temperature 

measurements. Instead, the phenomenon is attributed to the formation of a 

quasi-conduction band in the defect states of RAlO3 that forms a continuum 

state with the conduction band of the Nb-SrTiO3. Once this continuum 

(metallic) state is formed, the state remains stable even when the voltage bias 

is turned off. An opposing voltage is required to deplete the charges from the 

defect states. The thickness dependent switch-on voltage and the constant 



11 
 

switch-off voltage strongly support our model. This model can provide an 

alternative mechanism for resistive switching in complex oxides. In addition, 

our ability to manipulate and control these defect states of complex oxides will 

open up a new path to develop novel devices. 

1.1.5 Tailoring the electronic and magnetic properties of 

SrRuO3 film in superlattices 

Metallic oxides are essential to oxide electronic devices typically as electrodes 

and templates for integration of other oxide materials. SrRuO3 is a conducting 

ferromagnetic oxide, which has been extensively utilized as a ferromagnetic 

metal in oxide Josephson junctions, ferromagnetic electrodes in magnetic 

tunnel junctions, and normal metal electrodes in resistive switching devices. 

Generally, technological scaling of electronic devices stresses the need of 

using such metallic oxides in terms of thin films. However, an important issue 

on using ultrathin films of metallic oxides is the substantially increased 

resistivity, which is clearly existent in SRO thin films. 

The electronic and magnetic properties of SrRuO3/LaAlO3 superlatties 

with different thicknesses of SrRuO3 layers were studied. As the thickness of 

SrRuO3 layers in superlattices is reduced, SrRuO3 films gradually transform 

into a more localized state from its original bulk metallic state, i.e., from a bad 

metal to weak localization, then to metal-insulator transition and finally to 

strong localization. The critical thickness for a completely insulating state is 

two unit cells. The strain effect on the metal-insulator transition was also 

investigated by a serial of superlattices fabricated on different substrates. It 
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was found that although strain can obviously affect the resistance of 

superlattices, it does not change the evolution of electronic properties of 

SrRuO3/LaAlO3 superlatties with thickness.  

To explore the origin of the metal-insulator transition in ultrathin SrRuO3 

films, first-principle density-functional calculations were performed. We 

found that although the density of states of SrRuO3 at Fermi energy decreases 

with reduced thickness, it does not reach zero even as the SrRuO3 thickness is 

reduced to one unit cell. We therefore concluded that the metal-insulator 

transition in ultrathin SrRuO3 films is due to the interplay between 

dimensionality and dynamic spin scatterings which cannot be included in 

theoretical calculations. 

All the superlattices, even those with SrRuO3 layers as thin as two unit 

cells, are clearly ferromagnetic at low temperatures. Both the Curie 

temperature and ferromagnetic moment decrease with reducing thickness of 

SrRuO3 layers and reach ~110 K and 0.15 μB/Ru, respectively, in superlattices 

with two unit cell SrRuO3 layers.  Moreover, we demonstrate field effect 

devices based on such multilayer superlattice structures, which reveals the 

possibility of realizing novel field effect devices based on multilayer structures. 

1.1.6 Ultraviolet and blue emission in NdGaO3 

Ultraviolet emission and blue emission are of significant interest for 

applications in electroluminescence devices. Room temperature ultraviolet 

emissions (360 and 388 nm) and blue emission (420 nm) were observed in 

NdGaO3 single crystals. The light emission increases significantly at low 
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temperatures and consequently blue emission is visible at low temperatures. 

Similar ultraviolet and blue emissions were achieved in polycrystalline 

NdGaO3 thin films grown on Al2O3 and MgO substrates by pulsed laser 

deposition. Such emissions were also realized in single crystalline NdGaO3 

thin films depositing on (LaAlO3)0.3(Sr2AlTaO6)0.7 and Nb-SrTiO3-buffered 

LaAlO3 substrates.  Furthermore, ultraviolet and blue emissions were even 

obtained in amorphous NdGaO3 thin films deposited on commercial SiO2/Si 

substrates, which can lay the foundation for cheap and large-scale photonic 

device applications of NdGaO3 such as oxide-based short wavelength photonic 

devices for high resolution full color displays. 

1.2 Perovskite oxide materials 

1.2.1 SrTiO3 

 

Figure 1.1. Schematic of the SrTiO3 crystal structure. 
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SrTiO3 is a cubic perovskite with a lattice constant of 3.905 Å, in which Ti is 

centered in the octahedron surrounded by six oxygen atoms as schematized in 

Fig. 1.1. At 105 K, it undergoes a structural phase transition into a tetragonal 

phase. It is chemically stable. The melting point of SrTiO3 is high up to 

2080 °C and hence it is also thermally stable. It is a band insulator with an 

indirect bandgap of 3.25 eV and a direct bandgap of 3.75 eV [49]. A 

remarkable property of SrTiO3 is its large dielectric constant (𝜖𝜖𝑟𝑟= 300 at room 

temperature and > 20000 below 4 K) [50].  It is therefore extensively utilized 

as gate material in oxide transistor devices. Stoichiometric SrTiO3 is 

diamagnetic as a result of the absence of unpaired electrons. Moreover, owing 

to its large bandgap, it is transparent to visible light. The refractive index of 

SrTiO3 is strongly dispersive, which changes from 2.5 at 400 nm to 2.1 at 

1500 nm [51].  

The surface termination of SrTiO3 single crystals can be controlled by 

chemical treatments [52]. For instance, TiO2-terminated surface can be 

achieved by buffered HF-etching followed by thermal annealing. Hence 

SrTiO3 single crystals are extensively used as substrates for engineering oxide 

electronics by atomic control. 

1.2.2 LaAlO3 

LaAlO3 is a rhombohedral perovskite with the lattice constant a = 5.357 Å and 

α = 60.1°. However, it has a pseudocubic structure with a lattice constant a = 

3.79 Å. Above 435 °C, it is cubic with a = 3.82 Å. LaAlO3 is chemically and 

thermally stable with a melting point of 2110 °C. It has a large bandgap of 5.6 
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eV and transparent to visible light. LaAlO3 has a room temperature dielectric 

constant of 24 and remarkably small dielectric loss tangents tanδ of 5×10-6 at 

8.6 GHz and 77 K [53]. Therefore, it is of high interest in high-k material 

studies and low loss microwave and dielectric resonance applications. 

Moreover, it is an excellent substrate for epitaxial growth of various 

perovskite oxide thin films. 

Macroscopic twins are present in LaAlO3 single crystals during cooling 

down after crystal growth due to the structural phase transition at 435 °C and 

twin lines are visible on the surface. However, atomically flat surface with 

uniform single-terminated steps can be achieved within twins by annealing [46] 

or chemical treatment [54]. 

1.2.3 SrRuO3 

SrRuO3 has an orthorhombic structure with lattice constants a = 5.53 Å, b = 

5.57 Å and c = 7.85 Å, and a slightly distorted pseudocubic unit cell of a = 

3.93 Å. It undergoes a structural phase transition at 820 K and becomes 

tetragonal. Another structural phase transition into a cubic phase occurs at 920 

K. The melting point of SrRuO3 is high up to 2300 °C [55]. It is an itinerant 

ferromagnetic metal with a bulk Curie temperature Tc of ~160 K. Its room 

temperature resistivity is ~280 μΩ∙cm and therefore SrRuO3 is broadly used as 

electrode material in various oxide electronic devices.  

1.2.4 NdGaO3 
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NdGaO3 is an orthorhombic perovskite with lattice constants a = 5.43 Å, b = 

5.50 Å and c = 7.71 Å, and a pseudocubic unit cell of a = 3.87 Å. The crystal 

structure of NdGaO3 is stable in a wide temperature range. Its melting point is 

1600 °C. NdGaO3 has a large bandgap of 3.8 eV [56] and the room 

temperature dielectric constant is 25. It is a widely used substrate for high-

temperature superconductor and various perovskite oxide thin film depositions. 

NdGaO3 is a strong paramagnet, which undergoes a magnetic phase transition 

into an antiferromagnetic phase at ~1 K [57]. Despite of its large bandgap, 

NdGaO3 has selective absorption to visible light due to abundant energy levels 

of the rare earth element Nd. The transimittance spectrum of a (110)-oriented 

NdGaO3 single crystal is shown in Fig. 1.2. The refractive index of NdGaO3 is 

~2.13 [58].  
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Figure 1.2. Room temperature transmittance spectrum of a (110)-oriented 
NdGaO3 single crystal. 
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1.2.5 DyScO3 

DyScO3 has an orthorhombic perovskite structure with lattice constants a = 

5.43 Å, b = 5.50 Å and c = 7.71 Å, and a pseudocubic unit cell of a = 3.94 Å. 

The crystal structure of DyScO3 is stable and no structural phase transition is 

present up to 1200 °C  [59]. The melting point of DyScO3 crystal is ~2100 °C. 

DyScO3 has a large bandgap of 5.7 eV and a room temperature dielectric 

constant of 21. DyScO3 is a strong magnet and has intriguing magnetic 

anisotropy at low temperatures below 4 K. Along the [1-10] direction (refer to 

Fig. 2.39), it shows spin glass behavior. But along the [100] direction, DyScO3 

exhibits a sharp antiferromagnetic transition at 4.5 K as shown below in Fig. 

1.3.  
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Figure 1.3. Magnetic moment of a (110)-oriented DyScO3 single crystal along 
the in-plane [100] direction measured in different procedures, i.e., field 
cooling (FC) with a 5000 Oe field and measured by a 1000 Oe, and zero-field 
cooling (ZFC) with a 1000 Oe measurement field.  Inset: magnetic data below 
10 K.  
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Figure 1.4. Atomic force microscopy image of a 5×5×0.5 mm3 (110)-oriented 
DyScO3 single crystal annealed in air at 1000 °C for 2 h. The average step 
width is ~110 nm. 

Similar to NdGaO3, DyScO3 has selective absorption to visible light owing 

to the existence of Dy element. The surface of (110)-oriented DyScO3 single 

crystals can be thermally annealed (at 1000 °C in air for 2 h) to generate 

atomically flat surface with uniform steps. An atomic force microscopy image 

is shown in Fig. 1.4. 

1.2.6 (LaAlO3)0.3 (Sr2AlTaO6)0.7 

SrTiO3 is an excellent substrate for high temperature superconducting film 

depositions and it has a large dielectric constant. However, its dielectric loss 

tangents are quite large up to 6×10-2 at 8.6 GHz and 77 K [53], which is 

detrimental for microwave applications. Compared with SrTiO3, LaAlO3 has 

remarkably small dielectric loss tangents of 5×10-6 at 8.6 GHz and 77 K. 

Nevertheless, it suffers from twins and twin boundaries which affect the 
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quality of thin films and their microwave applications. To overcome the 

disadvantages of SrTiO3 and LaAlO3 as substrates for high temperature 

superconductor microwave applications, a new crystal - 

(LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT) was synthesized by Tidrow et al. [60] in 

1996 via a 30/70 mole % solid solution between LaAlO3 and Sr2AlTaO6. It is 

cubic with a = 3.868 Å and twin-free. The room temperature dielectric 

constant is 22. Its structural phase transition occurs at a low temperature of 

150 K from cubic to tetragonal phase [61]. That is the reason why no twin is 

formed during cooling down after crystal growth. The melting point of LSAT 

is lower (1840 °C) relative to LaAlO3 and SrTiO3. Moreover, LSAT has low 

dielectric loss tangents, ~2×10-4 at 8.68 GHz and 77 K [62]. It has good lattice 

match with various perovskite oxide materials. 

LSAT is an ideal diamagnet and can be used to explore novel magnetic 

properties of thin films. It has a large optical bandgap of ~4.7 eV [63] as an 

annealed LSAT single crystal shows an absorption edge of 268 nm. Moreover, 

its refractive index is 2.02 at 600 nm [64]. 
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Chapter 2    Sample fabrication and characterization 

In this chapter, I will first introduce the principal sample fabrication technique 

– pulsed laser deposition. Following that, various characterization techniques 

will be discussed together with instances. 

2.1 Pulsed laser deposition 

2.1.1 History 

Shortly upon the technical realization of the first ruby laser by Theodore H. 

Mainman at Hughes Research Laboratories in California in 1960 [65], a ruby 

laser was utilized by F. Breech and L. Cross to vaporize and excite atoms from 

a solid surface, which was presented at the International Conference on 

Spectroscopy at the University of Maryland in June of 1962 [66] and 

published as an abstract in Applied Spectroscopy 16, 59 (1962). Due to the 

rapid development of laser technology, the availability of reliable electronic 

Q-switches for generation of short optical pulses enabled the deposition of a 

variety of thin films using a ruby laser in vacuum by Howard M. Smith and A. 

F. Turner in New York in 1965  [67]. This marked the birth of laser film 

growth. 
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Nevertheless at that time, thin films obtained from laser ablation were still 

not able to compete with those grown by other techniques such as molecular 

beam epitaxy and chemical vapor deposition due to inferior film quality. As 

subsequent development in laser technology gave rise to high efficient 

harmonic generator and excimer laser with powerful UV radiation, the laser 

ablation of solid target materials became more efficient. As a result, the 

number of studies on laser assisted film deposition grew linearly in the 1970s 

and exploded in the early 1980s [68]. 

However, the substantial breakthrough in laser film growth was achieved 

by T. Venkatesan’s group at Bell Communications Research Laboratory in 

1987 [69], four months after the discovery of high temperature 

superconducting Y-Ba-Cu oxides [2], where high temperature 

superconducting YBa2Cu3O7 thin films with more superior quality than those 

obtained by other techniques were successfully fabricated using pulsed laser 

evaporation. In a later paper by Venkatesan et al. [70], such a technique was 

coined as “pulsed laser deposition”. Since then, pulsed laser deposition (PLD) 

has attained its reputed fame and been extensively utilized to fabricate high 

quality crystalline films including oxide thin films, nitride films, metallic 

multilayers, various superlattices and even to synthesize nanotubes [71], 

nanoparticle [72] and quantum dots [73]. 
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2.1.2 Mechanism 

     

     

Figure 2.1. (a) Schematic of a typical PLD system. (b) Photograph of one of 
PLDs in our lab. 

 

 

(a) 

(b) 
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A schematic of PLD setup as well as a photo of the PLD in our lab is shown in 

Figure 2.1. The mechanism of PLD is complicated including the ablation of 

target material by pulsed and focused high energy ultraviolet laser beam, the 

development of a plasma plume by laser irradiation, and then the nucleation 

and growth of target material on substrates. When the laser pulse is absorbed 

by the target, energy is first converted to electronic excitation and then into 

thermal, chemical and mechanical energy resulting in evaporation, ablation, 

plasma formation and even exfoliation (Pulsed Laser Deposition of Thin Films, 

edited by Douglas B. Chrisey and Graham K. Huble, John Wiley & Sons, 

1994). 

Generally, then entire PLD process can be divided into the following steps, 

(i) laser ablation: the incident ultraviolet laser (typically λ = 248 nm) short 

pulse (pulse duration of ~10 ns) penetrates into the surface of the material 

within the penetration depth of typically 10 nm for most materials;  the 

resulting strong electric field generated  by the laser beam can remove 

electrons from the bulk material of the penetrated volume; and the free 

electrons oscillate within the electromagnetic field of the laser light and 

collide with the atoms of the bulk material, thus transferring energy to lattice 

and heating up the surface of the target to be vaporized. (ii) plume formation: 

heating of the surface yields significantly high local temperature up to ~105 K, 

resulting in plasma formation; the ablated material with plasma expands in the 

form of plume which is normal to the target surface due to strong Coulomb 

repulsion from the target surface and contains a variety of energetic species 

including atoms, molecules, electrons, ions, clusters, particulates and also 
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melted globules. (iii) deposition: the high energetic species sputter some of the 

surface atoms and a collision region is formed between the incident flow and 

the sputtered atoms; the collision region serves as a source for condensation of 

particles; film growth starts as the condensation rate is higher than the supply 

rate of particles from ablation so that thermal equilibrium conditions can be 

satisfied.  

Nucleation and growth of thin films depends on several parameters 

including laser fluence, laser spot size, the ionization degree of ablated 

material, substrate surface temperature, target-to-substrate distance, 

background pressure and the physicochemical properties of target and 

substrate materials. A large supersaturation emerges on the substrate during 

the pulse duration, giving rise to a large nucleation density on the substrate 

surface. That can suppress the roughness of thin films. Indeed, the main two 

thermodynamic parameters influencing the growth are substrate surface 

temperature T and supersaturation 𝐷𝐷𝑚𝑚 , where the former affects the mobility 

of vapor atoms (from the plume) on the substrate surface while the latter is 

associated with nucleation density. They are related to each other by the 

following equation: 

                       𝐷𝐷𝑚𝑚 = 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 �𝑅𝑅 𝑅𝑅𝑒𝑒� �                                             (2-1) 

where 𝑘𝑘 is the Boltzman constant, 𝑅𝑅 is the practical deposition rate and 𝑅𝑅𝑒𝑒  is 

the equilibrium value at the temperature 𝑇𝑇.  
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Depending on the above deposition parameters, two-dimensional (2D) and 

three-dimensional (3D) growth can occur in PLD thin film growth. In 2D 

growth, there are two modes including step-flow growth and layer-by-layer 

growth. They are schematized and elaborated as below. 

 

Figure 2.2. Schematics of 2D growth modes: step-flow growth and layer-by-
layer growth. 

The 2D growth modes: (i) step-flow growth - atomic steps exist on the 

surface of a crystalline substrate owing to a miscut angle relative to its 

nominal crystallography plane. Atoms land on the substrate surface and 

thermally diffuse to such step edges before they can nucleate to form surface 

islands. The growth process can be viewed as step edges are flowing or steps 

are expanding along the surface. This process occurs when the miscut of a 

substrate is large or the substrate temperature is sufficiently high so that 

adatom (vapor atoms) are mobile enough to move to step edges and nucleate. 

(ii) layer-by-layer growth - atoms nucleate into 2D islands on the surface. As 
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more material is added, the islands start to grow and merge into each other. 

This is referred as coalescence. At that time, a large number of pits exist on 

the surface. As addition material is added, the atoms diffuse into the pits so 

that one layer can be completed. This process appears at lower temperatures so 

that atoms are not fast enough to move to step edges to nucleate. 

The 3D growth mode: once atoms nucleate on the surface forming islands, 

additional atoms will nucleate on the former islands. The entire growth 

continues in a 3D fashion rather than a 2D one. This mostly happens when the 

substrate roughness is large or the lattice of film is pronouncedly distinct from 

that of substrate or the substrate temperature is too low. 

The advantages of PLD are versatility, the capability of maintaining target 

composition, low cost (compared with molecular beam epitaxy) and cleanness. 

In addition, the rapid deposition of the energetic ablation species enhances the 

substrate surface temperature. In this respect, crystalline thin film growth by 

PLD tends to demand a lower substrate temperature. A drawback of PLD is 

that highly energetic plume ions may cause structural defects in substrates and 

thin films. Moreover, it suffered from the small cross section of laser plume, 

limiting itself to research environment. However, large area and uniform thin 

film deposition by PLD can be achieved by shifting the laser beam and 

rotating the substrate during deposition, potential for industrial applications. A 

4-inch wafer PLD system is available in our lab.  
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2.1.3 RHEED 

RHEED is the abbreviation of reflection high-energy electron diffraction. 

Nowadays, more and more PLD systems are equipped with RHEED, which is 

used to characterize the surface of a crystalline material and in situ monitor the 

thin film growth. Accordingly, a PLD system equipped with RHEED is also 

referred as PLD-MBE. The high energy beam diffraction is similar to x-ray 

diffraction, while in the RHEED setup an electron beam shines on the sample 

with a grazing incident angle and therefore only surface atoms contribute to 

the diffraction pattern.  

Generally there are two kinds of diffraction contributing to the RHEED 

patterns, including elastic and inelastic scatterings. For the elastic scattering, 

the energy of electrons keeps constant before and after scattering, which is 

termed kinematic scattering [A. Ichimiya and P. I. Cohen, Reflection high 

energy electron diffraction. Cambridge University Press: Cambridge, UK 

(2004)]. In contrast, the energy of electrons partly loses because of 

interactions with the crystal lattice in inelastic scatterings. 

Regarding to the elastic scattering, the RHEED pattern is a construction of 

the Ewald’s Sphere related to the reciprocal lattice of a crystalline material. 

However, it differs from the reciprocal lattice of bulk crystals consisting of a 

series of points. As only the sample surface contributes to the diffraction, the 

out-of-plane dimension is not involved. Hence, the RHEED pattern of a 

crystal is only associated with the reciprocal lattice of a 2D lattice, which 

consists of a set of infinite rods.  
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Figure 2.3. Schematic of the Ewald’s Sphere at the sample surface. In the 
figure, k1 is the wave vector of an incident electron beam and k2 is the wave 
vector of a diffracted electron beam. 

As schematized in Figure 2.3, the radius of the Ewald’s Sphere is the 

reciprocal of the wavelength, which can be expressed by the following 

equation 

𝒌𝒌𝟏𝟏 = 2𝜋𝜋
𝜆𝜆

 ,                                                     (2-2)  

where 𝜆𝜆 is the wavelength of the incident electron beam. Following the Laue 

diffraction conditions, constructive diffraction occurs where the rods of 

reciprocal lattice intersect the Ewald’s sphere. The conditions can be 

expressed by the following equations: 

|𝒌𝒌𝟏𝟏| = |𝒌𝒌𝟐𝟐|                                                   (2-3) 

𝑮𝑮 = 𝒌𝒌𝟐𝟐 − 𝒌𝒌𝟏𝟏                                                 (2-4) 
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where 𝑮𝑮 is an arbitrary reciprocal lattice vector. 

The inelastic scattering determines the brightness of a point on the detector 

screen. Part of inelastically scattered electrons penetrate the bulk crystal and 

approach Bragg diffraction conditions, consequently leading to kikuchi 

diffraction patterns. Kikuchi lines intersect the principal elastic diffraction 

circles in the RHEED pattern and appear to radiate from the center of the 

pattern. 

For an ideal incident electron beam with an accurate energy, the radius of 

the Ewald’s sphere 𝒌𝒌𝟏𝟏is precise and therefore the thickness of the Ewald’s 

sphere is infinitely small. Also for an ideal surface lattice the rods in its 

reciprocal lattice is infinitely thin. In such a case, the elastic diffraction points 

originating from the intersections of the Ewald’s sphere and the reciprocal 

lattice rods are infinitely sharp singular points. However, the electron beam 

energy in reality has a certain fluctuation and the lattice of a crystal surface is 

not ideally periodic, leading to a finite thickness for both the Ewald’s sphere 

wall and the reciprocal lattice rods. As a result, the intersections between the 

Ewald’s sphere and the reciprocal lattice rods typically exhibits streaked and 

elongated points, which are common in practical RHEED patterns.  

In the following, we will discuss how the RHEED is utilized to monitor 

the thin film growth in PLD. In the layer-by-layer growth mode, the RHEED 

intensity integrated over a selected area on the specular point first decreases as 

the material is grown until one layer is half finished. That is because the 

surface roughness increases and reaches its maximum when the substrate is 
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half covered, corresponding to the appearance of a large number of pits on the 

surface. As subsequent adatoms will diffuse into those pits to complete the 

layer in the latter half layer growth, the RHEED intensity gradually recovers. 

Such process is repeated as the thin film growth continues and consequently 

RHEED oscillations are obtained during the layer-by-layer growth. Each 

oscillation represents one unit cell of crystalline thin films. In what follows, I 

will show some examples of RHEED patterns and oscillations. 

 

Figure 2.4. RHEED patterns of a TiO2-terminated SrTiO3 (100) surface at 
different temperatures (a)-(c) and after the deposition of a 9 unit cell LaAlO3 
layer (d).  

Figure 2.4 shows RHEED patterns of a TiO2-terminated SrTiO3 (100) 

substrate surface at different temperatures (a)-(c) and after the deposition of a 

9 unit cell LaAlO3 layer (d). In the RHEED patterns at low temperatures, 
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sharp diffraction points as well as Kikuchi lines are visible. As the temperature 

of the SrTiO3 substrate increases to 750 °C, the RHEED pattern becomes 

streaky. That is because the electron beam energy fluctuation increases as a 

result of the high temperature and thermal disturbance. In addition, streaky 

RHEED patterns indicate a flat sample surface and also a dominant 2D surface 

diffraction. 
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Figure 2.5. RHEED oscillations of a LaAlO3 film grown on a TiO2-terminated 
SrTiO3 (100) substrate at 750 °C and 10-2 Torr oxygen partial pressure. 

The RHEED intensity by integrating over a selected area on the specular 

spot during the deposition of a LaAlO3 layer is recorded in Figure 2.5. The 

periodic RHEED intensity oscillations indicate a layer-by-layer growth mode. 

After the deposition, the RHEED pattern shown in Figure 2.4(d) is obviously 

streaky, suggesting a flat surface of the film. Indeed, the step-flow growth can 

also result in a streaky RHEED pattern as it is 2D growth too and the smooth 
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surface can be maintained. In terms of RHEED intensity, the layer-by-layer 

growth and the step-flow growth are distinctly different. The RHEED intensity 

in the step-flow growth mode does not oscillate with time while it periodically 

varies with time in the layer-by-layer growth mode. Moreover, in the step-

flow growth, the RHEED intensity obviously recovers with time once the 

deposition process is interrupted due to the high mobility of adatoms, whereas 

the RHEED intensity keeps almost constant in the layer-by-layer growth mode 

after stopping the deposition in between because of the low mobility of 

adatoms  [74].  

 

Figure 2.6. RHEED pattern of a CuO film grown on a TiO2-terminated 
SrTiO3 (100) substrate at 750 °C and 10-2 Torr oxygen partial pressure, 
indicating a 3D growth. 

For a 3D film growth mode, the RHEED pattern is no longer 2D 

diffraction. Instead, the high energy electron can penetrate the islands of thin 

film, yielding a 3D diffraction pattern consisting of a set of points. An 
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example RHEED pattern when depositing CuO films on SrTiO3 substrates is 

shown in Figure 2.6. 

From what is elaborated above, one can easily distinguish the growth 

mode of a thin film by RHEED pattern combined with the RHEED intensity 

evolution with time. Hence RHEED is a powerful tool to monitor thin film 

growth in PLD. 

 

2.2 Sample characterization techniques 

2.2.1 Structural characterization 

For the structural characterization of oxide heterostructure samples, the growth 

quality of crystalline thin films is typically examined by x-ray diffraction; the 

surface morphology of thin films is analyzed by atomic force microscopy 

while the oxide interface can be explored by transmission electron microscopy. 

In this part, I will briefly introduce the above three main techniques for 

structural characterization utilized during my research. 

2.2.1.1 X-ray diffraction 

X-ray diffraction (XRD) is a rapid and nondestructive technique to detect the 

crystallographic structure of a periodic atom lattice. Considering lattice planes 

spaced by d, the constructive diffraction happens when the following equation 

is fulfilled, 
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2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑛𝑛𝑛𝑛                                                  (2-5) 

 

Figure 2.7. Schematic of elastic x-ray diffraction.  

where 𝜃𝜃 is the incident angle of the x-ray relative to the crystalline plane, 𝑛𝑛 is 

the order number of diffraction pattern and 𝜆𝜆 is the wavelength of x-ray. The 

above equation is known as Bragg’s law. 

X-ray is used to detect the crystal structure of a lattice as its wavelength is 

comparable or smaller than the typical crystal lattice spacing of Å. For 

example, the wavelength of Cu kα x-ray is 1.54056 Å, which is extensively 

used in XRD setup. By virtue of XRD, one can readily determine the crystal 

structure and calculate the lattice constant d according to the peak position. In 

our lab, a Bruker XRD system with a 2D detector (shown in Figure 2.8) was 

used.  
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Figure 2.8. Photograph of the x-ray diffraction (XRD) setup with a 2D 
detector in our lab. 

With a 2D detector, one can intuitively identify whether oxide films are 

polycrystalline or single-crystalline as the XRD diffraction pattern of a single 

crystal film displays a series of sharp points corresponding to a certain lattice 

orientation while the XRD pattern of a polycrystalline film exhibits a series of 

diffraction circles.  As examples, the diffraction patterns of a single crystal 

YBa2Cu3O7 film grown on a SrTiO3 substrate and a polycrystalline NdGaO3 
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film grown on an MgO substrate are shown in Figures 2.9 and 2.10, 

respectively. 

 

Figure 2.9. 2D XRD pattern of a single crystal YBa2Cu3O7 thin film deposited 
on a SrTiO3 substrate at 750 °C and 200 mTorr oxygen partial pressure. 

 

Figure 2.10. 2D XRD pattern of a polycrystalline NdGaO3 thin film deposited 
on an MgO substrate at 700 °C and 10-2 Torr oxygen partial pressure. 
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Not only is it useful for single layer thin films, XRD is also capable of 

characterizing multilayer oxide heterostructures such as superlattices [75]. In 

superlattices, additional periodicity in layered materials is added and the high 

angle (𝜃𝜃 > 15°) peak positions can be indexed by the following equation: 

2 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝜆𝜆

=  1
𝑑𝑑�

± 𝑛𝑛
Λ

                                                 (2-6), 

where 𝑑̅𝑑 is the average lattice constant of the entire superlattice and Λ is the 

distance between the artificially periodic layer structure. Accordingly, the 

artificial lattice constant Λ of this periodicity can be obtained from the peak 

positions of satellite peaks. For example, the 𝜃𝜃 − 2𝜃𝜃  scan profile of a 

[(SrRuO3)7/(LaAlO3)7]20 superlattice fabricated on a TiO2-terminated SrTiO3 

substrate is shown in Figure 2. 11.  
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Figure 2.11. A Ө-2Ө scan profile of a [(SrRuO3)7/(LaAlO3)7]20 superlattice 
fabricated on a TiO2-terminated SrTiO3 substrate. SL represents satellite peaks. 
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Satellite peaks up to the third order can be seen. If we plot the order number 𝑛𝑛 

as a function of 2 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝜆𝜆

, it should show a straight line with a slope of Λ. The 

linear fitting of the above 𝜃𝜃 − 2𝜃𝜃 scan profile is shown in Figure 2.12. 
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Figure 2.12. Linear fitting of superlattice satellite peaks. The fitted slope Λ is 
55.5 Å, close to the nominal thickness of 7 unit cell LaAlO3 plus 7 unit cell 
SrRuO3 (54 Å = 7 × 3.79 Å + 7 × 3.93 Å).  

What we have discussed above is all about the 𝜃𝜃 − 2𝜃𝜃 scan, which is an 

examination of out-of-plane lattice periodicity of crystalline thin films or 

superlattices.  Besides, XRD is a versatile technique with other multiple 

capabilities for broad applications in thin film studies, such as rocking curve 

for thin film crystallinity check, reciprocal lattice mapping for in-plane lattice 

constant and interface strain study, reflectivity measurement for film thickness 

determination and pole figures for texturing effect analysis.  

2.2.1.2 Atomic force microscopy 
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Based on scanning tunneling microscopy, Binnig, Quate and Gerber invented 

atomic force microscopy (AFM) in 1986. In AFM, the localized mechanical 

interaction between a sharp tip and the sample surface is utilized for mapping 

the sample topography. A schematic and a photograph of an AFM setup are 

shown in Figure 2.13 and Figure 2.14, respectively. As schematized in Figure 

2.13, a laser beam is reflected from the backside of the cantilever, on the end 

of which the sharp tip is mounted, onto a quadruple photodiode array. The 

vertical displacement resulting from normal atomic force and the lateral twist 

owing to friction force can be obtained by analyzing the relative light intensity 

detected by the four diodes. Feedback electronics and piezoelectric scanner are 

used to maintain a constant tip-sample force or constant oscillation amplitude 

during topography mapping. 

 

Figure 2.13. Schematic of an atomic force microscopy (AFM) setup. 
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Figure 2.14. Photograph of the AFM in our lab. 

The V-shaped cantilever tip, typically fabricated by lithographing Si-based 

material, has a spring constant of 10-2–102 N/m. With a displacement detection 

sensitivity of 0.1 Å, the minimal detectable force is ~10-12 N. In some specific 

cases, atomic resolution in AFM can be achieved. The primary operation 

modes for AFM are contact mode and tapping mode. In the contact mode, the 

cantilever is dragged over the surface by the van der Waals forces and the 

surface is mapped directly by virtue of the deflection of the cantilever.  In the 

tapping mode, the cantilever is driven to oscillate at a frequency close to its 

resonance frequency and the amplitude of such oscillation is typically 100-200 

nm. The oscillation amplitude, phase and resonance frequency are affected by 

the tip-surface interaction forces, which is used to construct the sample surface 
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contours. The tapping mode is gentle enough to avoid damaging the sample 

surface and even able to image the biomolecules in a liquid medium. 

For example, an AFM image of a TiO2-terminated SrTiO3 substrate 

obtained by the contact mode is shown in Figure 2.15. As can be seen, the 

surface is atomically flat with uniform step flows. The steps are smooth with a 

step height of ~4 Å and an average width of ~500 nm, corresponding to the 

thickness of one unit cell SrTiO3 3.9 Å. Nanoscale defects such as holes and 

clusters can be clearly seen. 

 

Figure 2.15. A 4 μm×4 μm AFM image of a TiO2-terminated SrTiO3 substrate. 

As one of the foremost tools for surface studies, AFM is easy to be applied 

to nanostructure imaging. For example, the surface topography of a CuO film 

grown on a SrTiO3 substrate is shown in Figure 2. 16. The CuO nanowires 
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with the diameter of 100-300 nm originating from 3D island growth (refer to 

Figure 2.6) can be clearly visualized.  

 

Figure 2.16. A 5 μm×5 μm AFM image of the CuO film deposited on a 
SrTiO3 substrate (refer to Figure 2.6), showing nanopillar structures of CuO. 

2.2.1.3 Transmission electron microscopy 

Transmission electron microscopy (TEM) is an imaging technique by virtue of 

the interaction between an electron beam and an ultrathin sample during the 

transmission of the electron beam through the sample. It is a direct probe to 

the crystalline lattice on an atomic scale. In TEM, an ultrathin sample is 

irradiated by a high-energy (typically 100-500 keV) coherent electron beam 

and the image is realized by a sophisticated electron optic system, which can 

be operated either in a diffraction mode or an imaging mode. In the diffraction 

mode, a diffraction pattern of the ultrathin sample can be observed on the 
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fluorescent screen. A TEM diffraction pattern of an NdGaO3 film grown on a 

SrTiO3 substrate is shown in Figure 2.17. 

 

Figure 2.17. Transmission electron microscopy (TEM) diffraction pattern of a 
300 nm NdGaO3 film grown on a SrTiO3 substrate at 700 °C and 10-2 Torr 
oxygen partial pressure. 

In the imaging mode, a real-space image can be obtained from part of 

diffraction spots. Depending on the diffraction spots selected for imaging, 

there are two types of imaging modes, i.e., bright field imaging and dark field 

imaging. In the bright field mode, the specular diffraction spot is selected for 

imaging. The regions in the sample with high crystalline quality typically have 

a low scattering rate and consequently show high intensity in the image, 

whereas the regions with defects exhibit relatively low intensity. In this mode, 

high-resolution imaging with atomic resolution can be achieved due to the 

interference of the specular beam and other Bragg diffracted beams. In the 
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dark field imaging, non-specular diffraction spots or scattered spots are chosen, 

where the structures yielding those diffraction or scattering patterns display as 

bright regions. This image mode is typically used to identify grain boundaries 

or textures or domains in crystalline samples. 

 

Figure 2.18. Cross-section TEM image of an NdGaO3 film grown on a SrTiO3 
substrate. 

One of the most critical processes in TEM for high quality image is sample 

preparation. Oxide heterostructures are typically built on bulk crystalline 

substrates, which need to be thinned down to hounded of nm so that the 

electron beam can be transmitted through. Mechanical polishing followed by 

Ar-ion milling is typically utilized for sample preparation. Of course, optical 

instrumental settings are also critical to the image quality. Up to date, TEM 
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has been the most powerful tool for exploring the cross-section atomic 

structures at interfaces between thin films and substrates.   

A cross-section TEM image of an NdGaO3 film grown on a SrTiO3 

substrate is shown in Figure 2.18. A zoom-in TEM image of the NdGaO3 film 

shown in Figure 2.19 reveals a uniform crystal lattice .  

 

Figure 2.19. Zoom-in TEM image of the NdGaO3 film. 

Additionally, information on elemental composition can be obtained by 

analyzing electron energy loss spectra (EELS) or energy dispersive x-ray 

(EDX) generated by high energy electron beam. An EDX spectrum of the 

NdGaO3/SrTiO3 heterostructure is shown in Figure 2.20. 
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Figure 2.20. Energy dispersive x-ray spectrum of the NdGaO3/SrTiO3 
heterostructure. 

2.2.2 Electrical characterization 

Generally, there are three categories of electrical measurements involved in 

my research: resistance measurements, Hall measurements and 

magnetoresistance measurements. All these measurements can be readily 

accomplished by a physical properties measurement system (PPMS) shown in 

Figure 2.21. I will briefly introduce the fundamental basis for them one by one 

in this part. 
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Figure 2.21. Photograph of the physical properties measurement system 
machine in our lab. 

2.2.2.1 Resistance measurements 

A four-point probe is typically used in thin film resistance measurements to 

avoid contact resistance between connection wires and thin films. There are 

two commonly used geometries, i.e., linear geometry and van der Pauw 

geometry. A four-probe linear geometry is schematized for a thin film with the 

thickness of t in Figure 2.22. Due to the finite size effect, the applied current I 

cannot uniformly flow along the entire film cross section and therefore the  
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Figure 2.22. Schematic of the four-probe linear geometry for resistance 
measurements. 

resistivity 𝜌𝜌 of the thin film cannot be simply determined by the following 

equation: 

𝑅𝑅 = 𝜌𝜌 𝑙𝑙
𝑠𝑠
                                                 (2-7), 

where 𝑅𝑅 is the resistance determined by the measured voltage V divided by the 

applied  current I, 𝑙𝑙 is the distance between the two voltage electrodes and 𝑠𝑠 is 

the area of the thin film cross section perpendicular to the linear line. Instead, 

with the electrodes centered on a very wide (𝑙𝑙 ≪ 𝑤𝑤) and very thin (𝑡𝑡 ≪ 𝑙𝑙) film, 

the resistivity 𝜌𝜌 is given by: 

𝜌𝜌 = 𝜋𝜋
ln (2) 𝑡𝑡(

𝑉𝑉
𝐼𝐼
) = 4.5324𝑡𝑡(𝑉𝑉

𝐼𝐼
)                           (2-8) 

For a thin film with non-negligible thickness and finite width the above 

expression should be further rectified by geometrical correction factors 𝑓𝑓1 and 

𝑓𝑓2.  

𝜌𝜌 = 𝜋𝜋
ln (2) 𝑡𝑡(

𝑉𝑉
𝐼𝐼
)𝑓𝑓1𝑓𝑓2 = 4.5324𝑡𝑡(𝑉𝑉

𝐼𝐼
)𝑓𝑓1𝑓𝑓2                     (2-9) 
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where 𝑓𝑓1 = 𝑓𝑓1(𝑡𝑡
𝑙𝑙
) is non-negligible thickness correction and 𝑓𝑓2 = 𝑓𝑓2(𝑤𝑤

𝑙𝑙
) is 

finite width correction. Typically for a thin film, 𝑡𝑡 ≪ 𝑙𝑙 is always satisfied and 

𝑓𝑓1 = 1. While finite width correction usually exists and therefore the 

resistivity of a thin film can be expressed by 

𝜌𝜌 = 𝜋𝜋
ln (2) 𝑡𝑡(

𝑉𝑉
𝐼𝐼
)𝑓𝑓2 = 4.5324𝑡𝑡(𝑉𝑉

𝐼𝐼
)𝑓𝑓2                     (2-10) 

and correspondingly the sheet resistance can be expressed by 

𝑅𝑅𝑠𝑠 = 𝜋𝜋
ln (2) (𝑉𝑉

𝐼𝐼
)𝑓𝑓2 = 4.5324(𝑉𝑉

𝐼𝐼
)𝑓𝑓2                     (2-11) 

in the four-probe linear geometry. The finite width correction factors can be 

found for thin films with different shapes in [76]. 

For example, a 200 nm thick Sn-doped In2O3 (ITO) thin film grown on a 

LaAlO3 substrate (5×5 mm2) at 200 mTorr and 750 °C has a measured 

resistance of 3.76 Ω at room temperature with the electrode spacing of 1 mm. 

The finite width correction factor for 𝑤𝑤
𝑙𝑙

= 5 and a square sample is 0.65. 

Therefore, the sheet resistance is 𝑅𝑅𝑠𝑠 = 3.76 Ω × 4.53 × 0.65 = 11.07 Ω/□. 

Finally, the corresponding room temperature bulk resistivity is 𝜌𝜌 = 𝑅𝑅𝑠𝑠𝑡𝑡 = 

2.22×10-4 Ω∙cm. 

In the PPMS machine, the temperature of a sample can be varied by the 

cooling system and the resistance can be recorded as a function of temperature. 

Thus the temperature dependence resistivity (𝜌𝜌 − 𝑇𝑇) can be obtained. The 

𝜌𝜌 − 𝑇𝑇 curve of the ITO thin film is shown in Figure 2. 23. The resistivity of 
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the ITO thin film changes with temperature and shows a low temperature 

upturn at ~100 K. 
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Figure 2.23. Temperature dependence of the resistivity (ρ-T) of a 200 nm Sn-
doped In2O3 (ITO) thin film deposited on a LaAlO3 substrate at 750 °C and 
200 mTorr oxygen pressure. 

       

0 50 100 150 200 250 300

0

2

4

6

8

10

Tc0 = 89.4K

R 
(Ω

)

T (K)   

Figure 2.24. Temperature dependent resistance (R-T) of a 100 nm YBa2Cu3O7 
thin film deposited on a SrTiO3 substrate at 750 °C and 200 mTorr oxygen 
pressure followed by air-annealing at 600 °C for 30 mins. 
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The temperature dependent resistance (R-T) of a thin film of the most 

famous high temperature superconductor YBa2Cu3O7 is shown in Figure 2.24. 

At 89.4 K, the resistance drops down to zero, which means the material has 

transformed into a superconducting state. 

The other four-probe resistance measurement geometry is van der Pauw 

geometry, where the two voltage electrodes are parallel to the two current 

probes but not in a line. A typical van der Pauw measurement geometry is 

drawn in Figure 2.25 for a square sample. A current is injected along the edge  

 
Figure 2.25. Schematic of the van der Pauw measurement geometry for a 
square sample. 

of the sample and the voltage across the opposite edge is collected. The 

intrinsic sheet resistance 𝑅𝑅𝑠𝑠 of a square sample can be deduced from the van 

der Pauw equation: 

𝑒𝑒
−𝜋𝜋𝑅𝑅1

𝑅𝑅𝑠𝑠� + 𝑒𝑒
−𝜋𝜋𝑅𝑅2

𝑅𝑅𝑠𝑠� = 1                                   (2-12) 

where 𝑅𝑅1  and 𝑅𝑅2  are resistance measured along two different directions as 

drawn in Figure 2.25. 
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In general the van der Pauw equation cannot generate a specific function 

for sheet resistance calculation. In the simplest case, 𝑅𝑅1 = 𝑅𝑅2 =  𝑅𝑅, then the 

sheet resistance can be simplified as: 

𝑅𝑅𝑠𝑠 = 𝜋𝜋
ln⁡(2)

𝑅𝑅                                               (2-13) 

In practice, 𝑅𝑅1  is always different from 𝑅𝑅2  and therefore the van der Pauw 

equation has to be numerically solved to obtain 𝑅𝑅𝑠𝑠. An example of a van der 

Pauw measurement of the 2DEG at LaAlO3/SrTiO3 interface is shown in 

Figure 2.26, where R1 differs from R2 over the whole temperature range. 

10 100

102

103

104

R 
(Ω

)

T (K)

 R1

 R2

 Rs

 

Figure 2.26. R-T curves of a LaAlO3/SrTiO3 heterostructure (fabricated by 
depositing 10 unit cells of LaAlO3 on a TiO2-terminated SrTiO3 substrate at 
750 °C and 10-2 oxygen partial pressure) measured in the van der Pauw 
geometry. Rs is deduced from R1 and R2 by solving the van der Pauw equation 
using an iterative method. 
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2.2.2.2 Hall measurements 

Hall measurement is based on the Hall effect (Figure 2.27), which is a 

generation of voltage 𝑉𝑉𝐻𝐻  transverse to the injected current I by a perpendicular 

magnetic field B. For a semiconductor or a metal sample with only one type of 

charge carrier the Hall voltage is given by: 

𝑉𝑉𝐻𝐻 =  − 𝐼𝐼𝐼𝐼
𝑛𝑛𝑛𝑛𝑛𝑛

                                             (2-14) 

where 𝑛𝑛 is the carrier density, 𝑒𝑒 is the elementary charge and 𝑡𝑡 is the thickness 

of the sample. The Hall coefficient 𝑅𝑅𝐻𝐻 is defined as: 

 
Figure 2.27. Schematic of the Hall effect. The electrons initially move 
following the dashed line. However, they deviate from that due to Lorentz 
force generated by the applied magnetic field B. Consequently, the electrons 
accumulate on the one lateral edge of the sample, leading to a voltage across 
the sample and transverse to the current. 

 

𝑅𝑅𝐻𝐻 =  𝑉𝑉𝐻𝐻𝑡𝑡
𝐼𝐼𝐼𝐼

= − 1
𝑛𝑛𝑛𝑛

                                    (2-15) 
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where the unit of Hall coefficient is m3/C or Ω∙cm/G. The Hall effect is 

commonly used for carrier density determination. 

For a thin film sample, van der Pauw geometry (Figure 2.28) is typically 

used for Hall measurements, where the two voltage electrodes are 

perpendicular to the two current electrodes. The measured resistance 𝑅𝑅 = 𝑉𝑉𝐻𝐻
𝐼𝐼�   

 

Figure 2.28. Schematic of Hall measurement in the van der Pauw geometry 
for a square sample. 

can be expressed as by 

𝑅𝑅 = 𝑉𝑉𝐻𝐻
𝐼𝐼� = − 𝐵𝐵

𝑛𝑛𝑛𝑛𝑛𝑛
                                   (2-16) 

and therefore is a linear function of the applied magnetic field 𝐵𝐵 for a sample 

with only one type of carrier. The Hall measurement data at 300 K for a 200 

nm ITO film deposited on a LaAlO3 substrate at 750 °C and 200 mTorr 

oxygen pressure is shown in Figure 2.29. The measured resistance is linearly 

proportional to the magnetic field and the fitted slope is 0.05 Ω/T, which 
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corresponds to -1/net and thus the room temperature bulk carrier density of the 

ITO film is determined to be -6.23×1020 cm-3. 
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Figure 2.29. Hall measurement data at 300 K for a 200 nm ITO film (red 
diamonds). The black line is a fitted line. 

As the resistivity ρ, carrier density n and mobility µ are related to each other 

by  

𝜌𝜌 = 1/(𝑛𝑛𝑛𝑛𝑛𝑛)                                            (2-17) 

and accordingly the room temperature mobility of the ITO film can be 

deduced from the resistivity and carrier density values. Considering the room 

temperature bulk resistivity of ITO film is ρ = Rst = 2.22×10-4 Ω∙cm (refer to 

2.2.2.1), the mobility at 300 K is 1/ρne = 1/(2.22×10-4 Ω∙cm × 6.23×1020 cm-3 

× 1.602×10-19 C) = 44.63 cm2/(V∙s). 
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A linear dependence of resistance on the magnetic field is the simplest 

case in Hall measurements. Nevertheless, a nonlinear Hall effect can occur for 

a sample with multiple types of carriers either with different mobility or with 

different effective mass. Moreover, the anomalous Hall effect could emerge in 

ferromagnetic materials, which originates from the superposition of internal 

magnetization and the external magnetic field. For example, the Hall 

measurement data at 2 K of a 100 nm SrRuO3 film deposited on a SrTiO3 

substrate at 750 °C and 200 mTorr oxygen pressure is shown in Figure 2.30. 

As SrRuO3 is ferromagnetic below ~160 K, it exhibits an anomalous Hall 

effect with a hysteresis loop similar to its ferromagnetic loop.  
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Figure 2.30. Hall measurement data at 2 K for a 50 nm SrRuO3 film grown on 
a SrTiO3 substrate at 750 °C and 200 mTorr oxygen pressure. 

2.2.2.3 Magnetoresistance measurements 

Magnetoresistance (MR) is a relative resistance change typically defined as  
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𝑀𝑀𝑀𝑀 =  𝑅𝑅(𝐵𝐵)−𝑅𝑅(0)
𝑅𝑅(0)

                                         (2-18) 

It is an examination of the effect of an external magnetic field on the 

transport properties of carriers, by which transport mechanisms and 

magnetic energy levels can be explored. In a weak magnetic field, electron 

travelling transverse to the field are scattered by Lorentz force 𝑭𝑭 given by 

𝑭𝑭 = 𝑞𝑞𝒗𝒗 × 𝑩𝑩                                             (2-19) 

and the effective mean free path of electrons decreases as they are deflected 

away from the initial current direction. In general, the resistance of a material 

increases under a magnetic field. In such a case, the MR can be expressed by 

Kohler’s rule 

𝑀𝑀𝑀𝑀 = 𝛼𝛼(𝜇𝜇𝜇𝜇)2                                           (2-20) 

where 𝜇𝜇 is mobility and 𝛼𝛼 is a material and temperature dependent parameter. 

Under a strong magnetic field, as originally pointed out by Landau, the 

motion of a conduction electron is quantized. The effect of the quantization on 

the MR measurement is most pronounced at low temperatures and high 

magnetic fields, so that the conditions 

𝜔𝜔𝜔𝜔 ≫ 1                                                 (2-21) 

and  

ℏ𝜔𝜔 ≫ 𝑘𝑘𝑘𝑘                                               (2-22) 
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can be satisfied, where 𝜔𝜔 is the cyclotron resonance frequency, 𝜏𝜏 is the 

relaxation time, ℏ is the Planck constant and 𝑘𝑘 is the Boltzmann constant.  

The quantized energy levels is expressed by  

𝐸𝐸𝑛𝑛 = (𝑛𝑛 + 1
2
)ℏ𝜔𝜔                                        (2-23) 

for non-relativistic particles. As 𝐸𝐸𝑛𝑛  reaches 𝐸𝐸𝐹𝐹 , the system energy peaks and 

the resistance reaches its minimum, where 

𝐸𝐸𝑛𝑛 = �𝑛𝑛 + 1
2
� ℏ𝜔𝜔 = �𝑛𝑛 + 1

2
� ℏ 𝑒𝑒𝐵𝐵𝑛𝑛

𝑚𝑚𝑐𝑐
= 𝐸𝐸𝐹𝐹                       (2-24) 

and therefore  

1
𝐵𝐵𝑛𝑛
− 1

𝐵𝐵𝑛𝑛−1
= ℏ𝑒𝑒

𝑚𝑚𝑐𝑐𝐸𝐸𝐹𝐹
                                      (2-25) 

where 𝑚𝑚𝑐𝑐  is the cyclotron mass. In such a case, the system resistance oscillates 

with 1/B at a period of ℏ𝑒𝑒/𝑚𝑚𝑐𝑐𝐸𝐸𝐹𝐹 , which is referred as Shubnikov-de Haas 

Oscillations [77]. The amplitude of the oscillations A is dependent on 

temperature, magnetic field and the cyclotron mass 

𝐴𝐴 ∝ 𝑇𝑇𝐵𝐵1/2𝑒𝑒𝑒𝑒𝑒𝑒(−2𝜋𝜋2𝑘𝑘𝑘𝑘/𝛽𝛽∗𝐵𝐵)                            (2-26) 

with 

𝛽𝛽∗ = ℏ𝑒𝑒
𝑚𝑚𝑐𝑐

                                              (2-27) 
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being the effective double Bohr magneton. For a fixed B, the plot of ln(A/T) as 

a function of T yields a straight line and the cyclotron mass 𝑚𝑚𝑐𝑐  can be fitted 

from the slope, the so called Dingle Plot [78,79]. 

For relativistic particles, the quantized energy is expressed by 

𝐸𝐸𝑛𝑛 = 𝑠𝑠𝑠𝑠𝑠𝑠(𝑛𝑛)�2𝑒𝑒ℏ𝑣𝑣𝐹𝐹2|𝑛𝑛|𝐵𝐵                             (2-28) 

where 𝑣𝑣𝐹𝐹 is the Fermi velocity. Thus the quantum oscillations in MR is 

expressed as follows: 

1
𝐵𝐵𝑛𝑛
− 1

𝐵𝐵𝑛𝑛−1
= 8ℏ𝑒𝑒

𝑚𝑚𝑐𝑐2𝑣𝑣𝐹𝐹2                                      (2-29) 

by virtue of which the cyclotron mass 𝑚𝑚𝑐𝑐  can be obtained from fitting the 

oscillation period [80]. 

The condition (2-22) ℏ𝜔𝜔 ≫ 𝑘𝑘𝑘𝑘 to ensure that all electrons are in the lowest 

quantum magnetic level has been coined as “quantum limit” by Argyres and 

Adams [81]. In such a case, the MR is positive and linearly proportional to B. 

On the contrary, when ℏ𝜔𝜔 ≪ 𝑘𝑘𝑘𝑘, the motion of electrons is characterized by 

large quantum numbers. According to the correspondence principle, the 

quantum treatment yields the same results with the semi-classical treatment, 

which neglects the quantization.  

Moreover, MR could be negative, which mostly appears in ferromagnetic 

materials, Kondo scattering systems and weak localization systems. The origin 

of the negative MR in ferromagnetic and Kondo systems are all because 

magnetic (or spin-dependent) scatterings are suppressed by an external 
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magnetic field as magnetic field can align randomly-oriented or antiparallelly-

aligned spins. The MR of a ferromagnetic SrRuO3 thin film is shown in Figure 

2.31, showing a butterfly loop due to its internal magnetic hysteresis. However, 

the negative MR in weak localization systems originates from the destruction 

of the coherent self-intersecting interference of electrons by a  
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Figure 2.31. Magnetoresistance (MR) of a 50 nm SrRuO3 film (deposited on a 
SrTiO3 substrate at 750 °C and 200 mTorr oxygen pressure) at 5 K. The 
magnetic field is applied parallel to the current. 

magnetic field. Specifically, a perpendicular magnetic field adds an additional 

phase to the electron wave function of an electron travelling along a circle 

(Aharonov-Bohm-AB effect). In a weak localization system, an electron is 

elastically scattered back by disorders and a coherent interference occurs for it 

at the intersecting point of the electron path. The interference leads to the 

increase in resistivity (refer to Figure 2.23). An example of the negative MR in 

a weakly localized ITO film is shown in Figure 2.32. Such a quantum 
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interference effect typically yields a MR of a few percents and only the 

magnetic field perpendicular to the electron orbital plane works. 

Regarding MR measurements, another important aspect is anisotropic MR 

(AMR), which means MR varies with the angle between magnetic field and 

current. Obviously, as elaborated above, the MR of a 2D weak localization 

system is strongly anisotropic since a negative MR effect occurs  
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Figure 2.32. Magnetoresistance (MR) of a 200 nm ITO film (deposited on a 
LaAlO3 substrate at 750 °C and 200 mTorr oxygen pressure) at 5 K, showing a 
negative MR, evidence for the weak localization. The magnetic field is normal 
to the film surface. 

only as the magnetic field is perpendicular to the sample surface. On the 

contrary, a Kondo system typically shows an isotropic MR although it can also 

lead to a low temperature resistance upturn in R-T curves similar to the weak 

localization [82]. Other well-known sources [83] for AMR are orbital 
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scattering due to Lorentz force, Fermi surface effects and spin-orbit 

interactions. The MR in orbital scattering can be denoted as 

𝑀𝑀𝑀𝑀 ∝ (𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵)2                                         (2-30) 

where 𝜃𝜃 is the angle between the magnetic field and current. Fermi surface 

effect can generate sharp AMR features with the symmetry of the crystal for 

clean metals at high magnetic fields, which occurs as the angle of the applied 

field changes the Fermi surface orbit in momentum space from closed to 

open [84]. The MR is linearly proportional to B for closed orbits while 

proportional to B2 for open orbits. Such Fermi surface effects demand 𝜔𝜔𝜔𝜔 ≫ 1. 

AMR due to spin-orbit interaction mostly appears in ferromagnetic systems, 

which is closely related to magnetization and disappears above Curie 

temperature [83].                       

2.2.3 Magnetic characterization 

Magnetic measurements are to detect magnetic moments in a system. What is 

available in our lab for magnetic measurements is a Quantum Design 

Superconducting Quantum Interference Device — Vibrating Sample 

Magnetometer (SQUID-VSM), which is shown in Fig. 2.33. 

It has a sensitivity of 10-8 emu. The maximum magnetic field is 7 T and 

the lowest temperature is 2 K. SQUID-VSM combines the speed of a VSM 

with the sensitivity of a SQUID.  
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Figure 2.33. Photograph of the Quantum Design superconducting quantum 
interference device – vibrating sample magnetometer in our lab. 

By controlling the temperature and magnetic field, the magnetic moment 

m of a sample can be measured as a function of temperature (m-T) and 

magnetic field (m-H). Typically, a ferromagnetic sample exhibits hysteresis 

loops in m-H curves. Below its Curie temperature 𝑇𝑇𝑐𝑐 , the magnetic moment 

increases with lowering temperature dramatically and tends to saturate at low 

temperatures, while it is much less affected by temperature above 𝑇𝑇𝑐𝑐 . On the 

contrary, the magnetic moment of an antiferromagnetic sample decreases with 

lowering temperature below its Neel temperature 𝑇𝑇𝑁𝑁 . The total magnetic 

moment of a diamagnet is always negative, which indeed means the direction 
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of magnetic moments is opposite to that of the applied magnetic field. 

Moreover, the magnetic moment of a paramagnet linearly scales with 1/T. 

An m-T curve measured by a 1000 Oe magnetic field is shown for a 

ferromagnetic SrRuO3 thin film in Figure 2.34, which displays a Curie 

temperature of ~165 K. For comparison, an m-T curve of antiferromagnetic 

CuO is shown in Figure 2.35. Below 230 K, the magnetic moment apparently 

decreases with lowering temperature. Nevertheless, the characteristic of m-T 

curve of a diamagnet is much simpler as the magnetic moment of a diamagnet 

is almost independent of temperature. The magnetization of a pristine SrTiO3 

single crystal is illustrated in Figure 2.36, which is an ideal diamagnet.  
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Figure 2.34. Temperature dependent magnetic moment (m-T) of a SrRuO3 
film (deposited on a SrTiO3 substrate at 750 °C and 200 mTorr oxygen 
pressure) 
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Figure 2.35. m-T of CuO powder measured by a 100 Oe magnetic field. 
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Figure 2.36. Mass magnetization (measured by a 1000 Oe magnetic field) as a 
function of temperature for a SrTiO3 single crystal. 
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Figure 2.37. m-T curves of Cu-doped LaAlO3 measured by different fields. 

 

As an example for paramagnetism, I would like to show m-T curves of Cu-

doped LaAlO3 in Figure 2.37. As can be seen, the logarithmic plots display 

linear m-T curves, characteristic of paramagnetism. 

The m-T measurement is a useful approach to examine the 

superconducting state due to the Meissner effect. A superconductor is a 

diamagnet below its  𝑇𝑇𝑐𝑐 . The m-T curve of a YBa2Cu3O7 thin film grown on a 

LaAlO3 substrate is shown in Figure 2.38, where a diamagnetic transition at its 

critical temperature of ~91 K can be clearly seen. 
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Figure 2.38. m-T curve of a 100 nm YBa2Cu3O7 thin film depoisted on a 
LaAlO3 substrate at 750 °C and 200 mTorr oxygen  partial pressure. 

In some materials, a new magnetic state could emerge due to magnetic 

frustrations disorders, where spins are frozen in random directions below a 

certain temperature called spin freezing temperature 𝑇𝑇𝑓𝑓 . Above 𝑇𝑇𝑓𝑓 , spins are 

fluctuating but below 𝑇𝑇𝑓𝑓  spins are frozen in random directions determined by  
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Figure 2.39. m-T curves of a (110)-oriented DyScO3 single crystal (5×5×0.5 
mm3) measured along its in-plane (1-10) direction via different measurement 
procedures. 
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Figure 2.40. Time dependence of thermoremanent magnetization at 2 K for 
the DyScO3 single crystal, signature of spin glass. 

local magnetic anisotropy. Such materials are named spin glasses. A spin glass 

system shows distinct peak at Tf in zero-field-cooled (ZFC) magnetization, 

while field-cooled (FC) magnetization increases or keeps flat below Tf. 
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Therefore, there is a bifurcation in ZFC and FC m-T curves at Tf (seen in 

Figure 2.39). It is worth mentioning that the bifurcation in ZFC and FC m-T 

curves could be suppressed by a large measuring field. Typically there are 

three main characteristics for a spin glass system. They are (i) frozen-in 

magnetic moments below a freezing temperature Tf  and hence a peak in the 

frequency-dependent susceptibility shifting with frequency; (ii) lack of 

periodic long-range magnetic order; (iii) remanence and magnetic relaxation 

(seen in Figure 2.40) on macroscopic time scales below Tf  [85].  

2.2.4 Optical characterization 

The main optical characterization techniques utilized in my research are 

ultraviolet visible near-infrared spectroscopy and photoluminescence 

spectroscopy. I will discuss these two techniques one by one in this section. 

2.2.4.1 Ultraviolet visible near-infrared spectroscopy 

For short, ultraviolet visible near-infrared spectroscopy is referred as UV-Vis-

NIR, which can be used to detect the absorption and transmittance of oxide 

materials. Typically, UV-Vis radiation is useful to detect the electronic band 

gap of large bandgap oxide materials. A UV-Vis-NIR spectrometer in our lab 

is shown in Figure 2.41. A classical semiconductor with an electronic bandgap 

exhibits a minimal optical absorption for photons with energy less than the 

bandgap and high optical absorption for photons with energy higher than the 

bandgap. Consequently, there is a sharp increase in absorption or (decrease in 
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transmittance) at photon energy close to the bandgap, which is known as an 

absorption edge. Under the parabolic band approximation, the estimation of  

 
Figure 2.41. Photograph of the ultraviolet visible (UV-Vis) near-infrared 
spectrometer in our lab. 

the bandgap can be performed by using the following formula: 

(i) for direct bandgap semiconductors: 

𝛼𝛼 ∝ �𝐸𝐸𝑝𝑝−𝐸𝐸𝑔𝑔
𝐸𝐸𝑝𝑝

                                         (2-31) 

where α is the absorption coefficient, Ep is the photo energy, and Eg is the 

band gap energy. Eg is the intercept of the straight line obtained by plotting 

(αEp)2 versus Ep. 
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(ii) for indirect bandgap semiconductors: 

𝛼𝛼 ∝ (𝐸𝐸𝑝𝑝−𝐸𝐸𝑔𝑔)2

𝐸𝐸𝑝𝑝
                                         (2-32) 

In this case, Eg is the intercept of the straight line obtained by plotting 

�𝛼𝛼𝐸𝐸𝑝𝑝  versus Ep. 

It is worth noticing that all above formula are under the precondition that 

the optoelectronic transition occurs in semiconductors between parabolic 

bands [86]. For some materials which cannot fulfill the parabolic band 

approximation, the above estimations are invalid. 
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Figure 2.42. UV-Vis transmittance spectra of a SrTiO3 single crystal at room 
temperature. 

The transmittance spectra of a SrTiO3 single crystal is shown in Figure 

2.42, which manifests an obvious absorption edge at ~384 nm, corresponding 

to its indirect bandgap 3.25 eV. UV-Vis-NIR spectroscopy can also be used to 
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determine thin film thickness by virtue of the Fabry-Perot interference when 

the thin film surface is sufficiently smooth. When the following condition  

2𝑛𝑛(𝜆𝜆)𝑑𝑑 = 𝑚𝑚𝑚𝑚                                             (2-33) 

is satisfied, the transmittance peaks, where n(λ) is refractive index, d is film 

thickness and m is an integer and the order of the fringe. Accordingly, the plot 

of transmittance oscillates with 1/λ with a period of 1/2n(λ)d. As a result, the 

thin film thickness can be extracted out. For example, the transmittance of a 2-

μm-thick NdGaO3 film grown on a SiO2 single crystal substrate (Figure 2.43) 

exhibits oscillations, which periodically oscillates with 1/λ (Figure 2.44). 
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Figure 2.43. UV-Vis-NIR transmittance spectra of an NdGaO3 film grown on 
a SiO2 substate at 700 °C and 10-2 oxygen pressure. 

The 𝑛𝑛𝑛𝑛 fitted from Figure 2.44 is 4126 nm. As the average refractive index 

𝑛𝑛 is 2.13 [58], the fitted thickness is 1937 nm. 
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Figure 2.44. Film thickness extracted by fitting a plot of transmittance versus 
1/λ. 

2.2.4.2 Photoluminescence Spectroscopy 

Photoluminescence (PL) in semiconductor materials is a process that the 

electrons are excited by an incident light (typically a laser light) from the 

valence band to high energy levels or the conduction band and then decay into 

lower energy levels or the valence band to recombine with holes, leading to 

light emission during transitions. Hence, PL spectroscopy is very useful to 

determine the band gap and intragap defect energy levels in semiconductor 

materials. It is a contactless and nondestructive method to probe the electronic 

structure of materials. The PL intensity provides a measure of the relative rates 

of radiative and non-radiative recombinations as recombination transitions 

include both radiative and non-radiative processes. Thereinto, non-radiative 
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recombination is an undesired process in optoelectronic materials, which 

lowers the light emission efficiency and increases heat loss. 
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Figure 2.45. Room temperature photoluminescence spectrum of a SrTiO3 
single crystal excited by a 325 nm laser. 

            

Figure 2.46. Room temperature blue emission of the SrTiO3 single crystal 
excited by a 325 nm laser. 
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For example, the room temperature PL spectra of a SrTiO3 single crystal 

excited by a 325 nm laser is shown in Figure 2.45, where a broad emission 

peak at ~390 nm can be clearly seen. Correspondingly, it shows visible blue 

emission at room temperature in Figure 2.46. The emission peak at 380 nm 

corresponds to an energy interval of 3.26 eV, coinciding with the indirect band 

gap [49] of SrTiO3. Nevertheless, the emission at a longer wavelength of 390 

nm pertains to a lower energy interval of 3.17 eV, originating from shallow 

defect donor level of oxygen vacancies [87].  
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Chapter 3    Oxygen vacancy-mediated transport in SrTiO3 

SrTiO3 (STO) is the most important workhorse in modern oxide electronics. It 

is a striking material since it becomes an intrinsic quantum paraelectric below 

4 K with a giant dielectric constant 𝜖𝜖r [50]. It is a band insulator with a large 

bandgap of 3.25 eV and therefore stoichiometric STO is electrically insulating. 

However, extrinsic doping such as Nb [88] and oxygen vacancies [89] can 

convert it into a metal as long as the carrier density originating from doping 

hits the Mott critical carrier density of STO. Generally, electrons in STO 

possess high mobility (> 10 000 cm2V-1s-1) at low temperatures and a large 

density-of-states effective mass mD ≈ 5-6m0 [77,88] as well as a large 

cyclotron mass mc ≈ 1.5-2.9m0 [77], where m0 is the electron rest mass. In this 

chapter, we will discuss the transport properties of oxygen-deficient STO 

single crystals and STO thin films. 

The critical carrier density for the metal-insulator transition in a carrier 

system is generally given by Mott’s criterion 

nc ≈ (0.25/a*)3                                             (3-1) 

where  

a* = 4π 𝜖𝜖r 𝜖𝜖0ħ2/(mDe2)                                      (3-2) 
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 is the effective Bohr radius. Again considering at room temperature 𝜖𝜖r ≈ 300 

and mD ≈ 5m0 for STO, the Mott critical carrier density is nc ~ 4.9×1017 cm-3. 

3.1 Transport properties of SrTiO3-x single crystals 

Magnetic quantum effects such as Shubnikov-de Haas oscillations usually can 

be observed in high-mobility systems. However, the additional conditions on 

Femi energy 

                                EF = (ħ2/2mD)(3π2n)2/3 >> kT                                    (3-3) 

and magnetic energy (Equation 2-22) must also be satisfied, where EF is Fermi 

Energy, n is carrier density, and B is magnetic field. Taking mc = 2m0 for 

example, the magnetic energy ħwc of 9 T is 0.52 eV and starts to exceed 

thermal energy kT from T ≈ 6 K. Therefore it is still, to some extent, possible 

to observe magnetic quantum effects from the viewpoint of the magnetic 

quantization under usual laboratory magnetic fields.  

3.1.1 Magnetic field induced resistivity minimum 

Stoichiometric (100)-oriented STO single crystals were reduced in 10-7 Torr 

vacuum at 950°C [88,90] for annealing time varied from 1 to 8 h. The 

electrical contacts were made by wire bonding through aluminum wires. The 

temperature dependences of the resistivity (ρ-T), carrier density (n-T) and 

mobility (μ-T) of a sample reduced for 1 h are shown in Fig. 3.1. As seen in 

Fig. 3.1(a), the sample shows metallic behavior over the whole temperature 

range from 300 to 2 K. The measured carrier density at 300 K is ~1.5×1018 cm-
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3, more than three times the critical carrier density nc ~ 4.9×1017 cm-3 for 

metal-insulator transition. That explains why the sample is metallic. 

Additionally, it is of particular interest that the resistivity below ~80 K is well 

described by ρ = ρ0 +AT2 as fitted in the inset of Fig. 3.1(a), indicative of a 

strongly correlated Fermi liquid. 

1 10 100
10-4

10-3

10-2

10-1

100

0 100 200 300

1.5

1.6

1.7

1.8

1 10 100
101

102

103

104(c)

(b)

ρ 
(Ω

⋅cm
)

T (K)

(a)

0 3000 6000

0.0

0.5

1.0

1.5

ρ 
(1

0−2
 Ω

⋅cm
)

T 2 (K2)

ρ = 1.32×10-4 + 2.58×10-6T 2

n 
(1

018
 c

m
-3
)

T (K)

µ 
(c

m
2 V-1

s-1
) µ ∝ T  -2.99

T (K)

µ ∝ T  -2.15

 
Figure 3.1. Temperature dependences of (a) resistivity (ρ-T), (b) carrier 
density (n-T), and (c) mobility (µ-T) of a reduced STO single crystal. Inset of 
(a): linear fitting of T2 dependence of the resistivity. 

The elaborated carrier density in Fig. 3.1(b) was determined by low field 

(from -2000 Oe to 2000 Oe) Hall measurements, which show an ideal 

characteristic of an electron-doped system over the whole temperature range. 

The carrier density changes with temperature although the variation is much 

smaller than one order of magnitude. At high temperatures, it slightly 
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fluctuates; surprisingly, the carrier density obviously increases with decreasing 

temperature at low temperatures especially between 100 and 10 K.  

The increase of carrier density with lowering temperature is unusual as the 

typical thermal activation can only result in the opposite result. This indicates 

that another mechanism dominates in the temperature dependence of the 

carrier density in reduced STO single crystals. One of the unique properties of 

STO is that its dielectric constant increases with lowering temperature 

(especially below ~100 K) and saturates below 4 K because of the quantum-

mechanical stabilization of the paraelectric phase [50]. It seems plausible to 

assume that in reduced STO part of electrons are trapped by the Coulomb 

potentials of lots of positively charged defects due to the strongly ionic nature 

of the lattice. Thus as the dielectric constant increases, the Coulomb potentials 

will be suppressed due to dielectric screening (or polarization shielding), in 

which a screened Coulomb potential [91] is inversely proportional to 𝜖𝜖 r. 

Hence the increase of dielectric constant could serve as a kind of detrapping 

mechanism and consequently account for the increase of carrier density at low 

temperatures. 

The temperature dependence of mobility is plotted on a logarithmic scale 

in Fig. 3.1(c). The high mobility, up to ~ 11,000 cm2 V-1 s-1 at 2 K, decreases 

with temperature rapidly and varies in accordance with certain power laws 

above 30 K, where the scattering of electrons by polar optical phonons 

dominates and results in a power law dependence of mobility on temperature μ 

∝ T-α [89,92,93].  The effect of the structural phase transition in STO at ~105 K 
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on the mobility can be apparently seen from the linear fittings owing to the 

variation of phonons induced by the structural phase transition. Below 30 K, 

the scattering of electrons is dominated by ionized defects potentials [89] 

and/or the electron-electron Umklapp scattering because of the Fermi liquid 

behavior [94] at low temperatures, leading to the deviation of the mobility 

change with temperature from any power law. However, the electron-electron 

scattering should be strengthened with increasing carrier density, so the 

ionized defects scattering should be the predominant mechanism in this case.  

 

Figure 3.2. ρ-T curves of the reduced STO single crystal under different 
magnetic fields. 

Similarly, the mobility further increases with decreasing temperature from 30 

K due to the dielectric screening of ionized scattering potentials and also the 
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increase of the dielectric constant of STO. Finally, saturation appears to 

present below 5 K, corresponding to the quantum paraelectric phase in STO. 

The ρ-T curves under different magnetic fields perpendicular to the sample 

surface are shown on a logarithmic scale in Fig. 3.2. The transverse MR 

Δρ/ρ(0) = [ρ(B)- ρ(0)]/ρ(0) is notable only below ~50 K and always positive. 

Interestingly, the ρ-T curves under sufficient strong magnetic fields equal or 

larger than 2.5 T show Kondo-like behavior at low temperatures with a 

resistivity minimum at a certain intermediate temperature Tmin. The Tmin 

increases with magnetic field monotonically as plotted in Fig. 3.3.  
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Figure 3.3. Extracted temperature of the resistivity minimum from Fig. 3.2 
versus magnetic field. 

This resistivity minimum cannot pertain to a Kondo behavior or weak 

localization because they are inherently antagonistic towards magnetic fields. 

A possible mechanism responsible for this behavior could be the magnetic 

field induced carrier freeze-out due to the considerable shrinking of electron 
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wave functions if the magnetic field strength is much larger than the Coulomb 

forces [95]. One of the important parameters for magnetic freeze-out is the 

binding energy Eb, which is proportional to 1/(mD a*) under high fields 

approximation [96]. Due to the large effective mass and dielectric constant, 

the binding energy in STO is very small, corresponding to the thermal energy 

of ~1.4 K even under 10 T as estimated in [96]. That means the magnetic 

freeze-out can only happen at a temperature smaller than 1.4 K. However, Tm 

for all the magnetic fields ranging from 2.5 to 9 T is much higher than 1.4 K. 

On the other hand, the magnetic freeze-out gives rise to the increase of Hall 

coefficient under strong magnetic fields. To examine this, the high field Hall 

measurement was performed up to 5 T at 2 K. As seen in Fig. 3.4, the linear 

Hall effect manifests that large magnetic field is not affecting the carrier 

density.  
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Figure 3.4. Hall effect of the reduced STO at 2 K up to ±5 T. 
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To further explore the unusual response of the Fermi liquid to the external 

magnetic field, the low temperature MR was measured up to 9 T with the 

same measurement geometry as shown in the inset of Fig. 3.2 at 2 and 10 K. 

As seen in Fig. 3.5, both the 2 and 10 K MR curves show a quadratic 

dependence, which indicates the classical orbital scattering.  
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Figure 3.5. Out-of-plane MR of the reduced STO at 2 K and 10 K up to 9 T. 
Inset: schematic of the measurement geometry. 

In spite of the high mobility at 2 K, no any signature of quantum 

oscillations in MR is seen. The Fermi energy at 2 K is EF ≈ 1.08 meV and 

more than 6kT (2 K) if we take mD ≈ 5m0 as before, corresponding to a 

degenerate gas sate (EF ≥ kT). Therefore, there should be a large possibility to 

observe the quantum MR. However, as a result of the Fermi liquid behavior at 

low temperatures, both the electron masses mD and mc can be largely enhanced 

by strong electron correlations. The initially assumed degenerate gas seems 

actually be a non-degenerate (EF ≤ kT) “liquid” and the occupation of 
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magnetic energy levels by electrons may well be smeared out by thermal 

fluctuations. 

The MR of 9 T at 2 K is huge, more than 2900% and decreases to ~1200% 

at 10 K. The resulting classical transverse orbital scattering can be described 

by the Kholer’s rule Δρ/ρ(0) = αµ2B2, where the constant α depends on the 

properties of the material being considered and µ is carrier mobility. By fitting 

the MR curves of 2 and 10 K to the Kholer’s rule, the average value of α is 

obtained to be ~3.2×10-9 (the mobility and magnetic field are in units of cm2V-

1s-1 and T, respectively, during fitting), which is comparable to α ~ 3.8×10-9 in 

n-type InSb [78].  

As the mobility at 2 K is larger than that of 10 K in virtue of the dielectric 

screening, the MR of 2 K is far larger than that of 10 K as shown in Fig. 3.5. 

Moreover the high mobility at low temperatures yields a large difference in µ2 

of two certain temperature points T1 and T2 (T2 > T1) even with a fixed Δµ as 

µ1
2- µ2

2 = Δµ(µ1 + µ2). Hence under a sufficiently high magnetic field, the MR 

difference [MR (T1) – MR (T2)] is so large that the overall resistivity ρ(B, T) = 

ρ(0, T) + αµ2B2ρ(0, T) at a lower temperature T1 could become larger than that 

at a higher temperature T2 although ρ(0, T1) is smaller than ρ(0, T2) in the 

normal metallic state of a Fermi liquid. In this way, the intriguing resistivity 

minimum under a large magnetic field could be realized.  

For a clear comparison, the magnetic field dependences of the resistivity 

(ρ-B) at 2 and 10 K are depicted in Fig. 3.6, which shows a crossover (data 

shown only up to 5 T to make it clear) between the two ρ-B curves at ~2.5 T, 
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above which the resistivity of 2 K exceeds the resistivity of 10 K. The critical 

magnetic field is well consistent with the one observed in Fig. 3.2.  
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Figure 3.6. Magnetic field dependence of resistivity (ρ-B) for the reduced 
STO at 2 and 10 K up to 5 T. 

Based on the above analysis, the low temperature resistivity ρ(B, T) = ρ(0, 

T) + αµ2B2ρ(0, T) can be easily simulated up to 80 K by considering the T2 

dependence of ρ(0, T) and mathematically representing the mobility below 30 

K with a good exponential fitting. The simulated results are shown in Fig. 3.7, 

which contains all the main features as in Fig. 3.2; this suggests that the above 

analysis is not only true for the resistivity comparison between 2 and 10 K but 

also valid for the other temperatures. Finally, we conclude that the magnetic 

field induced resistivity minimum is due to the extremely large MR and its 

pronounced increase with decreasing temperature at low temperatures. The 

large MR is achieved by fairly high mobility, sufficiently large magnetic fields 
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and the stabilization of the low-field classical region by strong electron 

correlations of the Fermi liquid. 
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Figure 3.7. Simulated ρ-T curves under magnetic fields ρ(B, T) = ρ(0, T) + 
αµ2B2ρ(0, T) by taking the power law dependence of the mobility above 30 K 
as well as the T2 dependence of ρ(0, T). 

A similar behavior was also observed in STO single crystals reduced for 2 

h (Fig. 3.8), but with a larger room temperature carrier density ~1.85×1018 cm3 

and higher mobility at 2 K. The Fermi liquid behavior, i.e. the T2 dependence 

of the resistivity, exists in the sample below ~65 K. Nevertheless, as the 

reducing time was prolonged to 8 hours for a STO single crystal, the obtained 

room temperature carrier density reaches ~6×1018 cm3 and consequently the 

mobility at 2 K is only ~2500 cm2V-1s-1. As a result there is no observable 

resistivity minimum even under a 9 T magnetic field.  
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Figure 3.8. ρ-T curves of a reduced STO single crystal (reduced for 2 h at 
950 °C and 10-7 Torr vacuum) under zero and a perpendicular 5 T field. 

3.1.2 Quantum linear magnetoresistance 

The condition for the strong-field region ħwc >> kT, in which most of carriers 

are in the lowest Landau magnetic quantum level, was coined as “quantum 

limit” by Argyres and Adams [81]. The theoretical analysis indicates that for 

both degenerate and non-degenerate statistics [78], the transverse MR has a 

quadratic field dependence in the classical low-field case with ħwc << kT but a 

linear dependence (see also [97,98]) in the quantum limit. Moreover, the other 

criterion [98]  

𝑛𝑛 ≪ �𝑒𝑒𝑒𝑒
ℏ
�

3/2
                                       (3-4) 
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should also be fulfilled as in high mobility InSb, PbTe and germanium 

systems [78,99–101] and also in graphite [102]. As shown in Fig. 3.9, the MR 

curves exhibit highly linear field dependence while the magnetic field is 

applied in plane and remains transverse to the current. The magnitude of the 

in-plane MR under 9 T field at 2 and 10 K are ~92% and 66%, respectively, 

which are much smaller (~30 times for 2K and ~20 times for 10 K) than the 

out-of-plane values. Accordingly, no crossover in the ρ-B curves (inset of Fig. 

3.9) and also no magnetic field induced resistivity minimum was observed. In 

our case, the  
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Figure 3.9. In-plane transverse MR of the reduced STO (reduced for 1 h) at 2 
and 10 K up to 9 T. The upper and lower insets are the corresponding ρ-B 
curves of the two temperatures and the schematic of measurement geometry, 
respectively. 

linear MR starts from a very small field < 0.5 T, which corresponds to a 

critical carrier density of ~1.36×1017 cm-3 for the usual quantum linear MR. 

The average carrier density at 2 K in our case is 1.85×1018 cm-3, which is one 
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order of magnitude larger than the critical carrier density for metal-insulator 

transition. Thus, the linear MR we observed may be out of the usual quantum 

linear MR picture. 

The linear MR starting from small fields was also observed previously in 

non-stoichiometric silver chalcogenides Ag2+xSe and Ag2+xTe by Xu et 

al. [103]. In those cases, the criteria for the usual quantum linear MR could 

not be fulfilled either. However, Abrikosov [98,104] proposed another model 

of quantum linear MR for the Ag2+xSe and Ag2+xTe cases with two 

assumptions: (i) The substance is inhomogeneous, consisting of clusters of 

excess silver atoms with a high electron density, surrounded by a medium with 

a much lower electron density; (ii) in this medium the electron energy 

spectrum is similar to a gapless semiconductor with a linear dependence of 

energy on momentum and thereby it can explain all the data in  [103] 

satisfactorily. Our scenario seems quite close to the above cases since the 

inhomogeneity of oxygen vacancies in SrTiO3−x single crystals has been a 

long-standing issue [44,105]. Moreover, the oxygen vacancy clustering in 

SrTiO3−x has been well studied both theoretically by Cuong et al. [106] and 

experimentally by Muller et al. [107]. Similar to clusters of excess silver 

atoms in non-stoichiometric silver chalcogenides, oxygen vacancy clusters 

have a high electron density. Thus, the linear MR in our case could be another 

example for the unusual quantum linear MR induced by inhomogeneities and 

conductive clusters.  

Considering the further spin-orbital splitting of the Landau magnetic levels, 

the energy scale μBB is involved, where μB is the Bohr magneton. The 
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dimensionless parameter 𝜌𝜌𝐵𝐵
𝜌𝜌0
∙ 𝑘𝑘𝑘𝑘
𝜇𝜇𝐵𝐵𝐵𝐵

 is theoretically predicted to be independent 

of temperature for the quantum limit as illustrated in [99]. This parameter is 

plotted in Fig. 3.10 as a function of field for two different temperatures and it 

does approach a constant value. This demonstrates a quantum linear MR 

behavior for the in-plane transverse MR, corresponding to a much smaller 

cyclotron mass mc relative to the out-of-plane case.  
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Figure 3.10. The parameter ρBkT/ρ0µBB plotted as a function of magnetic field. 

Although the free electrons are apparently distributed in three dimensional 

bulk of the reduced STO, the extremely large anisotropy in both MR and also 

the cyclotron mass strongly suggest that the Fermi liquid dominating the 

transport properties of reduced STO has a quasi-2D nature. The oxygen 

vacancies in reduced STO single crystals are far from uniform; contrarily, 

there is a large concentration gradient from the surface to the interior of  the 

crystals, and the transport properties are dominated by the well surface 
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area [44]. Therefore the quasi-2D nature of the surface Fermi liquid could be 

understood by considering the large inhomogeneity of oxygen vacancies and 

thus the carrier density along the out-of-plane direction due to strong 

interlayer scatterings. Pushing this mechanism into an extreme case, i.e., 

assuming there is an extremely sharp gradient in the concentration of donors, 

the free electrons will be well confined into a quasi-2D electron gas as 

recently reported [108,109]. 

The extremely large anisotropy in both MR and the electron cyclotron 

mass indicates that the observed Fermi liquid dominating the transport 

properties of reduced STO has a quasi-2D nature. By this work, we 

demonstrate the crossover between the classical and quantum limit in one 

system and a simple route to approach the quantum limit, i.e., the possible 

quasi-2D confinement of carriers in virtue of inhomogeneities. 

To examine the effect of inhomogeneity on the in-plane transverse MR, 

the MR curves of STO single crystals reduced for 1, 2 and 8 h are plotted 

together in Fig. 3.11. As the reduction time increases, the depth profile of 

oxygen vacancy concentration becomes flatter and expands into a deeper 

region. Thus, the confinement of electrons at the surface is suppressed. As a 

result, the in-plane transverse MR gradually transforms into a quadratic shape. 
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Figure 3.11. In-plane transverse MR at 2 K for STO single crystals reduced 
for 1, 2 and 8 h. 

3.1.3 Summary 

In conclusion, we studied the electrical and magnetotransport properties of 

STO3-x single crystals. It was found that the Fermi liquid exists at low 

temperatures and the dielectric constant of STO plays an important role in 

carrier density and mobility. A magnetic-field induced resistivity minimum 

was observed and it was found to originate from the high mobility and the 

possible strengthening of the classical limit by mass enhancement due to 

strong electron correlations. The linear in-plane transverse MR, potential for 

linear MR sensors, was observed and attributed to the unusual quantum linear 

MR due to the inhomogeneity of oxygen vacancies and also oxygen vacancy 

clustering. The large anisotropy in transverse MRs reveals the strong surface 

interlayer scattering due to the inhomogeneity of oxygen vacancies at the 
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surface of STO3-x. By this work, we demonstrate a potential route to quantum 

linear MR by virtue of inhomogeneities. 

 

3.2 Metal-insulator transition in SrTiO3-x thin films 

induced by carrier freeze-out effect 

STO is one of the most fascinating oxides due to its giant dielectric constant. It 

plays an important role in novel oxide electronics as substrate because of the 

close lattice match to a wide range of other perovskite oxides [17,110,111] as 

well as its excellent thermal and chemical stability. STO is a typical nonpolar 

band insulator with an indirect band gap of ~3.27 eV, but oxygen deficient 

STO can show a metallic phase with a flexible tunability in electrical 

conductivity depending on the concentration of oxygen vacancies. More 

attractively, oxygen deficient STO is the first oxide discovered to be 

superconductive [90] with the Tc between 0.1 K and 0.6 K [112]. Shubnikov-

de Haas (SDH) oscillations [77] are also observed under usual laboratorial 

magnetic fields due to the high mobility [89] of free electrons. As a result of 

the large effective mass of the electrons at the bottom of the conduction band, 

oxygen deficient STO possesses a large Seebeck coefficient of ~890 µV/K at 

room temperature (RT) [88], thus being a focus point in solid state 

thermoelectric too.   

Although so many interesting properties in oxygen deficient STO, the 

inhomogeneity of oxygen vacancies obtained by reducing bulk single crystals 

in vacuum and at high temperature is always an existing issue [77,88–
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90,112,113]; that is because the diffusion process of oxygen ions is usually 

proportional to the square root of time and the diffusion coefficient of oxygen 

ions in STO is small, namely ~10-10 cm2/s at 950°C [114]. For example, taking 

1 h as the annealing time at 950°C, the diffusion length of oxygen ions in 

single crystal STO will be only ~6 µm in accordance to 𝑙𝑙 = √𝐷𝐷𝐷𝐷, where D is 

the diffusion coefficient and t is the annealing time.  Tufte and Chapman [89] 

found that the reduced STO samples begin to reoxidize from a very low 

temperature of ~500 K; Frederikse et al. [77] observed SDH oscillations in 

reduced STO samples, which theoretically and also experimentally prefer to 

appear in a system close to a high mobility two-dimensional electron system; 

these observations suggest that the oxygen vacancies may mostly exist near 

the surface rather than uniformly over the whole bulk material.  

The values of some physical quantities [88–90,112,113] including 

resistivity and carrier density, derived from the thickness of the whole bulk 

sample, which was used to characterize the dimension of the conducting area, 

would be of dubious validity. On the other hand, the intrinsic properties of the 

material are closely related to these physical parameters. For example, the 

superconducting transition temperature of oxygen deficient STO apparently 

depends on the carrier density [112,113]. Additionally, the inhomogeneities 

could generate significant influence on electrical and galvanomagnetic 

measurements, and can even give rise to quantum effect – linear magnetic 

field dependence of the transverse magnetoresistance [115,116]. Nowadays, 

various fabrication techniques enable us to conveniently prepare high quality 
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single crystal STO thin film with the thickness smaller than the diffusion 

length of a feasible annealing time.  

3.2.1 Fabrication of SrTiO3-x films 

In this work we observed a metal-insulator transition (MIT) in oxygen 

deficient STO films, in which oxygen vacancies are expected to uniformly 

distribute. As a highly interesting subject in condensed matter physics, MIT 

has various intriguing mechanisms [4]. However the MIT observed here is 

ascribed to the deionization effect of oxygen vacancies with decreasing 

temperature, which serve as doubly charged donor centers to make STO 

metallic at high temperatures. Both the resistivity and carrier density are 

significantly different from the ones of the bulk samples with the carrier 

freeze-out  phenomenon [89], i.e., several ten times smaller and larger, 

respectively. The frozen non-metallic state can be re-excited by electric field 

and Joule heating. Surprisingly, it was found that the low temperature carrier 

freeze-out can also be suppressed by large magnetic fields, leading to negative 

magnetoresistance (MR).  

In this work, the pulsed laser deposition technique was used to fabricate a 

STO film from a single crystal STO target on a (100)-oriented LaAlO3 (LAO) 

single crystal substrate with both sides polished.  The deposition was carried 

out at 800°C and 6×10-3 Torr O2. During deposition, the fluence of laser 

energy was kept at 4 J/cm2 and the repetition rate of laser was 4 Hz; a shadow 

mask was used to cover a small part at the corner of the LAO substrate to 

facilitate the later determination of film thickness. The deposition was 
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conducted for a long time of 6 h to achieve a film thickness of the order ~µm, 

which is to keep the properties of the film akin to bulk STO.  Cooling to RT 

was performed at a quite slow ramping rate of 3°C/min to avoid possible 

cracking of the film, which may occur due to the mismatch of the thermal 

expansion coefficients of LAO and STO.  
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Figure 3.12. X-ray diffraction of an as-grown STO film on a LaAlO3 (LAO) 
substrate. 

The x-ray diffraction (Cu-Kα1 ray) pattern of the as-deposited STO film on 

the LAO substrate is shown in Fig. 3.12. The adjacent double diffraction peaks 

of the film and the substrate for each order indicate the typical characteristic of 

epitaxial growth. Although there are plenty of twins in LAO single crystals 

and thus visible twin lines on the surface, the locally flat film can still be 

obtained. The 3D atomic force microscope image of the topography of the 

STO film (Fig. 3.13) shows the variation of the z-dimension is less than 6 nm. 

The root mean square value of the surface roughness in this 1 µm×1 µm area 
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is only ~0.541 nm, revealing a quite flat surface considering the film thickness 

of ~2.6 µm determined by surface profile measuring system. 

 

Figure 3.13. 3D atomic force microscope image of an 1×1 µm2 area of the as-
grown STO film. 

The deposited STO film was reduced by annealing the sample at 950°C 

and ~1×10-7 Torr vacuum for 1 h. The transmittance spectrum (Fig. 3.14) of 

the oxygen deficient STO film was measured through ultraviolet-visible (UV) 

spectroscopy from 240 to 1600 nm. The absorption edge is ~380 nm, well 

corresponding to the band gap of STO. This suggests that after vacuum 

annealing the lattice structure of the STO film is still preserved.  

The optical spectrum displays an interference pattern with relatively high 

transmittance above 380 nm, which pertains to a scenario where the thick and 

highly smooth STO film serves as a Fabry-Perot interferometer. So the 

transmittance will show a peak when the wavelength of the incident optical 

wave meets the condition (2-33). To simply estimate the film thickness from 

the oscillations, take an intermediate refractive index 2.05 [51] to keep n as a 
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constant. Thus if the transmittance data of the wavelength from 380 to 1600 

nm are plotted versus 1/λ as shown in the inset of Fig. 3.14, the average period 

of the oscillations in 1/λ will be 1/2n(λ)d. The fitted average period is 

9.664×10-5 nm-1 and therefore the derived thickness is 2.524 µm. The value is 

consistent with the directly measured one but slightly smaller since the 

intrinsic refractive index should be smaller than that of a usual STO film due 

to the oxygen vacancies [117]. 
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Figure 3.14. Room temperature ultraviolet-visible-infrared spectroscopy of 
the reduced STO film (obtained by annealing in ~1×10-7 Torr vacuum at 
950°C for 1 hour) from 240 to 1600 nm. (Inset) The transmittance data plotted 
versus the reciprocal of the wavelength from 380 to 1600 nm. 

The optical absorption of free electrons generated from oxygen vacancies 

is not seen in the UV spectroscopy, which typically leads to a decrease in 

transmittance especially in the long wavelength region and is likely buried by 

the strong interference here. However, the multiple photoluminescence (PL) 

emission peaks mostly from the oxygen vacancies [87] can be clearly seen 
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(Fig. 3.15). The three PL peaks correspond to the energy intervals 2.95, 2.86, 

and 2.76 eV, respectively. 
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Figure 3.15. Room temperature photoluminescence spectroscopy of the 
reduced STO film between 400 and 460 nm. 

3.2.2 Metal-insulator transition in SrTiO3-x thin films 

The transport properties of the vacuum-annealed STO film were measured by 

a Quantum Design PPMS machine. Aluminum wires were used through wire 

bonding for contacts.  The temperature dependence of the resistivity (ρ-T) 

measured by 10 µA is shown on a logarithmic scale in Fig. 3.16. There is no 

observable difference between the cooling down and warming up ρ-T curves.  

The ρ-T curves reveal an obvious metal-insulator transition at ~78 K: at higher 

temperatures above 78 K, the resistivity is small and presents metallic 

behavior; nevertheless, the resistivity begins to increase with decreasing 
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temperature dramatically from 78 K and reaches nearly six times the RT 

resistivity at 2 K.  
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Figure 3.16. ρ-T curves from 300 to 2 K during cooling down and warming up 
as well as its carrier mobility over the temperature range of 300 to 10 K. 

Detailed Hall measurements were performed to determine the temperature 

dependence of the carrier density. It was found that the carrier density 

considerably decreases with the decrease of temperature, resulting in more 

than one order of magnitude variation in carrier density from 300 to 10 K (Fig. 

3.17). Below 10 K, Hall measurements become disordered possibly because 

the intrinsic carrier density gets far smaller and therefore the gained Hall 

voltage starts to approach the measurement limit of the utilized commercial 

instruments. These resemble the characteristics of the carrier freeze-out 

effect [89,118]; the density of donors (oxygen vacancies here) is low such that 

the donor level is separated from the bottom of the conduction band. Hence, 
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once the temperature decreases to some extent, most of free electrons will go 

down to the lower donor level and get trapped.  
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Figure 3.17. n-T curve of the reduced STO film. Inset: the Arrhenius plot of 
ln(n) for the temperature range 300 to 200 K and the linear fitting. 

The activation energy 𝜖𝜖  at high temperatures fitted according to the 

relation of carrier density 𝑛𝑛 ∝ 𝑒𝑒−𝜖𝜖/𝐾𝐾𝐵𝐵𝑇𝑇 is ~25 meV (inset of Fig. 3.17), close 

to the RT thermal energy. Simply taking this value to characterize the energy 

interval between the donor level and the bottom of the conduction band 

bottom, an energy band diagram of the oxygen deficient STO film can be 

obtained as depicted in Fig. 3.18 on the basis of the PL emission peaks (Fig. 

3.15).  The defect levels close to the valence band of STO is consistent with 

what Kan et al. [87] reported. The resistivity ~0.1 Ω∙cm and carrier density 

1.4×1019 cm-3 at RT derived from the measured film thickness, which is within 

the diffusion length of oxygen ions in 1 h vacuum annealing at 950°C and 

expected to represent the dimension of the uniform area more accurately, are 
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respectively 30~50 times smaller and ~30 times larger than the values of the 

bulk samples with the similar carrier freeze-out phenomenon [89]. These 

strongly suggest that the uniform area of the oxygen vacancies in a bulk STO 

is at most of the order of one tenth of the whole single crystal thickness rather 

than the entire sample. So all the previous data of the resistivity and carrier 

density [88–90,112,113] related to the bulk STO should be re-considered 

carefully.  

 

Figure 3.18. Band diagram of the STO3-x film and the possible light emission 
mechanism. The energy intervals are not drawn to scale. 

The corresponding carrier mobility from 300 to 10 K (Fig. 3.16) is overall 

small and peaks around the phase transition temperature below which the 

mobility decreases with decreasing temperature due to the carrier freezing. At 

high temperatures the linear power law dependence of the mobility on 

temperature is more obvious. However, the influence of STO structural phase 

transition at ~105 K on the mobility [119] is not apparent, likely due to the 

disruption of the carrier freeze-out.  
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3.2.3 Electrical re-excitation and thermal effect  

The frozen state can be re-excited by larger electric fields at low temperatures. 

As shown in Fig. 3.19, the resistivity decreases with increasing measurement 

current especially below 10 K. At 2 K, the resistivity obtained from dI/dV 

measurement clearly displays a large negative electroresistance originating 

from the electrical excitation to trapped electrons, which can be defined as 

[ρ(I)-ρ(0)]/ρ(0) and reaches ~-50% when the excitation current is 2 mA [inset 

of Fig. 319(a)].  
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Figure 3.19. ρ-T curves of the oxygen deficient STO film measured by the 
different currents, i.e., 0.01, 0.1 and 1 mA. (Inset) The resistivity at 2 K 
(obtained by the dV/dI measurement) versus the measurement current from -2 
to 2 mA. 

Additionally, it was found that there is also a time dependence of the 

resistivity for the frozen state. As seen from Fig. 3.20, the resistivity at 2 K 

relaxes with the continuous measurement time, which suggests that the 
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thermal effect is playing an important role during measurement. It can be 

understood by the ideas that the thermal conductivity of STO is low and after 

reduction there will be a significant decrease [120] due to the scattering of 

phonons from oxygen vacancies. Therefore the local temperature on the 

sample surface would increase as a result of the Joule heat accumulation, 

eventually yielding a decrease in resistivity under the low temperature frozen 

non-metallic state. However, the thermal effect at 2 K is much weaker than the 

electrical re-excitation. 
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Figure 3.20. Time dependence of the resistivity at 2 K determined by 0.01 mA 
for a continuous measurement up to 10,000 s. 

To further confirm the thermal effect, time dependence of the relative 

resistivity change of the STO3-x film was measured at different temperatures. 

Below the transition temperature 78 K, the resistivity change is negative in the 

insulating state (Fig. 3.21) while it becomes positive in the metallic state 
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above 78 K (Fig. 3.22). This corroborates that the resistivity change is due to 

the thermal effect.  
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Figure 3.21. Time dependence of the relative resistive change below 78 K. 
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Figure 3.22. Time dependence of the relative resistive change at 150 K. 
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3.2.4 Negative Magnetoresistance  

The response of the resistivity to a 9 T magnetic field applied 

perpendicular to the STO film surface yields a negative MR although it is 

relatively small and can only be seen below 5 K in the ρ-T curves. The MR 

curve up to 9 T at 2 K is shown in Fig. 3.23. It was found there was an 

asymmetry in the first curve obtained by scanning field from -9 to 9 T. To 

examine whether the asymmetry was due to an improper measuring geometry, 

the sample was warmed up to RT and then cooled down to 2 K again to repeat 

the measurement but with field scanned from 9 T to -9 T.  
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Figure 3.23. MR of the reduced STO film at 2 K. 

It was found there is always an asymmetry generated from an additional 

overall decrease in resistivity over the measuring time regardless of the 

scanning sequence of magnetic field; this indicates the asymmetry in the MR 

curves is from the thermal effect rather than the measurement geometry. For 



107 
 

example, a continuous measurement generates a gradually decreasing 

resistivity as seen in Fig. 3.24. 
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Figure 3.24. Resistivity of the STO3-x film during a continuous scanning of 
magnetic field at 2 K. 

After deducting the thermal effect, the shape of the MR curve at 2 K 

would resemble ‘M’. The positive MR under small magnetic fields can be 

easily elucidated by Lorentz scattering because the magnetic field is 

perpendicular to the current. The positive MR is very small because of the 

poor mobility of the charge carriers in the frozen state. However, there should 

still be another mechanism competing with Lorentz scattering to account for 

the negative MR. Considering that the resistance at low temperatures is 

predominantly due to the trapping of carriers, so it is plausible to imagine that 

the large magnetic field could help to physically detrap the localized electrons 

from the trapping centers via electric field through excitation induced by the 

Lorentz force.  On the other hand, the Kondo scattering originating from 
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localized Ti 3d magnetic moments could also be responsible for the negative 

MR. 

The bulk STO single crystal, vacuum-annealed together with the STO film, 

is metallic over the whole temperature range of 300-2 K. The quadratic MR at 

2 K (Fig. 3.5) is quite large up to ~2800% at 9 T because of an extremely high 

mobility exceeding 10, 000 cm2V-1s-1 and does not show any signature of a 

negative MR up to 9 T. This strengthens the idea that the negative MR of the 

oxygen deficient STO film is closely related to the carrier freezing state. 

Additionally, the bulk STO seems to be more conducting than the STO film 

since there is no carrier freeze-out in it. This evinces that the local 

concentration of oxygen vacancies in the bulk STO surface is larger than that 

in the STO film although they were decreased simultaneously, which strongly 

suggests that there is a sharp gradient in the concentration of oxygen vacancies 

in the bulk STO sample from the surface to the interior of single crystals. Thus 

all the electrical properties related phenomena in oxygen deficient bulk STO 

should be mostly just the local properties of the near surface area.  

Interestingly, the behavior of the carrier freeze-out observed here is quite 

comparable to the spin glass behavior [85], for example, the carrier freezing 

transition, the relaxation of the frozen resistivity (although here is due to the 

thermal effect), and the suppression of the frozen state by the external fields. 

Considering these, we can also coin this as “charge glass” to more vividly 

represent its characteristics.  
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3.2.5 Summary 

In summary, we argued the uniformity of oxygen vacancies in the bulk 

STO single crystals by studying the high quality STO single crystal film via 

various means. It was found the actual uniform thickness of the bulk STO is 

around several ten times smaller than the whole thickness and all the 

intriguing electrical phenomena of the oxygen deficient bulk STO could only 

be the local surface properties due to the obvious gradient in the 

concentrations of oxygen vacancies from surface to its interior. Moreover, we 

investigated the MIT observed in the oxygen deficient STO film.  The low 

temperature frozen state can be remarkably re-excited by the applied electric 

field. The thermal effect in oxygen deficient STO film during the electrical 

measurements is pronounced due to its poor thermal conductivity although the 

re-excitation of thermal effect to the low temperature frozen state is far less 

effective than the electric field. It was also found that large external magnetic 

fields can suppress the carrier freezing and generate negative MR. The 

possible mechanism proposed for that is the magnetic field can detrap the 

localized electrons under the frozen state through Lorentz force with the help 

of an electric excitation. The high similarity between the various behaviors of 

the carrier freeze-out and the spin glass state enables us to think the carrier 

freezing state as a kind of “charge glass” state.  
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3.3 Insulating state in ultrathin SrTiO3-x films 

3.3.1 Surface of LaAlO3 single crystal substrates 

STO is a widely used substrate for atomically flat interface engineering not 

only because of its excellent chemical and thermal stabilities and the lattice 

match with other perovskite oxides, but also the atomically controllable 

surface termination [52]. Similar to STO, LAO is also an excellent substrate 

and extensively utilized for oxide thin film growth. Moreover, it is extremely 

difficult to generate conductivity in LAO by thermal treatment because the 

diffusion coefficient of oxygen vacancies in LAO is very low [121]. In 

addition, oxygen vacancies in LAO, if there is any, are energetically favored 

to be in a energy level of ~2.6 eV below the conduction band [122], which is 

too low to serve as a donor level at room temperature. This is well in contrast 

to STO, in which the defect level of oxygen vacancies is only 25 meV below 

the conduction band [44], and hence gives an advantage over STO for high 

temperature oxide film deposition. 

The surface termination of (100)-oriented LAO single crystals has been 

previously investigated by Yao et al. [123] and Wang et al. [124]  with 

multiple surface-sensitive techniques, e.g., time-of-flight scattering and 

recoiling spectrometry, atomic force microscopy (AFM), low-energy electron 

diffraction, Auger electron spectroscopy, x-ray photoelectron spectroscopy 

and reflection electron microscopy. They found that the surface termination of 

a LAO single crystal is strongly temperature-dependent: the surface is 
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exclusively terminated in an Al-O layer from room temperature up to ~150 °C 

and a La-O layer above ~250°C; Only in the intermediate temperature region 

between 150 and 250 °C, mixed terminations exist. Using AFM they also 

demonstrated an atomically flat LAO surface with uniform one-unit-cell step 

flow [123], providing the possibility to prepare an atomically flat interface 

based on a LAO substrate.  

The as-received (100)-oriented LAO single crystals (CrysTec GmbH, 

Germany) with two sides polished were examined by AFM at room 

temperature, and indeed the steps on the surfaces were able to be seen (Fig. 

3.25), which is consistent with the earlier report. 

 

Figure 3.25. Room temperature AFM image of an as-received LaAlO3 
substrate. 

 Moreover, the surface topography of LAO was largely improved by the 

later air annealing for 2 h. The AFM images of LAO single crystals annealed 
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at different temperatures are shown in Fig. 3.26. For LAO annealed at 900 °C, 

the steps are not ideally flat but there are nanosize particles and wrinkles. On 

the other hand, a LAO single crystal annealed at 1000 °C has flat and uniform 

steps. A LAO single crystal annealed at 1050 °C also exhibits obvious steps. 

However, a LAO single crystal annealed at the elevated temperature of 

1100 °C suffered from physical holes. 

 

Figure 3.26. AFM images of LAO single crystals annealed in air for 2 h at 
different temperatures. 

LAO single crystal substrates annealed for 2 h at 1000 °C were utilized for 

STO ultrathin film deposition. As can be seen in the inset of Fig. 3.27, the 
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surface of such LAO substrate is single-terminated and atomically flat with 

uniform steps. The height profile data in Fig. 3.27 corresponding to the cross 

line mark by ‘1’ in the inset displays the average terrace width of ~60 nm and 

the average step height of ~ 4 Å pertaining to 1 uc LAO height.    
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Figure 3.27. Height profile of the cross line “1” in the inset. Inset: AFM 
image of a (100)-oriented LAO single crystal substrate annealed in air at 
1000 °C for 2 h. 

3.3.2 Layer-by-layer growth of SrTiO3 on LaAlO3 

Pulsed laser deposition with a KrF excimer laser (λ = 248 nm) was used to 

fabricate STO ultrathin films from a single crystal STO target on fully-

terminated LAO single crystal substrates at 800 °C and oxygen pressure of 

5×10-4 mbar, which are typical conditions for 2DEG growth. Before 

deposition, LAO substrates were kept under the deposition conditions for 30 

mins for the stabilization of surface termination. The RHEED was utilized to 
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monitor the entire growth process. The RHEED pattern of a LAO substrate at 

800 °C before deposition is shown in Fig. 3.28(a).  

 

Figure 3.28.  (a) RHEED pattern of a LAO single crystal at 800 °C before 
deposition. (b) RHEED oscillations of a 10 unit cells (uc) SrTiO3 (STO) film 
grown on a fully-terminated LAO substrate. (c) RHEED pattern after 10 uc 
STO film deposition. (d) AFM image of an as-deposited 10 uc STO film (1 
μm × 1 µm). 

During the deposition, the fluence of laser energy was 1.5 J/cm2 and the 

frequency was 1 Hz. Consequently, the layer-by-layer growth of STO films on 

LAO substrates was achieved. In Fig. 3.28(b), the RHEED oscillation of a 10 

uc STO is shown with an accurate periodicity of 16 s/layer, indicating a layer-

by-layer growth mode. The RHEED pattern after 10 uc STO film deposition is 

shown in Fig. 3.28(c), where streaky peaks are typical of a two dimensional 
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growth. The surface topography of an as-deposited 10 uc STO sample was 

examined by AFM and the terraces can be clearly seen in Fig. 3.28(d) with 

analogous signatures of a single-terminated LAO substrate. Similarly, 25 uc 

STO samples were also fabricated based on single-terminated LAO substrates. 

Upon heating to the deposition temperature of 800 °C, the surface 

termination of a LAO substrate experiences a transition from an Al-O layer at 

room temperature to a La-O layer possibly due to the creation of surface 

oxygen deficiencies during heating [123]. Therefore, the (LaO)-(TiO2) 

interface is expected to form in our case, which is similar to the n-type 

interface as in the typical 2DEG LAO/STO heterostructure.  

Not only can STO films be layer-by-layer grown on a fully-terminated 

LAO substrate, the high quality atomically flat growth can also be obtained for 

some other perovskite materials like NdAlO3 and PrAlO3. This demonstrates 

an approach to achieve atomically flat interfaces based on LAO substrates, 

which are robust and nearly free of oxygen-vacancy-induced conductivity. 

3.3.3 Insulating interface between SrTiO3 thin film and a 

LaAlO3 substrate 

Subsequently, the transport properties of both 10 and 25 uc STO samples 

were examined by simple four-probe linear DC resistance measurement with a 

typical distance between voltage electrodes of ~1 mm. The samples were 

contacted using Al wires and the measuring current was 5 nA. Nevertheless, it 

was found that all the samples are highly insulating and the resistance of them 
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is of the order of GΩ at room temperature, in contrast to the metallicity of the 

n-type interface of 2DEG. The temperature dependence of resistance (R-T) for 

a 10 uc STO sample is shown in Fig. 3.29, which exhibits a characteristic 

behavior of insulators. 
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Figure 3.29. R-T of a heterostructure with 10 uc STO film grown on a single-
terminated LAO substrate. The distance between voltage electrodes in four-
probe resistance measurements was ~1 mm. 

Microscopically the internal atomic layers of a LAO single crystal, i.e., 

AlO2- and LaO-layers, are polar, but the (100) surface of a polar LAO bulk 

single crystal is likely experience surface reconstruction [124–126] to be 

nonpolar [127,128]. Thus, the growth of STO films on LAO substrates can be 

explained by a scenario that a nonpolar material is grown on another nonpolar 

surface as schematized in Fig. 3.30. Therefore, the nonexistence of polar 

discontinuity at the interface between STO films and LAO substrates could be 

responsible for the highly insulating behavior. On the other hand, the epitaxial 

 



117 
 

interface strain for STO films grown on LAO substrates works in the opposite 

direction compared to the case of LAO films grown on STO substrates, which 

could also affect the interface conductivity and hence account for the highly 

insulating behavior. However, the nanoscale mixing of interface atoms [39] 

cannot be used to clarify the highly insulating behavior here. 

 

Figure 3.30. Schematics of two types of interfaces with and without polar 
discontinuity. 

3.3.4 Variable-range hopping in ultrathin SrTiO3-x films  

To investigate the effect of oxygen vacancies in STO films on the transport 

properties of such heterostructures, a 25 uc (~10 nm) STO sample was 

thermally reduced in a vacuum of 10-7 Torr at 950 °C for 1 h. The resistance 

measurement was then performed with the same measurement geometry as for 

Fig. 3.29. The R-T curve from 300 to 10 K as shown on a semi-logarithmic 

scale in Fig. 3.31 represents an insulating behavior although the room 

temperature resistance decreases by four orders of magnitude relative to the 
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initial resistance (after the reduction, the LAO substrate was still extremely 

high insulating, which was checked from the backside of the crystal).  

0 100 200 300
105

106

107

R 
(Ω

)

T (K)

0.2 0.4 0.6

12

14

16

ln
R

T-1/4

 

Figure 3.31. R-T curve of the 25 uc STO/LAO heterostructure after 1 h 
thermal reduction at 950 °C and 10-7 Torr vacuum. (Inset) Fitting plot in terms 
of three-dimensional variable-range hopping of Mott law. 

The room temperature Hall measurement displays that the areal carrier 

density is ~ 2.12×1012 cm-2. Furthermore, it was found that the R-T curve can 

be well fitted by the variable-range hopping of Mott law, i.e., 𝑙𝑙𝑙𝑙𝑙𝑙 ∞ 𝑇𝑇−
1
4  , 

over the whole temperature range as plotted in the inset of Fig. 3.31, which 

reveals that the R-T curve belongs to the three-dimensional transport property. 

Hence considering the thickness of 25 uc STO, the areal carrier density is 

converted into a volume density of being 2.17×1018 cm-3. The value is smaller 

than the experimental critical carrier density of ~5×1018 cm-3 [44] of the metal-

insulator transition for a reduced STO film, so this can also explain why the 

film is still insulating. Such an insulating state is likely due to significant 
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compensating defects such as Ti and Sr vacancies accompanying a large 

number of oxygen vacancies created during vacuum annealing. 

3.3.5 Summary  

In summary, we demonstrated atomically flat interfaces between STO films 

and single-terminated LAO substrates. The transport measurements displayed 

that this kind of interface is highly insulating. The reason for that could be the 

surface reconstruction of LAO single crystals or due to the interface epitaxial 

strain. Ultrathin STO3-x films are insulating, which could be due to a large 

number of compensating defects. Besides, our work opens a way to achieve 

atomically flat film growth based on LAO substrates. Furthermore, the quasi-

2DEG could also be tailored by means of vacuum reduction or Argon-ion 

milling after the realization of atomically flat nanoscale film growth on LAO 

substrates. 
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Chapter 4    Origin of the two-dimensional electron gas at 

the LaAlO3/SrTiO3 interface – the role of oxygen vacancies 

and electronic reconstruction 

The high mobility two-dimensional electron gas (2DEG) at the interface 

between LAO films and TiO2-terminated STO substrates was discovered by 

Ohtomo and Hwang [17]. Since then, 2DEG at the LAO/STO interface has 

attracted a huge amount of attention from the community of oxide electronics 

and been one of the most fascinating topics in the contemporary condensed 

matter physics. Plenty of intriguing physical properties have been unveiled by 

different groups at this interface system, for example, the electronically 

coupled complementary interfaces [28], the transition from metallic to 

insulating phase as the thickness of LAO films decreases to less than 4 unit 

cells (uc) [29], the magnetic Kondo scattering at the interface [20], the low 

temperature two-dimensional superconductivity [19], and the large gate 

capacitance enhancement [34] due to strong electron correlations (the 2DEG at 

the LAO/STO interface was also proposed as a kind of electron ‘liquid’, i.e., 

2DEL well because of strong electron-electron interactions [129]).  

For a long time whether the ground state of 2DEG is ferromagnetic or 

superconducting was a physically fundamental issue under debate. However, 
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Ariando et al. [9] recently found the coexistence of the ferromagnetic state and 

a superconducting-like state and proposed electronic phase separation for the 

2DEG at the LAO/STO interface. Later the coexistence of superconductivity 

and ferromagnetism in this system was observed by Dikin et al. [31], Li et 

al. [32] and  [130]. The theoretical origin for this coexistence is attributed to 

the localization and strong spin-orbit coupling of Ti 3d interface 

electrons [131]. In addition, the successful integration of 2DEG with Si by 

Park et al. [35] has pushed this functional oxide interface system toward 

nanoelectronic device applications significantly. 

As to the origin of the metallic conductivity at the LAO/STO interface, 

generally three kinds of different mechanisms have been developed. One is 

polar discontinuity induced interface charge transfer to overcome polar 

catastrophe [18,37,38]; the second one is oxygen vacancies [40–43] on the 

STO side generated due to the growth oxygen pressure or the bombardment 

during the growth process [132], which could behave similarly as in thermally 

reduced bulk STO [89] and thus lead to metallicity; the third one is thermal 

intermixing of atoms at the interface [39] since La-doped STO is 

metallic [133]. However, the thermal interdiffusion mechanism was 

discounted in recent work [45], which studied the effect of a mixed interface 

layer. It is also in conflict with the experimental results that p-type LAO/STO 

interfaces [17] and interfaces created by growing STO films on LAO are 

insulating [46]. In addition, the study on the epitaxial interface strain [134] 

indicated that the epitaxial strain at the interface could be playing an important 

role in the interface conductivity. 
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In 2007, Shibuya et al. [132] associated the metallic conductivity at 

interfaces between room temperature-deposited amorphous CaHfO3 films and 

STO single crystal substrates with the bombardment of STO substrates by the 

plume during the pulsed laser deposition process. Later, Chen et al. [47]  

demonstrated metallic interfaces between STO substrates and various 

amorphous oxide overlayers including LAO, STO and yittria-stablized 

zirconia thin films fabricated by pulsed laser deposition. The origin of the 

2DEG in such crystalline/amorphous heterostructures was attributed to 

formation of oxygen vacancies at the surface of the STO. Moreover, metallic 

interfaces between Al-based amorphous oxides and STO substrates have also 

been realized by other less energetic deposition techniques such as atomic 

layer deposition [48] and electron beam evaporation [135]. The electronic 

properties of STO-based amorphous heterostructures [47,48] are, to some 

extent, similar to those of crystalline LAO/STO heterostructures [20,29], 

including the metallicity accompanied by the presence of Ti3+ ions and a sharp 

metal-insulator transition as a function of overlayer thickness. These results 

call into question the polarization catastrophe model. 

In this chapter, we present a detailed comparison of amorphous and 

crystalline LAO/STO heterostructures based on electrical and optical 

measurements.  By comparing the electronic properties of these two interfaces, 

we are able to distinguish the two different mechanisms mainly responsible for 

the 2DEG observed in amorphous and crystalline LAO/STO heterostructures. 

4.1 Amorphous LaAlO3/SrTiO3 heterostructures  
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Amorphous LAO films were deposited from a single crystal LAO target on 

untreated (100)-oriented STO substrates by pulsed laser deposition (KrF laser 

λ = 248 nm) at room temperature and different oxygen partial pressures. 

Crystalline LAO films were fabricated on TiO2-terminated (100)-oriented 

STO substrates at 750 °C in 10-3 Torr oxygen partial pressure. During 

deposition, the repetition rate of the laser was kept at 5 Hz and the laser 

fluence was fixed at 1.3 J/cm2. The deposition rate of amorphous LAO films 

was calibrated by transmission electron microscopy measurements and the 

growth of crystalline LAO films was monitored in situ by RHEED. Electrical 

contacts onto 5 × 5 mm2 samples were made with Al wires using wire bonding 

and electrical measurements were performed in a Quantum Design physical 

property measurement system. While the sheet resistance and Hall effect of all 

LAO/STO heterostructures was measured in the van der Pauw geometry, the 

magnetoresistance measurements were performed in the four-probe linear 

geometry. 

Figure 4.1 shows a cross-section transmission electron microscopy image 

of a 20 nm amorphous LAO film deposited on an untreated STO substrate at 

room temperature and 10-6 Torr oxygen partial pressure. The LAO layer is 

seen to uniformly cover the STO substrate. The zoom-in image of an interface 

region in Fig. 4.2 demonstrates the amorphous feature of the LAO overlayer, 

with one or two oriented layers at the interface, which confirms the room-

temperature amorphous growth of LAO films on crystalline STO substrates.  
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Figure 4.1. TEM image of a LaAlO3 (LAO) film deposited on an untreated 
STO substrate at room temperature and 10-6 Torr oxygen pressure. 

 

Figure 4.2. Zoom-in image of an interface region. 

The first monolayer of the LAO is well oriented, while subsequent layers are 

increasingly disordered. 
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4.1.1 Photoluminescence spectra  

The photoluminescence (PL) spectra (excited by a 325 nm laser with energy 

density of 1 MW/cm2) of an as-received STO substrate and 20 nm amorphous 

LAO films deposited on STO substrates at different oxygen partial pressure 

ranging from 10-1 to 10-6 Torr are shown in Fig. 4.3. Although the PL intensity 

of the as-received STO substrate is weak, the characteristic PL peaks of 

oxygen vacancies at wavelengths ranging from 380 to 420 nm [44,87] in STO 

can still be seen.  
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Figure 4.3. Room-temperature photoluminescence (PL) spectra of an as-
received STO substrate and 20 nm amorphous LAO films deposited on 
untreated STO substrates at different oxygen partial pressure ranging from 10-1 
to 10-6 Torr. 

The PL intensity of amorphous LAO/STO heterostructures is enhanced by 

a factor of 5 to 9, relative to the as-received STO substrate, depending on the 

oxygen partial pressure used during the growth. At the same time, the multiple 
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PL emission peaks are much more pronounced, and the PL intensity increases 

with decreasing oxygen partial pressure.  
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Figure 4.4. PL of a 20 nm amorphous LaAlO3 film deposited on a Si substrate 
at 10-3 Torr and room temperature using pulsed laser deposition. The PL 
spectra reveal that there is no pronounced emission from the 20 nm amorphous 
LaAlO3 film. 

Considering that 20 nm amorphous LAO films grown on Si substrates 

present no PL signal (Fig. 4.4) and the PL peaks from various defects in LAO 

bulk crystals appear only at ~600 nm and above [136], we are able to attribute 

the large enhancement of PL intensity between 350 and 475 nm in amorphous 

LAO/STO heterostructures to the creation of oxygen vacancies in the STO 

substrates near their interface during the deposition process.  

4.1.2 Transport properties 

The temperature-dependent sheet resistance (Rs-T) of the 20 nm amorphous 

LAO/STO heterostructures fabricated in different oxygen partial pressures 
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from 10-3 to 10-6 Torr is shown in Fig. 4.5. As can be seen, the heterostructures 

exhibit metallic behavior in the whole temperature range. The room 

temperature sheet resistance increases with oxygen partial pressure.  
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Figure 4.5. Temperature dependence of sheet resistance (Rs-T) for 20 nm 
amorphous LAO/STO heterostructures fabricated at different oxygen 
pressures from 10-3 to 10-6 Torr.  

The corresponding carrier density and mobility data are illustrated in Fig. 

4.6. The room-temperature carrier density of ~1014 cm-2 is comparable to that 

of unannealed crystalline LAO/STO heterostructures [9,20], which were 

directly cooled down to room temperature in the deposition oxygen pressure 

after high temperature growth. Moreover, both the temperature-dependent 

carrier density (ns-T) and mobility of such amorphous LAO/STO 

heterostructures are similar to those of unannealed crystalline LAO/STO 

heterostructures [9,20,28], including the carrier freeze-out effect below ~100 

K.  



128 
 

0 100 200 300
1013

1014

 10-6 Torr
 10-5 Torr
 10-4 Torr
 10-3 Torr

µ  (10
3 cm

2/V.s)
n s (

cm
-2
)

T (K)

0.0

0.5

1.0

 

Figure 4.6. Temperature dependences of sheet carrier density (ns-T) and the 
corresponding mobility for 20 nm amorphous LAO/STO heterostructures 
fabricated at different oxygen pressures from 10-3 to 10-6 Torr. 

To examine the conductivity and band gap of amorphous LAO, we 

deposited 150 nm amorphous LAO films on large band gap substrates MgO 

and Al2O3. By electrical and ultraviolet-visible spectroscopy measurements, it 

was found that amorphous LAO is highly insulating with a band gap greater 

than 5 eV (Fig. 4.7), similar to crystalline bulk LAO. In addition, any issue of 

polar discontinuity in amorphous LAO-STO heterostructures should be minor 

and only confined to the first few quasi-crystalline layers of LAO at the 

interface. The PL spectra in Fig. 4.3 indicate the presence of oxygen vacancies 

in STO substrates. We are therefore led to conclude that the conductivity 

emerging at the interface between amorphous LAO films and STO substrates 

originates mainly from oxygen vacancies created in STO near the interface 

during film deposition. 
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Figure 4.7. Ultraviolet-visible-infrared spectra of 150 nm amorphous LaAlO3 
films grown on MgO, Al2O3 and LaAlO3 substrates. 

The out-of-plane MR of amorphous LAO/STO heterostructures is plotted 

in Fig. 4.8. Indeed, there is a common feature in the MR curves of all 

amorphous heterostructures, i.e., MR is quadratic at low field but linear at high 

magnetic field, as shown in Fig. 4.8(a). Such a feature is also seen in 

crystalline LAO/STO heterostructures [9,137]. The out-of-plane MR of 

amorphous LAO/STO samples fabricated at lower oxygen pressure (10-4~10-6 

Torr) is larger than that of the samples deposited at higher pressure (10-2~10-3 

Torr) at 9 T. 
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Figure 4.8. (a) Out-of-plane MR of an amorphous LAO/STO heterostructure 
fabricated at 10-6 Torr oxygen pressure. Linear lines are guides to the eye. (b) 
Out-of-plane MR of amorphous LAO/STO samples fabricated at different 
oxygen pressures. 

4.1.3 Kondo effect and electric field effect 
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Figure 4.9. Rs-T of a 20 nm amorphous LAO/STO heterostructure fabricated 
at 10-2 Torr oxygen partial pressure.  

The Rs-T curve of a 20 nm amorphous LAO/STO heterostructure (Fig. 4.9) 

fabricated at 10-2 Torr behaves differently from other heterostructures 
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fabricated at lower oxygen pressure. There is a resistance minimum at ~18 K, 

which tends to saturate at low temperatures.  
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Figure 4.10. Out-of-plane and in-plane MR of the 10-2 Torr amorphous 
LAO/STO heterostructure. 

The typical mechanisms proposed to explain the low temperature 

resistivity minimum are weak localization and Kondo scattering. To 

distinguish between these two, we performed MR measurements. As shown in 

Fig. 4.10, the out-of-plane MR is positive, which can be understood by orbital 

scattering [119] due to the Lorentz force. However, when the magnetic field B 

is applied parallel to the sample surface, the MR is negative, regardless of 

current direction, i.e., the relative angle between B and current. Even when B 

is in plane and perpendicular to current, positive MR is absent. The anisotropy 

between out-of-plane and in-plane transverse MR indicates that the 

conductivity is quasi-two-dimensional (quasi-2D) rather than three-
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dimensional because the orbital effect is suppressed in a 2D system when B is 

in-plane. Hence, the in-plane negative MR is associated with Kondo scattering, 

since for quasi-2D weak localization the negative MR appears only when B is 

perpendicular to the sample surface (or electron orbital plane) [137]. Moreover, 

the in-plane isotropy of the MR further confirms the Kondo effect [82]. 

Similar to the Kondo effect observed in crystalline LAO/STO 

heterostructures [20] as well as electric-field-controlled STO single 

crystals [138], the Kondo effect in amorphous LAO/STO heterostructures can 

be associated with localized Ti3+ moments. Recent calculations by Pavlenko et 

al. [139] show that oxygen vacancies at titanate interfaces can generate a two-

dimensional magnetic state due to the interface orbital reconstruction. The 

Kondo effect is indeed a demonstration of the magnetic scattering of mobile 

carriers by localized magnetic moments [140]. The density of mobile carriers 

of the 10-2 Torr heterostructure is lower than those prepared at lower oxygen 

partial pressure. That could be the reason why we observe a more pronounced 

Kondo effect in the 10-2 Torr sample. 

Figure 4.11 demonstrates the electric field tuning of the electron gas in an 

amorphous LAO/STO heterostructure at 5 K using a back gate. The large 

tunability in the sheet resistance (60% variation between ±60 V) and in the 

MR [Fig. 4.11(b)] are comparable to the electric field effect in a 2DEG 

confined at the interface in a crystalline heterostructure [141]. That further 

confirms the quasi-2D nature of the electron gas in amorphous LAO/STO 

heterostructures. 
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Figure 4.11. (a) Sheet resistance and (b) MR of a 20 nm amorphous 
LAO/STO heterostructure prepared at 10-4 Torr as a function of back gate 
voltage at 5 K. 

4.1.4 Critical thickness for appearance of conductivity 

We systematically examined the LAO layer thickness dependence of sheet 

resistance for amorphous LAO/STO heterostructures fabricated in different 

oxygen partial pressures ranging from 10-1 to 10-6 Torr. For samples deposited 

at 10-1 Torr, no measurable conductivity was ever detected up to a 100 nm 

LAO layer thickness. As shown in Fig. 4.12(a), for samples prepared at 10-2 

Torr and lower pressure, a sharp drop by more than four orders of magnitude 

in sheet resistance occurs at a certain LAO layer thickness, which strongly 

depends on oxygen pressure [Fig. 4.12(b)].  
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Figure 4.12. (a) Thickness dependence of room-temperature sheet resistance 
of amorphous LAO/STO heterostructures prepared at different oxygen 
pressures and on different STO substrates. Triangle symbols represent TiO2-
terminated STO substrates, while circles represent untreated STO substrates. 
(b) Critical thickness as a function of deposition oxygen pressure. 

A similar sharp transition in resistance as a function of overlayer thickness 

was observed by Chen et al. [47] and Lee et al. [48]. However, the critical 

thickness for different pressures in our case is different from those reported by 

Chen et al. This is in contrast to the oxygen-annealed crystalline LAO/STO 

case, where the critical thickness of 4 uc [29] is robust over a large oxygen 

pressure range from 10-2 to 10-5 Torr. We also found that the critical thickness 

in the amorphous case depends on some other factors such as laser energy and 

substrate-target distance. For example, as we increased the substrate-target 
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distance in our experimental setup by a factor of two and lowered the laser 

fluence from 1.3 to 0.7 J/cm2, the critical thickness at 10-3 Torr changed from 

1.5 to 6 nm. There is no pronounced difference in the sheet resistance when 

the amorphous heterostructures are fabricated on TiO2-terminated instead of 

randomly-terminated STO. 

There are three intriguing features in Fig. 4.12 that demand explanation –i) 

the sharp conductivity transition, ii) the oxygen pressure dependence of the 

critical thickness, and iii) the saturation of the sheet resistance with the 

amorphous overlayer thickness. When depositing the overlayer, chemically 

reactive species such as Al [142] have a strong propensity to attract oxygen 

ions from the surface of the STO, even at room temperature. The conductivity 

transition is explained by percolation of the electrons associated with the 

oxygen vacancies. The wave function of these electrons will be Bohr-like 

orbitals with radii of a few nm (3.2 nm for STO), resulting from the large 

dielectric constant of STO (εr = 300 at 300 K) and the large effective mass 

(~5me) [143]; the percolation carrier density is ~1013 cm-2 in one monolayer. 

The oxygen-depletion process from the STO surface will depend on how 

much reactive oxygen is available in the ambient atmosphere during 

deposition, thereby explaining why the critical thickness decreases at lower 

oxygen pressures. At the carrier densities required for percolation, the vacancy 

concentration at the STO surface is of the order of a few percent, a value that 

is already high and the further formation of vacancies will be inhibited [144]. 

This explains the saturation of the sheet resistance. 
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4.2 Oxygen annealing experiment 

4.2.1 Oxygen annealing of amorphous LaAlO3/SrTiO3  

The conductivity of all the amorphous LAO/STO heterostructures vanishes 

after a 1 h post-anneal at 600 °C in flowing oxygen (1 bar), as can be seen in 

Fig. 4.13(a). At the same time, the PL intensity of all oxygen-annealed 

amorphous LAO/STO heterostructures decreases significantly and approaches 

the intensity of the as-received substrate [Fig. 4.13(b)]. This confirms that 

oxygen vacancies in STO create the conductivity.  

Figure 4.13. (a) Room-temperature sheet resistance of 20 nm amorphous 
LAO/STO heterostructures prepared at different oxygen pressures before and 
after oxygen-annealing in 1 bar of oxygen gas flow at 600 °C for 1 h. (b) PL 
intensity of the 20 nm amorphous LAO/STO heterostructures fabricated at 10-6 
Torr before and after oxygen-annealing. 
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4.2.1 Oxygen annealing of crystalline LaAlO3/SrTiO3  

To compare the amorphous and crystalline LAO/STO heterostructures, 10 

uc crystalline LAO films were grown on TiO2-terminated STO substrates 

under typical growth conditions, at 750 °C and 10-3 Torr, and then post-

annealed in oxygen as described above. They remain conductive, although 

there is a decrease in carrier concentration and the room-temperature sheet 

resistance increases by a factor of seven (Fig. 4.14); for example, an 

unannealed crystalline sample has a room temperature carrier density of 8.26 × 

1013 cm-2, which decreases to 1.62 × 1013 cm-2 after post-annealing.  
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Figure 4.14. Rs-T and (inset) ns-T of a 10 uc crystalline LAO/STO 
heterostructure prepared at 10-3 Torr and 750 °C before and after oxygen-
annealing in 1 bar of oxygen gas flow at 600 °C for 1 h. 

Moreover, the ns-T of the unannealed crystalline LAO/STO sample shows 

carrier freeze-out below about 100 K, with ns dropping to 1.90 × 1013cm-2 at 5 

K. In contrast, the carrier density of the post-annealed crystalline sample 
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exhibits little temperature dependence, changing from 1.62 × 1013cm-2 at 300 

K to 1.38× 1013cm-2 at 5 K. Such post-annealing experiments are reproducible 

(Fig. 4.15).  
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Figure 4.15. Room temperature sheet carrier density of eight crystalline 
LAO/STO heterostructures before and after oxygen annealing. 

The carrier freeze-out effect in unannealed crystalline LAO/STO samples, 

which also exists in oxygen-deficient STO films [44], is characterized by an 

activation energy 𝜖𝜖  of 4.2 meV (fitted by 𝑛𝑛𝑠𝑠 ∝ 𝑒𝑒−𝜖𝜖 𝑘𝑘𝐵𝐵𝑇𝑇⁄  ). In contrast, the 

activation energy of carriers in oxygen-annealed crystalline LAO/STO 

samples is even smaller, 0.5 meV.  

As shown in Fig. 4.16, the PL intensity of the unannealed crystalline 

sample is greatly enhanced compared to that of its TiO2-terminated STO 

substrate, which reveals the creation of a substantial amount of oxygen 

vacancies here too during deposition. After post-annealing, the PL intensity 
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falls back to the substrate level, similar to the effect of post-annealing on the 

PL signal of amorphous samples.  
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Figure 4.16. PL spectra of a 10 unit cell (uc) crystalline LAO/STO 
heterostructure prepared at 10-3 Torr and 750 °C before and after oxygen-
annealing in 1 bar of oxygen gas flow at 600 °C for 1 h. 

We conclude at this point that oxygen vacancies contribute significantly to 

the conductivity in both amorphous and unannealed crystalline LAO/STO 

heterostructures. Specifically, for amorphous LAO/STO samples, the 

existence of oxygen vacancies in STO substrates is the principal origin of the 

interface conductivity. For unannealed crystalline LAO/STO samples, oxygen 

vacancies are only partially responsible for a part of the interface conductivity, 

which can be eliminated by oxygen-annealing. 
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4.3 Ar-milling experiment 

To further explore the different mechanisms responsible for the interface 

conductivity in amorphous and oxygen-annealed crystalline LAO/STO 

heterostructures, we performed Ar-milling experiments for both types, 

fabricated at 10-3 Torr. In the Ar-milling experiment an INTEL VAC Ion-

Beam Milling System was used. Ar+ ions beam accelerated at 200 V at 4 

ml/min and irradiated perpendicularly onto the samples mounted on a 6-inch 

Si wafer. The Ar pressure was kept as 4.8×10-4 Torr during milling. The 

milling rates of LAO layers were calibrated by an in situ secondary ion mass 

spectroscopy setup, which were 1.7 and 0.8 Å/s for amorphous LAO layer and 

crystalline LAO layer, respectively.  

4.3.1 Ar milling of crystalline LaAlO3/SrTiO3  

Figure 4.17 shows a typical thickness dependence of the conductivity (solid 

red squares) for oxygen-annealed crystalline heterostructures with a critical 

thickness of 4 uc. We then used a 4 uc sample in the Ar-milling experiments. 

After removing the top unit cell of LAO, the conductivity disappears, as 

shown by the hollow red diamonds. This result agrees with previous 

reports [30,145]. Moreover, step-by-step Ar milling of an oxygen-annealed 10 

uc crystalline LAO/STO sample generates the same critical thickness of 4 uc 

for maintaining the interface conductivity (black hollow stars). On the other 

hand, Ar-milling the unannealed crystalline heterostructure from 10 uc down 
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to 2 uc produces little change in conductance (blue circles) and Rs-T curves 

(Fig. 4.18), indicating that the conduction is dominated by oxygen vacancies. 
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Figure 4.17. Thickness dependence (red solid squares) of room-temperature 
sheet conductance of oxygen-annealed crystalline LAO/STO heterostructures 
fabricated at 10-3 Torr and 750 °C, showing a critical thickness of 4 uc. The 
red hollow diamonds denote the sheet conductance of the 4 uc sample before 
and after the removal of the top 1 uc LAO by Ar-milling. Moreover, the blue 
hollow circles represent the conductance of an unannealed 10 uc crystalline 
LAO/STO heterostructure and after the removal of the top 8 uc LAO by Ar-
milling. The black hollow stars represent the conductance of another oxygen-
annealed 10 uc crystalline LAO/STO sample after step-by-step Ar milling. 
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Figure 4.18. Temperature dependence of sheet resistance of 10 uc as-
deposited crystalline LAO/STO samples before and after Ar-milling. 

4.3.2 Ar milling of amorphous LaAlO3/SrTiO3 
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Figure 4.19. Thickness dependence (green solid squares) of room-temperature 
conductance of amorphous LAO/STO heterostructures fabricated at 10-3 Torr, 
showing a critical thickness of 6 nm. The green hollow diamonds represent the 
conductivity of the 6 nm sample that remains after the removal of the top LAO 
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layer 1 nm at a time by Ar-milling. All the arrows represent the Ar-milling 
process. 

To facilitate control of the Ar-milling rate in the amorphous overlayer case, 

where the milling rate of LAO was more than twice that of the crystalline case, 

we intentionally arranged the critical thickness of heterostructures to be 6 nm 

by increasing the substrate-target distance and decreasing the laser fluence. 

Figure 4.19 illustrates the LAO layer thickness dependence of conductivity 

(green solid squares) for amorphous LAO/STO samples. As the top 

amorphous LAO layer is removed, one nm at a time, from a 6 nm LAO/STO 

sample, the conductivity of the heterostructures is retained (green hollow 

diamonds).  

To check the possible effect of the Ar milling on the conductivity of STO 

single crystals, an insulating 2 nm amorphous LAO/STO sample was used as 

reference. After the removal of the top 1 nm of amorphous LAO, the 

heterostructure remains insulating. This proves that no conductivity is created 

by the Ar-milling process. 

The Ar-milling experiment further confirms that the conductivity in 

amorphous LAO/STO heterostructures originates principally from oxygen 

vacancies in the STO substrate. However, the appearance of conductivity in 

oxygen-annealed crystalline LAO/STO samples is reversible across the critical 

thickness of 4 uc. Hence this must be closely associated with the interface 

electronic reconstruction due to the potential build-up in the crystalline LAO 

overlayer [18,37,38]. This is consistent with the electronic reconstruction at 
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the interface and also the built-in potential in the polar LAO layer observed by 

Singh-Bhalla et al. [146] and Huang et al. [147]. 

4.4 Re-growth experiment 

To explore whether the conductivity of a milled crystalline LAO/STO sample 

can be restored by depositing a new LAO layer, we re-grew LAO on a 

crystalline LAO/STO heterostructure after the LAO layer was milled from 4 to 

3 uc. After the Ar milling (n×2) surface reconstruction was observed in 

RHEED patterns both before and after deposition [Fig. 4.20(a)-(b)]. No 

periodic RHEED oscillation was seen during the deposition [Fig. 4.20(c)], 

which was likely caused by the surface reconstruction of LAO after Ar ion 

milling.  

The thickness of the newly deposited LAO layer was estimated to be 2 uc. 

Although the re-grown sample shows a measurable room temperature sheet 

resistance of ~190 kΩ/□, its Rs-T curve exhibits a semiconducting behavior as 

seen in Fig. 4.20(d). Oxygen annealing in 600 °C and 1 bar of oxygen flow for 

1 h only results in a slight change in sheet resistance, which proves that the 

partially restored conductance is not from oxygen vacancies. Instead, the 

partially restored conductance suggests that the polarization catastrophe 

mechanism still works for the re-grown sample but is limited by the poor 

crystallinity of the re-grown LAO layer.  
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Figure 4.20. (a) RHEED pattern of a crystalline LAO/STO heterostructure 
with the LAO layer etched to 3 uc. (b) RHEED pattern after a new LAO 
deposition. (c) RHEED intensity during re-growth. (d) Temperature dependent 
sheet resistance of the re-grown sample before and after oxygen annealing. 
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Figure 4.21. (a) RHEED pattern after depositing one uc LAO on a 3 uc 
crystalline LAO/STO heterostructure. (b) RHEED oscillations of the first 
deposition of 3 uc LaAlO3 and the re-growth of the fourth uc. (c) Sheet 
resistance of the re-grown sample after oxygen annealing as a function of 
temperature. 
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For comparison, another re-growth experiment was performed. We first 

fabricated a 3 uc crystalline LAO/STO heterostructure, which was ex situ 

measured to be highly insulating. Then one more unit cell of LAO was 

deposited on such a heterostructure. No surface reconstruction was seen over 

the entire deposition process [Fig. 4.21(a)]. During the re-growth, periodic 

RHEED intensity oscillation was obtained [Fig. 4.21(b)]. The re-grown 

sample was subsequently oxygen-annealed and the Rs-T curve shows a typical 

metallic behavior [Fig. 4.21(c)]. Such re-growth experiments demonstrate that 

the good crystallinity of the LAO layer is crucial for the polarization 

catastrophe mechanism in the case of crystalline LAO overlayers. 

4.5 Summary 

In conclusion, despite there being a critical overlayer thickness of LAO for 

appearance of conductivity at the LAO/STO interface for both crystalline and 

amorphous forms of LAO, the explanation in the two cases is different. Unlike 

the 4 uc critical thickness for the oxygen-annealed crystalline heterostructures, 

there is no universal critical thickness when the LAO is amorphous. The 

critical thickness then depends sensitively on deposition conditions, and 

oxygen vacancies in the STO substrate account for the interface conductivity. 

Oxygen vacancies also contribute substantially to the conductivity of 

crystalline LAO/STO heterostructures which have not been annealed in 

oxygen post deposition. The reversible thickness dependence of conductivity 

across the critical thickness of 4 uc in oxygen-annealed crystalline 

heterostructures indicates that the interface electronic reconstruction due to the 
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potential build-up in LAO overlayers is ultimately responsible for the 

conductivity in that case. Moreover, our experiments demonstrate that the 

crystallinity of the LAO layer is crucial for the polarization catastrophe. 
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Chapter 5    Transport properties and defect-mediated 

ferromagnetism in Nb-doped SrTiO3 

5.1 Transport properties of Nb-doped SrTiO3 single 

crystals 

5.1.1 Electrical transport properties 

Niobium (Nb) has multiple oxidation states including +5, +4, +3, +2 and -1, 

while the chemical valence of +5 is the most stable one. In STO, Ti has a 

chemical valence of +4. The introduction of Nb and the substitution of Ti by 

Nb in STO and the resulting substitution of Ti by Nb yield redundant electrons. 

These electrons are mostly free as the dielectric constant of STO is large and 

consequently the bound energy 𝐸𝐸𝐵𝐵  of a hydrogenic-type donor is negligibly 

small, which is represented as follows 

𝐸𝐸𝐵𝐵 = − 𝑚𝑚𝐷𝐷𝑒𝑒4

8ℎ2𝜖𝜖𝑟𝑟2𝜖𝜖02                                             (5-1) 

Considering the dielectric constant 𝜖𝜖𝑟𝑟 = 300 and mD = 5m0 for STO, the bound 

energy is 0.8 meV, much smaller than the room temperature thermal energy of 

26 meV.  
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5.1.1.1 Resistivity 

Nb-doped STO (NSTO) single crystals are commercially available with a 

large concentration ranging from 0.01wt% to 1wt%. The electrical resistivity 

of 5×5×0.5 mm3 NSTO single crystals (0.01wt% from Japan; 0.05~0.5wt% 

from CrysTec GmbH, Germany; 0.7wt% from MTI, USA) with different 

dopings were measured as a function of temperature, which is shown in Fig. 

5.1. 
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Figure 5.1. ρ-T curves of Nb-doped SrTiO3 (NSTO) single crystals with with 
different dopings  

All the NSTO single crystals are metallic over the entire temperature range 

of 300 to 2 K. The room temperature resistivity of NSTO single crystals is 

drawn in Fig. 5.2 as a function of doping concentration. The resistivity 

obviously decreases with doping in the doping range from 0.01wt% to 0.5wt%, 

while it only slightly changes with doping above 0.5wt%. On one hand, NSTO 
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single crystals from different manufacturers could be different in quality. On 

the other hand, a too high concentration of doping could result in 

compensating defects [148] in STO crystals such as Sr and Ti vacancies which 

then limits the increase of its carrier density.  
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Figure 5.2. Room temperature resistivity of NSTO single crystals. 

The room temperature resistivity of 0.01wt% NSTO is pronouncedly 

higher than others and reaches 25 times that of 0.05 wt% NSTO. This could be 

due to the low substitution rate of Ti and the poor uniformity for a too low 

concentration of Nb doping. To examine that, the carrier density of 0.01wt% 

NSTO was determined by Hall measurements. The n-T curve of 0.01wt% is 

shown in Fig. 5.3. The carrier density is 7×1017 cm-3 at room temperature, 

which is only one fifth of the nominal carrier density of 0.01wt% NSTO 

(3.4×1018 cm-3 provided that Nb atoms are fully occupying Ti sites). This 
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suggests that almost 80% Nb atoms are interstitial but not serve as substitution 

atoms in the case of 0.01wt% NSTO.  

5.1.1.2 Carrier density and mobility 
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Figure 5.3. Temperature dependent carrier density of 0.01wt% NSTO. 

The carrier density of 0.01wt% NSTO decreases with lowering 

temperature at high temperatures above 150 K and surprisingly increases at 

low temperatures especially below 100 K. Such an increase in carrier density 

was also observed in others’ measurements [88,149]. This unexpected 

behavior is nearly unphysical from the typical thermal activation of carriers 

viewpoint. So definitely, there is at least one more intrinsic mechanism 

affecting the temperature response of carrier density, which is competing with 

the thermal activation in STO and becomes dominant at low temperatures in 

this case.   
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One of the unique properties of STO is that its dielectric constant increases 

with lowering temperature (especially below ~100 K) and saturates below 4 K 

because of the quantum-mechanical stabilization of the paraelectric phase [50]. 

It seems plausible to assume that in reduced STO part of electrons are trapped 

by the Coulomb potentials of lots of positively charged defects due to the 

strongly ionic nature of the lattice. Thus as the dielectric constant increases, 

the Coulomb potentials will be suppressed due to dielectric screening (or 

polarization shielding), in which a screened Coulomb potential [91] is 

inversely proportional to 𝜖𝜖r. Hence the increase of dielectric constant could 

serve as a kind of detrapping mechanism and consequently account for the 

increase of carrier density in STO at low temperatures.  

1 10 100
100

101

102

103

104

µ ∝ T  -2.1

µ 
(c

m
2 V-1

s-1
)

T (K)

µ ∝ T  -3.0

105 K

0.01wt% NSTO

 

Figure 5.4. Temperature dependence of mobility of 0.01wt% NSTO. Solid 
lines are power law fittings. 

The temperature dependence of mobility of 0.01wt% NSTO deduced from 

the resistivity and carrier density is shown on a logarithmic scale in Fig. 5.4. 
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The high mobility, up to 21,190 cm2V-1s-1 at 2 K, decreases with temperature 

rapidly and varies in accordance with certain power laws above 20 K, where 

the scattering of electrons by polar optical phonons dominates and results in 

power law dependence of mobility on temperature μ ∝ T -β [89,92,93]. The 

effect of the structural phase transition in STO at ~105 K on the mobility can 

be apparently seen from the linear fittings owing to the variation in phonon 

vibration modes induced by the structural phase transition. Below 20 K, the 

scattering of electrons is dominated by ionized defect potentials [89]. The 

mobility further increases with decreasing temperature from 20 K due to the 

dielectric screening of ionized scattering potentials. That is because the 

scattering potential of ionized defects is inversely proportional to the dielectric 

constant and the dielectric constant of STO increases at low temperatures. 

Finally, saturation appears from 4 K and below probably corresponding to the 

quantum paraelectric phase in STO. 

The temperature dependence of carrier density for 0.05wt% NSTO is shown in 

Fig. 5.5. It shows similar features as that of 0.01wt% NSTO, i.e., the carrier 

density increase with decreasing temperature. However, it peaks at 40 K. This 

could be due to the interplay between thermal activation and dielectric 

screening. The room temperature carrier density is 1.4×1019 cm-3, close to the 

ideal carrier density of 1.7×1019 cm-3. Its mobility is shown in Fig. 5.6. The 

power law variation at 105 K can be clearly seen although the exponents both 

above and below 105 K become smaller compared to those of 0.01wt% NSTO. 

Similarly, the mobility is dominated by ionized defect scatterings below 20 K 

and phonons above 20 K. 
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Figure 5.5. Temperature dependent carrier density of 0.05wt% NSTO. 
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Figure 5.6. Temperature dependence of mobility of 0.05wt% NSTO. Solid 
lines are power law fittings. 

The n-T curve of 0.1wt% NSTO is shown in Fig. 5.7. The carrier density 

increases with lowering temperature and peaks at 50 K. The room temperature 

carrier density is 2.7×1019 cm-3, less than the ideal carrier density of 3.4×1019 
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cm-3. The corresponding temperature dependence of mobility is drawn in Fig. 

5.8, which also shows the variation in power laws at 105 K. Below 20 K, the 

mobility is dominated by ionized defect scatterings. 
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Figure 5.7. Temperature dependent carrier density of 0.1wt% NSTO. 
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Figure 5.8. Temperature dependence of mobility of 0.1wt% NSTO. Solid 
lines are power law fittings. 
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The carrier density of 0.5wt% NSTO measured as a function of 

temperature is shown in Fig. 5.9. The room temperature carrier density is  
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Figure 5.9. Temperature dependent carrier density of 0.5wt% NSTO. 
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Figure 5.10. Temperature dependence of mobility of 0.5wt% NSTO. Solid 
lines are power law fittings. 
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1.4×1020 cm-3. The carrier density decreases with lowering temperature, which 

is likely due to the dielectric screening. Its mobility is demonstrated in Fig. 

5.10. Below 30 K, the mobility is dominated by ionized defect scatterings. 
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Figure 5.11. Temperature dependent carrier density of 0.7wt% NSTO. 
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Figure 5.12. Temperature dependence of mobility of 0.7wt% NSTO. Solid 
lines are power law fittings. 
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The carrier density of 0.7wt% NSTO almost linearly decreases with 

temperature (Fig. 5.11). At room temperature, it is 2.0×1020 cm-3. The mobility 

of 0.7wt% NSTO is quite low, less than 200 cm2V-1s-1 at 2 K (Fig. 5.12). 

Above 40 K, the mobility is dominated by phonon scatterings.  

To summarize, the room temperature carrier density of NSTO single 

crystals is plot together with their ideal carrier density (assuming that all Nb 

atoms have substituted Ti atoms) for different dopings in Fig. 5.13. As can be 

seen, the room temperature carrier density almost linearly scales with doping 

concentration. The carrier density is larger than the Mott critical carrier 

density 4.7×1020 cm-3, which explains why all the NSTO single crystals are 

metallic as shown in Fig. 5.1. In addition, the difference between measured  
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Figure 5.13. Room temperature carrier density of NSTO single crystals with 
different dopings. The carrier density considering 100% substitution is 
illustrated by hollow squares for different dopings.  
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and ideal values increases with doping concentration, which indicates the rise 

of compensating defects in highly doped NSTO single crystals. 

The room temperature and low temperature mobility are shown in Fig. 

5.14 on a logarithmic scale for NSTO single crystals. The room temperature 

mobility is small, ranging from 3.6 to 5.2 cm2V-1s-1. However, the low 

temperature mobility is several orders of magnitude larger. Moreover, it nearly 

exponentially decays with doping concentration, which indeed demonstrates 

that the low temperature mobility in NSTO is strongly affected by carrier 

density due to electron-electron scatterings.  
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Figure 5.14. Room temperature and low temperature mobility of NSTO single 
crystals. 

5.1.1.3 Fermi liquid 

To corroborate the existence of electron-electron scatterings, the low 

temperature resistivity of NSTO is plotted as a function of T 2 (Fig. 5.15). 
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Highly linear dependence of resistivity on T 2 is a direct demonstration of the 

Fermi liquid behavior and thus strong electron-electron scatterings.  
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Figure 5.15. Low temperature resistivity of NSTO single crystals versus T 2. 

5.1.2 Magnetotransport properties 

The magnetoresistance (MR) of a 0.01wt% NSTO single crystal was measured 

up to ±5 T at low temperatures. According to the Kohler’s law, MR typically 

has a quadratic magnetic field dependence because of the orbital effect. In this 

case, MR is proportional to μ2. As the mobility of 0.01wt% NSTO is 

remarkably high up to 21,190 cm2V-1s-1 at 2 K (Fig. 5.4), the positive MR at 2 

K is extremely large, which is 4000% at 5 T on average. The MR at 10 K is far 

less due to the lower mobility, close to 620% at 5 T (Fig. 5.16).  

The measured MR is asymmetric. To examine the origin of this asymmetry, 

the MR measurements were subsequently performed by scanning field from 
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the opposite direction, i.e., from 5 T to 0. The MR curve coincides with that 

measured by scanning field from -5 to 5 T, which indicates the asymmetry is 

induced by geometrical misalignment.  
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Figure 5.16. Magnetoresistance (MR) of 0.01wt% NSTO at 2 K and 10 K. 
The magnetic field is perpendicular to the sample surface. 

The resistance of 0.01wt% NSTO at 2 and 10 K is plotted together in Fig. 

5.17 as a function of magnetic field. It clearly shows a resistance crossover at 

~1.5 T, above which the resistance at 2 K exceeds that at 10 K. Thus a 

resistivity upturn should exist in the ρ-T curves of 0.01wt% NSTO under a 

magnetic field greater than 1.5 T. To examine this, ρ-T curves were measured 

under different magnetic fields up to 9 T and the low temperature resistivity 

upturns were observed under magnetic fields larger than 1.5 T (Fig. 5.18). 
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Figure 5.17. Resistance of 0.01wt% NSTO at 2 K and 10 K versus magnetic 
field. 

        

Figure 5.18. ρ-T curves of a 0.01wt% NSTO single crystal under different 
magnetic fields normal to the sample surface. 
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Such a magnetic field induced resistivity minimum is only seen in high 

mobility 0.01wt% NSTO single crystals. The low temperature MR of other 

NSTO single crystals is plotted together in Fig. 5.19, which decreases 

dramatically as the doping concentration increases as a result of the 

exponentially reduced mobility. 
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Figure 5.19. MR of NSTO single crystal with doping from 0.05wt% to 0.7wt% 
at 2 K with magnetic field normal to the sample surface. 

5.1.3 Summary 

We studied the electrical and magneto transport properties of NSTO single 

crystals with different dopings. It was found that all the NSTO single crystals 

are metallic and the Fermi liquid exists in NSTO single crystals at low 

temperatures. The room temperature resistivity decreases with doping and the 

room temperature density linearly scales with doping concentration. However, 

the low temperature mobility exponentially decays with the doping 
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concentration due to the strong electron-electron scatterings. The effect of 

structural phase transition of STO at 105 K on the mobility can be clearly seen 

in all NSTO single crystals. The carrier mobility in 0.01wt% NSTO is highest, 

up to 21,190 cm2V-1s-1 at 2 K. The MR in NSTO crystals is quadratic and 

complies with the classical orbital scattering, which can be well described by 

Kholer’s rule. Consequently, a large MR resulting from the high mobility at 

low temperatures leads to a resistivity minimum in ρ-T curves. 

5.2 Defect-mediated ferromagnetism in Nb-doped SrTiO3 

crystals 

The potential for discovering new magnetic interactions with possible 

applications in spintronic devices has been the main driver for the search of 

oxide-based room temperature ferromagnetism (RTFM) [150,151]. Since the 

theoretical prediction of RTFM in Mn-doped ZnO [152] and the experimental 

observation of  RTFM in Co-doped TiO2 [153], dilute magnetic 

semiconductors (DMS) has attracted significant attention from the community 

of oxide electronics. Typically, DMS are fabricated by introducing magnetic 

ions into wide bandgap semiconductors including ZnO, TiO2, SnO2 [154] and 

In2O3 [155]. However, since the finding of unexpected ferromagnetism in 

insulating HfO2 thin films by Venkatesan et al. in 2004 [156], RTFM has been 

also observed in pristine TiO2 [157,158], In2O3 [158], ZnO [159] and 

SnO2 [160] thin films without magnetic dopings, which is generally attributed 

to oxygen vacancies or other ionic defects. 
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STO in oxide electronics is equivalent to silicon in semiconductor industry 

for oxide electronics due to its chemical and thermal stabilities, as well as the 

lattice match to a large number of functional perovskite materials. Pristine 

STO is a typical nonpolar band insulator with an indirect band gap of 3.25 eV 

and a direct band gap of 3.75 eV. However, the slight doping of Nb can shift 

the Fermi level of STO up or even into the bottom of its conduction band, thus 

giving an n-type semiconducting or metallic phase. Nb-doped SrTiO3 (NSTO) 

itself is a highly interesting system as it is a low temperature two-band 

superconductor [161], with strong interactions among electrons, plasmons, 

phonons and polarons [162,163].  Moreover, it is one of the most used 

substrates for oxide film deposition and electronic device application.  

Pure STO is an ideal diamagnet in the insulating phase due to the absence 

of unpaired electrons. The Nb doping replaces some of Ti atoms and the 

resultant Ti3+ ions with unpaired electrons can generate a paramagnetic 

response to external magnetic field. Here we report RTFM observed in NSTO 

single crystal substrates, which is found to be induced by oxygen vacancies 

and mediated by the free electrons from Nb doping. We examined the 

transport and the magnetic properties of 5 mm×5 mm×0.5 mm two-side-

polished NSTO single crystals with different dopings, i.e., 0.05 wt%, 0.1 wt%, 

0.5 wt% (from CrysTec GmbH, Germany), 0.7 wt% (from Hefei Kejing 

Material Technology Co., Ltd., China) and 1 wt% (from MTI, USA). The 

transport and the magnetic properties were measured by a Quantum Design 

PPMS and a Quantum Design SQUID-VSM tool, respectively. 
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5.2.1 Ferromagnetism in Nb-doped (≥ 0.5wt%) SrTiO3 

single crystals 

Magnetic moment versus temperature (M-T) measurements were performed 

for NSTO single crystals using 1000 Oe with the magnetic field parallel to the 

surface of samples. The zero-field-cooled (ZFC) M-T curves of NSTO single 

crystals are shown in Fig. 5.20. For 0.05 and 0.1 wt% dopings, the negative 

magnetic moments over the whole temperature range as seen in Fig. 5.20 

indicate the diamagnetism from the STO matrix is dominant. The magnetic 

moment versus magnetic field (M-H) curves measured up to 2000 Oe did not 

show hysteresis even at low temperatures down to 2 K as seen in the inset of 

Fig. 5.20. That indicates only the diamagnetism and paramagnetism coexist in 

the 0.05 and 0.1 wt% NSTO single crystals. The increase in the M-T curves 

with decreasing temperature is due to the paramagnetic contribution to the 

magnetic moment.  

The ZFC M-T curve of a two-side-polished 0.5 wt% NSTO single crystal 

is shown in Fig. 5.21, which is evidently distinct from the M-T curves of 

single crystals with lighter doping. Unexpectedly, the magnetic moment peaks 

at ~60 K and ferromagnetic hysteresis loops can be seen from 2 to 300 K as 

shown in Fig. 5.22. The average coercivity field is around 300-400 Oe. The 

saturation ferromagnetic moment at 2 K is ~5×10-6 emu and the corresponding 

magnetization for the whole 5 mm×5 mm×0.5 mm single crystal is 4×10-4 

emu/cm3, which is quite small, equivalent to ~ 5×10-3 Oe. The average 

ferromagnetic moment for each Nb atom (or roughly each free electron) and  
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Figure 5.20. Zero-field-cooled (ZFC) M-T curves of 0.05 wt% and 0.1 wt% 
NSTO. (Inset) M-H curves at 2 K. 
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Figure 5.21. ZFC M-T curve of 0.5 wt% NSTO. 
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each unit cell of NSTO is ~2.65×10-4 and ~2.59×10-6 μB respectively, which 

are two orders of magnitude smaller than the ferromagnetism of free-electron 

gas, (0.07 μB/electron) as reported by Young et al. [164]. 
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Figure 5.22. M-H curves of 0.5 wt% NSTO at 2 K, 30K and 300 K. 

Different 0.5 wt%-doped NSTO single crystals both from the same and 

from a different batch (CrysTec GmbH) were checked.  
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Figure 5.23. M-H curves of another 0.5wt% NSTO from CrysTec. 
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Figure 5.24. M-H curves of a 0.5wt% NSTO single crystal in another batch 
from CrysTec. All samples are with the dimensions of 5 mm×5 mm×0.5 mm. 
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Figure 5.25. M-H curves at 300 K of a 0.7wt% NSTO single crystal (5 mm×5 
mm×0.5 mm) from Hefei Kejing, China. (Inset) M-H curve at 2 K.  

It was found all of them show ferromagnetic hysteresis loop with the same 

order of magnitude of the magnetic moment at both 2 and 300 K (Figs. 5.23 & 

5.24). Moreover, 0.7 wt% NSTO from Hefei Kejing Material Technology Co., 

Ltd., China) and 1 wt% NSTO (from MTI, USA) single crystals also show 

similar ferromagnetic hysteresis loops both at 2 and 300 K (Fig. 5.25 and Fig. 

5.26). 
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Figure 5.26. M-H curves at 300 K and 2 K of a 1wt% NSTO single crystal (5 
mm×5 mm×0.5 mm) from MTI, USA. 

5.2.2 Impurity examination 

Assuming that the ferromagnetism originates from some ferromagnetic 

artifacts, such as Fe, which can at maximum supply 2.2 μB/atom to 

ferromagnetism, the corresponding minimum density of Fe impurity in 0.5 wt% 

NSTO is ~1.96×1016 atoms/cm3.  It is within the typical detection limit of 

static time-of-flight SIMS. SIMS analysis of possible Fe, Co, Ni, Cr, Mn and 

Cu elements were performed down to more than 400 nm below the surface at 

different regions of the sample but only trace of them on the noise level was 

seen (Fig. 5.27).  
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Figure 5.27. Counts versus etching time (corresponding to depth) for all 
elements during 3700 s etching by Ar ion beam milling with the ion energy of 
~3 KeV. The gains of all the possible impurity elements are within the noise 
level of SIMS. 

 
Figure 5.28. XPS spectra of the characteristic peak regions of Fe, Co and Ni. 
The data were collected more than 100 nm deep below the surface after 720 s 
etching by Ar ion milling with the ion energy of ~3 KeV. The diameter of the 
utilized X-ray beam is ~700 μm.  

Meanwhile, XPS examination with Ar ion milling was carried out down to 

more than 100 nm below the surface. The wavelength regions of the 
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characteristic photoemission peaks of possible Fe, Co and Ni elements were 

carefully examined but no any signature of them was seen (Fig. 5.28).  

 
Figure 5.29. Dynamic SIMS (a) Depth profiling spectra of a vacuum-annealed 
0.5 wt% NSTO single crystal. (b) Mass spectra of over the mass range of 45-
70 a.m.u. (c) High resolution mass spectra at the mass range of 47Ti16O. 

Furthermore, to examine possible impurities of Cr, Mn, Fe, Co, Ni and Cu, 

we performed dynamic SIMS measurements using a Cameca IMS-6f magnetic 

sector spectrometer with a sensitivity of ppb, which is three orders of 

magnitude higher than the sensitivity of the typical static time-of-flight SIMS, 

for both as-received and vacuum-annealed samples. During the analysis, a Cs+ 

primary ion beam of 10 KeV was rastered over an area of 250×250 μm2, with 

the samples biased at a voltage of +5 kV. Positive secondary ions were 

acquired from a central area of approximately 40 µm in diameter. Depth 

profiling spectra were first acquired over a thickness of approximately 500 nm, 
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within which the matrix elements were observed to be uniform as shown for 

the vacuum-annealed sample in Fig. 5.29(a). At the specified depth, mass 

spectra were then collected over the mass range of interest (45-70 a.m.u.), 

which confirmed the absence of Cr, Mn, Fe, Co and Ni impurities [Fig. 

5.29(b)]. Due to the mass interference of 63Cu and 65Cu with 47Ti16O and 

49Ti16O respectively, high resolution mass spectra were acquired at the mass 

range of 47Ti16O (with mass resolution higher than 5000). No signal of 63Cu 

was detected as demonstrated in Fig. 5.29(c). 

5.2.3 Manipulation of ferromagnetism by annealing 

It was found the ferromagnetism can decrease a lot or even disappear after 

annealing single crystals in air. After annealing of the 0.5 wt% NSTO single 

crystals at 600°C for 2 h, both the ferromagnetic hysteresis loops at 2 and 300 

K completely disappear as shown in Fig. 5.30.   

Subsequently, the sample continued to be vacuum-annealed at 950°C in 

~10-7 Torr vacuum for 1 h, and the hysteresis loops at 2 K measured up to 0.2 

and 1 T are shown in Fig. 5.31.  
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Figure 5.30. M-H curves of a 0.5wt% NSTO single crystal after annealing in 
air at 600°C for 2 h. 
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Figure 5.31. M-H loop at 2 K upon subsequent vacuum annealing at 950°C in 
~10-7 Torr vacuum for 1 h. (Inset) M-H loop at 2 K measured up to 1 T. 

Upon fitting and subtraction of the diamagnetic signal, the pure 

ferromagnetic loop can be extracted from the M-H loop up to 1 T (Fig. 5.32). 

The final saturation ferromagnetic moment recovered from vacuum annealing 

is ~8.5×10-6 emu, which is of the same order of magnitude with the 
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ferromagnetic signal in the original case. These results suggest that the 

ferromagnetism could be closely related to oxygen vacancies in NSTO single 

crystals. 

-10000 -5000 0 5000 10000
-1.0x10-5

-5.0x10-6

0.0

5.0x10-6

1.0x10-5
 Original
 Fitted diamagneism
 Pure ferromagnetism

M
 (e

m
u)

H (Oe)  

Figure 5.32. Subtraction of the fitted average diamagnetic signal from the 
original M-H curve for the vacuum-annealed 0.5wt% NSTO single crystal. 

 

5.2.4 Relationship between magnetic moment and carrier 

density 

The temperature dependences of carrier density (n-T) for as-received 

NSTO single crystals were measured up to ±2000 Oe via Van der Pauw Hall 

geometry with two voltage and two current electrodes placed at the four 

corners of 5 mm × 5 mm square single crystals.  Surprisingly, it was found 

that the carrier density of NSTO peaks at a certain temperature as shown in 

Fig. 5.33. The peak temperature depends on the doping level. For 0.5 wt% 
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NSTO, the peak is well at ~60 K and also the n-T curve is quite similar to the 

M-T curve in Fig. 5.21.  

 

Figure 5.33. Temperature dependences of carrier density (n-T) of NSTO 
single crystals. (Inset) n-T curves of 0.05wt% and 0.1 wt% NSTO. The carrier 
density of 0.05 wt% NSTO has been multiplied by a factor of two. 

After annealing in air, the n-T curve does not change because the carrier 

density generated from oxygen vacancies of 1 h vacuum annealing in STO is 

of the order of 1018 cm-3 carriers [119], which is two orders of magnitude 

smaller than the carrier density from Nb doping for 0.5 wt% NSTO. However 

the original peak at ~60 K in the M-T curve disappears, accompanied by the 

disappearing of the ferromagnetic hysteresis loop. Because no similarity 

between the n-T and M-T curves for nonmagnetic 0.05 wt% and 0.1 wt% 

single crystals is observed although there is also a peak in the n-T curve for 

each of them [inset of Fig. 5.33], it is plausible to believe that the close 
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similarity in the n-T and M-T curves is the signature of the ferromagnetic 

component.  

For as-received 0.05 wt% and 0.1 wt% NSTO single crystals, no 

ferromagnetism was observed. The reason may be either the carrier density is 

not large enough or the initial oxygen vacancies inside are less. Because Nb5+ 

ions can attract O2- more and therefore deform the crystal lattice, therefore the 

larger dopings could generate more defects including oxygen vacancies in the 

lattice.  

Although both oxygen vacancies and Nb atoms can serve as donors of 

electrons for the Ti 3d orbitals in STO, they seem to be different. For example, 

there is no carrier deionization effect for NSTO even in the most lightly doped 

samples because the large dielectric constant of STO makes the activation 

energy of a hydrogenic-type donor quite small (0.8 meV) compared to the 

thermal energy at RT. But in lightly reduced STO, the carrier freeze-

out [44,89]  can happen for the electrons resulting from the doubly charged 

donor centers – oxygen vacancies, i.e., the carrier density decreases 

dramatically with decreasing temperature and finally the whole system turns to 

be insulating. The donor level of oxygen vacancies is large up to 80 meV 

separated from the conduction band of STO [89]. This reveals that the Ti 3d 

electrons and also the magnetic moments originating from oxygen vacancies 

are naturally more inactive and localized.  

As recently reported, localized Ti 3d magnetic moment in STO can serve 

as magnetic centers to result in Kondo scattering [20]. Meanwhile, oxygen 
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vacancies in the TiO2 layer of STO can enhance the tendency for 

ferromagnetism considerably [139]. Therefore a possible scenario for the 

ferromagnetism of NSTO could be that oxygen vacancies inside NSTO single 

crystals are supplying localized Ti 3d magnetic moments and a large number 

of free electrons from Nb doping mediate the magnetic interactions among 

them via RKKY interaction, eventually yielding the ferromagnetism. It seems 

that sufficient oxygen vacancies as well as carrier density is essential to 

produce this kind of indirect ferromagnetic exchange interaction. Theoretically, 

the ferromagnetic RKKY interaction under the Weiss mean-field treatment 

can be strengthened with the increase of carrier density [165,166]. This may 

be able to shed light on our case.  

Zhang et al. [167] have tried to search for ferromagnetism by doping 

ferromagnetic elements Fe, Co and Ni into the conductive NSTO thin films 

but failed. In our case, the intrinsic oxygen vacancies could be more 

compatible with the free electrons such that the ferromagnetism can be 

obtained. Here, the free electrons themselves participate in the ferromagnetic 

exchange interaction as mediators, so there is no Kondo scattering observed in 

transport data of NSTO. 

5.2.5 Summary 

In summary, we studied the electrical and magnetic properties of NSTO 

single crystals. Reversible RTFM was observed in highly-doped (≥ 0.5wt%) 

NSTO single crystals and found to be induced by oxygen vacancies and 

closely related to free carriers. We proposed the RKKY interaction to explain 
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the ferromagnetism, where free electrons from Nb doping mediate the 

magnetic interaction among the localized Ti 3d magnetic moments originating 

from oxygen vacancies. The ferromagnetism observed here could influence 

the transport properties across the interface when NSTO is utilized as 

substrates for device applications. On the other hand, the use of this kind of 

substrate to search for novel ferromagnetism in oxide thin films should be 

exercised with care due to the existence of ferromagnetism up to RT. Since 

although the ferromagnetic signal observed here is small for a bulk single 

crystal, it is strong enough to mix up the magnetic signals of thin films grown 

on it. 
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Chapter 6    Resistive switching mediated by intragap 

defects 

Resistive switching is a physical phenomenon where the resistance of a 

metal/insulator/metal sandwich structure changes upon applying a voltage or 

current pulse. It is a potential candidate for non-volatile data memory. The 

attractive points of resistive switching are the over 10 times resistance change, 

the capability of multi-level storage, and the fast switching rate (~ns).  

Moreover, the operation voltage is usually less than 10 V, which is very 

attractive for low-power applications. 

The history of resistive switching can be dated back to the year of 1962, 

when Hickmott [168] found a hysteresis loop in the DC I-V curves in the 

Al/Al2O3/Au sandwich structure and also a negative differential resistance. 

Nevertheless, the current highly active research in resistive switching was 

significantly triggered by the over three order of magnitude of resistance 

change in Pr0.7Ca0.3MnO3 thin films induced by external voltage excitations 

under magnetic field in 1997 [10]. Following that, Liu et al. [11] reported the 

large electric-pulse-induced reversible resistance change (more than 1700%) at 

room temperature without magnetic field in Ag/Pr0.7Ca0.3MnO3/YBa2Cu3O7-x 

structures in 2000. At the same time, Beck et al. [169] at IBM Research in 

Switzerland observed reproducible resistive switching in the Au/Cr-doped 
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SrZrO3/SrRuO3 structure. These studies opened the door for resistive 

switching. 

Since then, reproducible resistive switching behaviors have been observed 

in various oxides, such as Cr-doped SrTiO3 (STO) [170], Nb-doped 

STO [171], Ba-doped STO [172] although  the role of dopants in resistive 

switching is still unclear. Nearly all of these studies focused on the effect of 

concentration on the switching performance to achieve optimal dopant 

concentration. Now, some better-understood mechanisms related to this area 

are as follows [172]: (i) trapping/detrapping effects and charge transfer 

processes via donor and acceptor levels (Cr3+, Cr4+) [169], (ii) a Mott metal-

insulator transition [173], (iii) formation of local current domains [174], (iv) 

redox processes and filament model [175,176], and (v) conductivity due to a 

reversal of a local spontaneous polarization [177]. 

In this chapter, we present reversible metal-insulator transition (MIT) of 

insulating RAlO3 (R = La, Pr, Nd, Y) thin films induced by the electrical 

population of defect levels in the bandgap of oxide insulators, which, in turn, 

can play a crucial role in determining the insulating nature of the material. 

Accordingly, our work provides an alternative mechanism for resistive 

switching.  
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6.1 Resistive switching in LaAlO3 thin films 

6.1.1 Reversible metal-insulator transition 

The electronic state of complex oxides can be changed by chemical doping, 

temperature, external pressure [4,178], magnetic field [179], electric field or 

light [180]. In particular, the electric-field-induced metal-insulator transition 

(MIT) has attracted a lot of attention because of its potential for device 

applications.  With the recent excitement in resistive switching in typical 

metal/insulator/metal structures, electric-field-induced MIT has been revisited 

as a possible mechanism [173,181,182].  

A number of different mechanisms have been previously demonstrated for 

resistive switching, such as electric-field-induced oxygen vacancy migration 

resulting in the formation of conducting filaments [175] , and reversible metal 

migration from electrodes [183]. Such a variety of field-induced phenomena 

arise from the complex defects that are present in these oxides. Cationic and 

anionic defects can form trap states within the bandgap of even wide bandgap 

oxides, drastically affecting their insulating properties [184].  

Typical metal/insulator/metal structures (seen in Fig. 6.1) were prepared 

by first depositing LaAlO3 (LAO) films using a pulsed laser deposition 

technique from a single crystal LAO target onto (001)-oriented 0.5 wt% Nb-

doped SrTiO3 (NSTO) single-crystal substrates. The LAO films of various 

thicknesses (25~150 nm) were grown at 800 °C under an O2 partial pressure of 

1×10-2 Torr. During deposition, the fluence of the laser energy was 1.3 J/cm2 



184 
 

and a mask was used to cover a small part of NSTO to be used as the bottom 

electrode. After deposition, the sample was annealed for 1 h at 600 °C in 

ambient O2. Subsequently, the samples were cooled to room temperature at a 

very slow ramping rate of 5 °C/min to avoid cracking of the films, which can 

occur because of the mismatch between the thermal expansion coefficients of 

LAO and NSTO. Finally, 1×2 mm2 metal top electrodes (Cu or Au) were 

deposited on top of the LAO film by pulsed laser deposition through a stencil 

mask. The temperature dependence of the sample resistance (R-T) was 

measured by applying a voltage of 0.05 V between the top metal electrode and 

bottom electrode (seen in Fig. 6.1). At this small voltage, the existing 

resistance state is stable over time. Using the same two-terminal geometry, 

current-voltage (I-V) characteristics were measured by scanning the applied 

voltage and reading the current with a compliance current of 0.1 A. The sign 

of the voltage corresponds to the sign of the voltage applied to the metal top 

electrode. 

As shown in Fig. 6.1, typical metal/LAO/NSTO structures with different 

top metal electrodes (Cu or Au) and LAO layer thicknesses were prepared. As 

illustrated in Fig. 6.2, the temperature dependence of the sample resistance (R-

T) curve of the initial state indicates typical insulating behaviour that 

corresponds to the initial current-voltage (I-V) curve of the system as seen 

from i to j in Fig. 6.3. 
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Figure 6.1. Schematic of a metal-LAO-NSTO sandwich structure. 
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Figure 6.2. R-T curve of the initial resistance state for Cu/LAO (~150 
nm)/NSTO structure on a semi-logarithmic scale. 
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Figure 6.3. I-V curves obtained by scanning voltage along 0  -7 V  0 7 
V  0 and R-T curves of different resistance states. The insets m and q are the 
R-T curves after scanning the voltage through points m and q to zero, 
respectively. The horizontal data between points k and l are due to the 
compliance current in action. 

At low voltages, the resistance is quite high but when the voltage reaches –

6.8 V, a sharp jump in the current is seen. Because of the imposed compliance 

current of 0.1 A, which is used to prevent sample damage, the current saturates 

at 0.1 A. As the voltage is scanned back to 0 V, a linear I-V characteristic is 

seen, which corresponds to a stable metallic state shown in the inset m of Fig. 

6.3. Hence, upon the dramatic switching of the resistive state at –6.8 V, the 

resistance changes from ~14 MΩ to ~25 Ω at room temperature, which is 

concomitant with a phase transition from the insulating to the metallic phase. 

The metallic state persists until the positive voltage scan reaches about 2.4 V; 

at that level, the device switches into a high-resistance (n-o-p-q) and non-

metallic state as indicated in the inset q of Fig. 6.3.  
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The reversible phase transition is reproducible, as shown in the second I-V 

cycle in Fig. 6.4. The behaviour is totally unexpected for a wide bandgap 

insulator such as LaAlO3. 
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Figure 6.4. I-V curves after the cycle shown in Fig. 5.3 and R-T curves of 
different resistance states. The insets l and p are the R-T curves after scanning 
the voltage through points l and p to zero, respectively. 

The anomalous insulating behaviour of LAO cannot be explained by 

artefacts such as anodization or redox of the active metal electrode [183]. In 

those cases, anodic dissolution of the metal electrode is possible only if 

adequate positive voltage is applied to an active metal electrode, and the 

resulting cations can be driven by the strong electric field into the insulating 

film where they form metallic filaments. To further eliminate this possibility, 

structures with inactive Au as the top electrode material were prepared and 

analyzed; these structures showed no observable difference in their resistive 

switching behaviour compared to those with Cu as the top electrode (Fig. 6.5). 
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This strongly suggests that the reversible phase transition cannot be caused by 

the diffusion of metal electrodes.  
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Figure 6.5. I-V characteristics of the Au/LAO (~150 nm)/NSTO structure. The 
voltage scan begins with the arrow marked with ‘1’ and follows the sequence 
a-b-c-d-e-f-g. The upper-left and lower-right insets are the R-T curves after 
scanning the voltage through point d and point g to zero, respectively. All the 
lines connecting the data points are guides to the eye. 

 
6.1.2 Low temperature switching 

Another possible mechanism for this anomalous insulating phenomenon is 

the migration of oxygen vacancies. If such a mechanism is occurring, the 

applied electric field could only change the distribution of the positively 

charged oxygen vacancies [185]. Therefore, no insulating phase would appear, 

even at higher resistance states. Our case is also significantly distinct from the 

type of resistive switching that originates from the electro-migration of excess 

oxygen as described by Shi et al. [186]; in that experiment, the resistive 

switching disappeared at temperatures below 200 K because of the low 
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diffusion coefficient of the oxygen. To verify this, the low temperature 

switching properties were examined using the same structure with a Au 

electrode. The initial insulating state of this structure is shown in the inset i of 

Fig. 6.6. After cooling to 4.1 K, the I-V measurements were performed and the 

structure was negatively biased to –8.8 V, at which it switched to a linear state 

with a very small resistance of ~12 Ω as shown in Fig. 6.6, which corresponds 

to a metallic phase as revealed in the inset n of Fig. 6.6.  
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Figure 6.6. Negative switching of Au/LAO (~150 nm)/NSTO at 4.1 K. (Inset i) 
R-T curve of the initial state. (Inset n) R-T curve after negatively scanning 
voltage back to 0, i.e., after 0  -10 V  0 at 4.1 K. The current values in the 
k-l-m sequence are confined by the compliance current. 

The voltage required to obtain this switching is larger than the one at room 

temperature. The sample was then warmed up to 298 K, after which it was 

switched back to a non-metallic state as indicated by the inset m of Fig. 6.7 

with a higher resistance of ~10 kΩ. These results are consistent with the 

results seen in the room-temperature device; it is thus very difficult to attribute 
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the reversible MIT observed in LAO to the oxygen vacancy or excess oxygen 

scenarios. 
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Figure 6.7. Positive scan after the switching in Fig. 5.6 at 298 K by 0  7 V 
 0. (Inset) R-T curve after positive scan.  

 
6.1.3 Structural phase transition check 

To examine whether the electronic phase transition comes with any structural 

phase transition of the LAO film, which might be induced by the external 

electric field, the crystal structure of the new sample coated with a Cu 

electrode with a film thickness of ~150 nm was analysed by X-ray diffraction 

(XRD). The area not covered by the metal electrode shows good epitaxial 

characteristics, i.e., double peaks (Fig. 6.8). Once the device was switched to 

the low-resistance state, the top Cu electrode was lifted off by Ar-ion beam 

milling, and the area originally below the Cu was examined. This area shows 

nearly the same diffraction peaks (Fig. 6.9) as those of the original film, which 
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was not covered by Cu. This indicates that there is no structural phase 

transition when the MIT ocurrs. 
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Figure 6.8. XRD of the film area not covered by the metal electrode in the 
initial high-resistance state of a Cu/LAO/NSTO sample. 
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Figure 6.9. XRD of the area that was originally below the Cu electrode in a 
low-resistance metallic state. The blue and the red data indicate the XRD 
peaks of LAO and NSTO substrate, respectively. 
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6.1.4 Film cracking check 

It was found that LAO thin films grown on STO could crack during cooling 

down as a result of the mismatch in the thermal coefficients of LAO and STO 

if the film thickness is above 10 nm and the cooling rate is too fast [187]. For 

example, the cracking of a 10 nm LAO film grown on STO can be clearly seen 

from AFM images (Fig. 6.10). Therefore it is worth checking out whether 

there is cracking in the thick LAO films deposited on NSTO substrates. 

 

Figure 6.10. A 5×5 μm2 AFM image of a 25 uc LAO grown on STO. 

The surface topography of 150 nm LAO films grown on NSTO was 

examined by both AFM and optical microscope on different surface areas. A 

5×5 μm2 AFM image is shown in Fig. 6.11 and a large scale surface image 

obtained by optical microscope is shown in Fig. 6.12. It turns out that no 



193 
 

cracking exists in thick LAO films deposited on 0.5wt% NSTO substrates. 

This could be due to the slow cooling rate utilized in the deposition (3 °C/min). 

                       

 
Figure 6.11. A 5×5 μm2 AFM image of a 150 nm LAO film deposited on 
0.5wt% NSTO. 

               

Figure 6.12. An optical microscopic image of a 150 nm LAO film deposited 
on 0.5wt% NSTO. 
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6.2 Defect mediated quasi-conduction band 

6.2.1 Quasi-conduction band model 

We propose a novel mechanism to describe this unusual insulating behaviour. 

Our femtosecond pump-probe experiments on single crystal LAO reveal that 

defect states can exist in LAO within a wide energy range at approximately 

2.0 eV below the conduction band [136], which is consistent with the 

theoretical calculations of Luo et al. [122]. In Fig. 6.13, a sketch of the band 

structure of the device is depicted. For LAO, It is difficult to identify that it 

has a p-type or n-type band structure, so we use the term “Fermi level” to 

mark the middle of its bandgap.   
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Figure 6.13. (a) Schematic of the band diagram of the device with no voltage 
bias. The middle defect band represents the defect levels of LAO, which are 
widely distributed in the bandgap at ~2 eV below the conduction band. (b) 
Formation of a quasi-conduction band (QCB) under an initial negative voltage 
bias. (c) Depletion of electrons in the QCB by a subsequent positive bias. 

Additionally, the work function of the utilized 0.5wt% NSTO substrate is very 

small, determined to be ~3.5 eV by ultraviolet photoemission spectroscopy 
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measurements. Therefore, it is plausible to assume that the Fermi level of 

NSTO is higher than the Fermi level of LAO, as drawn in Fig. 6.13(a).  

Initially, there is no conduction between the NSTO and LAO. Under 

sufficient negative bias, charges will be injected into and fill up the LAO 

defect levels from the metal side and the energy band of NSTO will be pushed 

down relative to the bands of LAO. At the voltage where a dramatic 

conductivity transition is seen, the electron population of the defect levels is 

high enough to form a metallic state. We call this defect-mediated conduction 

band a “quasi-conduction band” (QCB). As demonstrated in Fig. 6.13(b), once 

the energy level of QCB lines up with the Fermi level of NSTO, which is 

slightly above its conduction band,  a continuum state is established, and this 

state remains even when the current is reduced to zero because of the overlap 

of the electron wave functions.  

The effective charge transferred to the defect levels at the switching 

threshold of 0.22 A (Fig. 6.14) is estimated to be around 4.6×1019 cm-3 for a 

device area of 0.02 cm2, a LAO thickness of 150 nm and a defect level 

lifetime of ~10 microseconds. While this carrier concentration is about 3.5 

times smaller than that of the NSTO, which is 1.6×1020 cm-3, it makes the 

LAO a stable metallic system.  
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Figure 6.14. Schematic of switching threshold current. The pink dashed lines 
are the extension lines of the measured data points, and the abscissa of their 
crossing point (~0.22 A) is indicated by the short solid blue line. 

6.2.2 Theoretical calculations 

To validate this idea, theoretical calculations on interstitial La2+ defect of LAO 

and percolation of wave functions were performed. In order to get some 

insight on defect state, density functional theory calculations were carried out 

for LAO cubic phase with interstitial La2+ defects. The projector augmented-

wave method was used in the framework of the generalized gradient 

approximation (GGA). We have chosen a 3×3×3 supercell with an interstitial 

La2+ defect in it, and relaxed all atomic positions to determine their 

displacements from the high-symmetry positions due to the introduced 

disorder. The cutoff energy of the plane-wave expansion was 400 eV, and the 

Brillouin zone sampling mesh was 5×5×5 with its origin at the Г point. In the 

final optimized geometry, no forces on the atoms exceeded 0.01 eV/Å.  
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The obtained density of states (DOS) of LAO-La2+ using GGA+U is given 

in Fig. 6.15(a). On-site Coulomb repulsion U = 11 eV, and exchange J = 0.68 

eV have been taken for the 4f electrons of La, in order to push them to higher 

energy. An obvious local defect state can be found in the gap of cubic LAO.  

 

Figure 6.15. Theoretical calculations. (a) The calculated DOS for a 3×3×3 
supercell of cubic LAO with an interstitial La2+ defect in it. (b) Partial charge 
density distributions of local defect state around the Fermi level in DOS. The 
yellow clouds represent charge densities exceeding 0.011872 electrons/Å3. (c) 
Partial charge density distributions of lowest unoccupied conduction band at Г 
point for cubic STO. Isosurface value is also set to be 0.011872 electrons/Å3. 

The defect state’s partial charge density space distribution is plotted in Fig. 

6.15(b), from which it is clearly seen that charge density—higher than 

0.011872 electrons/Å3—exists mainly at La atoms around defect with strong 
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d-orbital character, and extends slightly to neighboring oxygen atoms for 

hybridization effect. In Fig. 6.15(c), the same magnitude charge density from 

the lowest unoccupied conduction band at Г point can also be found around Ti 

atoms in cubic STO, and the doping of Nb will make it become occupied. 

Thus La-f and Ti-d wave functions will overlap each other if this interstitial 

defect occurs at the interface between LAO and NSTO. Interestingly, the 

calculated charge density is of the same order of magnitude as our estimated 

number. 

 The most interesting aspect of the QCB is the inherent hysteresis; the only 

way that this device can be restored to the original insulating state is by 

applying an opposing voltage, which will then remove the carriers from the 

QCB and relatively pull the conduction band of NSTO up, leading to the lack 

of overlap between the QCB and the conduction band of NSTO, as depicted in 

Fig. 6.13(c).  

6.2.3 Polarity and thickness dependence of resistive 

switching 

To explore the polarity dependence of the resistive switching, an initial 

positive scan was also conducted but neither any stable switching behaviour 

nor a metallic state was observed (Fig. 6.16). Instead, the stable switching only 

occurs at the first negative scan. This is consistent with our model, where a 

negative bias is needed to pump electron from metal to LAO intragap defect 

levels to form the QCB. 
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Figure 6.16. I-V characteristics of an Au/LAO (150 nm)/NSTO structure by 
scanning voltage starting from the forward bias. Insets: R-T curves after 
scanning to zero voltage via point f and i. 

This QCB originates from the defect levels in the bandgap of LAO, which 

is supported by the change in resistive state values after several cycles; the 

device has slightly lower resistance values after the first cycle, and those 

values slightly increase in the later cycles as shown in Figs. 6.3 and 6.4. This 

change points to the possibility of defect production and defect rearrangement 

after large currents have passed through these devices. To further test this 

hypothesis, devices as a function of LAO thickness were studied. 

Figure 6.17 shows the switching behavior as a function of thickness with 

the I-V characteristics shown for a few of the many devices studied. It is clear 

that a minimum thickness (70-85 nm) is required before switching occurs. 

This is consistent with the defect picture as the films become more defective 

with increasing thickness. This may arise due to the inherent lattice mismatch 
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between LAO and STO. In Fig. 6.17(b), the reverse switch-on voltage shows a 

nonlinear dependence on the thickness and this can be argued due to two 

effects; the need to create a threshold quantity of charge to create the QCB and 

to account for variations in dielectric constant as a function of thickness and  
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Figure 6.17. Thickness dependence of I-V curves of Cu/LAO/NSTO 
structures showing a minimum thickness threshold (70~80 nm) for appearance 
of resistive switching. (b) The negative switch-on voltage and (c) the forward 
switch-off voltage as a function of LAO thickness. 

field. The forward switch-off threshold voltage is plotted in Fig. 6.17(c) and is 

found to be thickness independent at a value of 2.4 eV, close to the bandgap 
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difference between LAO and STO. The forward switch-off is very sharp for 

smaller thicknesses (85 nm) and tends to broaden with increasing thickness 

suggesting creation of more defect levels with increasing thickness. Further 

experiments would be needed to fully understand this behavior. The thickness 

dependence of the threshold voltages in the two polarities supports the basis of 

the proposed model. 

Most of the complex oxides have predominantly ionic bonds and are prone 

to a variety of cationic and anionic defects including vacancies, interstitials 

and antisites. These defects create a plethora of electronic states within the 

bandgap of these oxides. In these insulators, the defect levels can be populated 

to form QCB, which can lead to multiple conduction states in the same system. 

These states can be stabilized if an adjacent metallic conduction band overlaps 

with them. The only way to restore the levels back to their original state is by 

removing the carriers from the defect levels; this phenomenon is what leads to 

hysteresis in the I-V curves. 

6.3 Resistive switching of RAlO3 (R=Pr, Nd, Y) films 

6.3.1 PrAlO3 

To fabricate PrAlO3 (PAO) thin films, a polycrystalline PAO target was made 

by grinding praseodymium oxide and aluminum oxide powder at room 

temperature and then sintering them at 1050 °C for 20 h. PAO films were 

deposited on 0.5 wt% NSTO substrates from the sintered PAO target by 

pulsed laser deposition at 750 °C and 10-2 Torr oxygen pressure. The XRD 
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pattern of a 150 nm PAO film grown on NSTO (Fig. 6.18) shows the epitaxial 

growth of PAO on NSTO. The Cu/PAO/NSTO sandwich structures were 

fabricated by depositing Cu top electrodes on PAO films.  
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Figure 6.18. XRD of a 150 nm PrAlO3 (PAO) film grown on NSTO. 

The I-V characteristics of a Cu/PAO (150nm)/NSTO structure (Fig. 6.19) 

exhibit reversible MIT with voltage, which is similar to what is observed in 

Cu/LAO/NSTO heterostructures. The switch-on and switch-off voltages are -

12.3 and 5 eV, respectively. The values are larger than those of 

Cu/LAO/NSTO structures, which could be because the distribution of defects 

as well as the density of defect states in PAO is different from those in LAO. 
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Figure 6.19. I-V curves of a Cu/PAO(150 nm)/NSTO structure by scanning 
voltage. 
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Figure 6.20. I-V curves of a Cu/amorphous PAO (150 nm)/NSTO structure. 

In the quasi-conduction band model, the crystallinity of the middle 

insulating film is crucial for energy band formation. To test this idea, a 150-

nm-thick amorphous PAO film was fabricated on NSTO at room temperature. 
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The voltage scan up to -15 V shows no pronounced switching (Fig. 6.20), 

which attests that the crystallinity is essential for the quasi-conduction band 

formation. 

Similar to the thickness dependent resistive switching observed in 

Cu/LAO/NSTO structures, there is also a minimum thickness above which 

PAO films show reversible MIT. For example, there is no pronounced 

resistive switching in 50-nm-thick PAO films (Fig. 6.21). 
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Figure 6.21. I-V curves of a Cu/PAO (50 nm)/NSTO structure. 
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6.3.2 NdAlO3 
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Figure 6. 22. XRD pattern of a 50-nm NdAlO3 (NAO) film grown on NSTO. 

NdAlO3 (NAO) has a large bandgap of ~5.8 eV. Similarly, epitaxial NAO 

single crystal thin films (Fig. 6.22) were fabricated on NSTO substrates by 

pulsed laser deposition. The out-of-plane lattice constant of NAO is 3.81 Å, 

slightly larger than that of LAO. The resistive switching properties of NAO 

single crystal films were studied as a function of thickness. Figure 6.23 

illustrates an I-V characteristic of a Cu/NAO (150nm)/NSTO structure. 

Reversible MIT can be clearly seen. The switch-on and switch-off voltages are 

close to those of a Cu/PAO/NSTO sandwich structure. 



207 
 

-16 -12 -8 -4 0 4 8

-0.08

-0.04

0.00

0.04

0.08
Cu-150nm NdAlO3-NSTO

4.2 V
I (

A)

V (V)

-10.3 V

 

Figure 6.23. I-V curves of a Cu/NAO (150 nm)/NSTO structure. 

The resistive switching in 100 nm NAO films (Fig. 6.24) also shows 

reversible MIT. The switch-on voltage value is smaller than that of 150 NAO 

films but the switch-off voltage is almost the same.  For a thinner 50 NAO 

film, there is no pronounced resistive switching (Fig. 6.25). All these results 

are consistent with our quasi-conduction band model. 
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Figure 6.24. I-V curves of a Cu/NAO (100 nm)/NSTO structure. 
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Figure 6.25. I-V curves of a Cu/NAO (50 nm)/NSTO structure. 
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6.3.3 YAlO3 

YAlO3 (YAO) has a large bandgap of ~7.9 eV. Similarly, epitaxial YAO 

single crystal thin films were fabricated on NSTO substrates by pulsed laser 

deposition.  

-10 -8 -6 -4 -2 0 2 4 6 8 10

-0.08

-0.04

0.00

0.04

0.08

I (
A)

V (V)

Cu-150nm YaAlO3-NSTO

-9 V

2.8 V

 

Figure 6.26. I-V curves of a Cu/YAlO3 (YAO) (150 nm)/NSTO structure. 

The resistive switching properties of YAO films were investigated as a 

function of thickness. The resistive switching in both 150 nm and 100 nm 

NAO films (Figs. 6.26 & 6.27) also shows reversible MIT. The switch-on 

voltage value changes with thickness but the switch-off voltage keeps the 

same.  For a thinner 50 YAO film, there is no pronounced resistive switching 

(Fig. 6.28) showing up. These results further support the defect-mediated 

quasi-conduction band model. 
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Figure 6.27. I-V curves of a Cu/YAO (100 nm)/NSTO structure. 
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Figure 6.28. I-V curves of a Cu/YAO (50 nm)/NSTO structure. 
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6.4 Summary 

In summary, we have studied the resistive switching of LAO films in 

metal/LAO/NSTO heterostructures and observed the electric-field-induced 

reversible MIT. The reversible MIT is ascribed to the population and depletion 

of QCB consisting of a wide range of defects states in LAO. A stable metallic 

state can be obtained only when the filling level of QCB inside the LAO aligns 

with the Fermi level of NSTO such that the wave functions of electrons inside 

the QCB and the conduction band of NSTO can overlap and interact with each 

other. The implications of this mechanism are far-reaching especially now the 

entire semiconductor industry is moving toward high-k materials. For example, 

the use of multi-component oxides as insulators in devices, (e.g., high-k 

dielectrics in silicon CMOS devices) must be exercised with caution because 

of the presence of multiple defect levels within their bandgap. Furthermore, 

we have demonstrated that the defect medicated quasi-conduction band model 

also applied to other large bandgap RAlO3 (R = Pr, Nd, Y) oxide materials. In 

addition, we have demonstrated that the effective band gap of an oxide 

insulator can be tuned by a QCB consisting of intragap defect states, which 

could be of great importance for photocatalyst and water splitting applications. 
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Chapter 7    Tailoring the electronic and magnetic 

properties of SrRuO3 film in superlattices 

Metallic oxides are essential to oxide electronic devices typically as electrodes 

and templates for integration of other oxide materials, such as in the resistive 

switching [188] and various tunnel junction devices [189–191]. SrRuO3 (SRO) 

is a conductive ferromagnetic oxide [192], which has been extensively utilized 

as ferromagnetic electrodes in magnetic tunnel junctions [193] and normal 

metal electrodes in resistive switching devices [12]. Generally, technological 

scaling of electronic devices stresses the need of using metallic oxides in terms 

of ultra thin films. However, an important issue on using ultrathin films of 

metallic oxides is the substantially increased resistivity, which is clearly 

existent in SRO thin films. For example, Ahn et al. [194] found that room 

temperature resistivity of a 2 nm SRO film grown on a SrTiO3 (STO) substrate 

reaches 20 times the bulk value; Toyota et al. [195] observed a metal-insulator 

transition in SRO films occurring at a film thickness of 4 or 5 unit cells (uc); 

Later, Xia et al. [196] observed a critical thickness of 4 uc, below which SRO 

films become insulating and the ferromagnetic character in magneto-optic 

Kerr measurements disappears. 

Recently, a highly confined spin-polarized two-dimensional electron gas 

has been predicted in SRO-based superlattices and strong antiferromagnetic 

interlayer exchange coupling has been observed in SRO/La0.7Sr0.3MnO3 

superlattices with ultrathin SRO layers [197]. Furthermore, Boris et al. [198] 
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demonstrated that electronic phases of LaNiO3 (LNO) can be substantially 

tuned by varying the thickness of LNO layers in LaNiO3/LaAlO3 (LNO/LAO) 

superlattices, which opens up an avenue to modulate electronic properties of 

strongly correlated electron systems in superlattices. The strong electron-

electron correlation in SRO has been investigated by thermal and electrical 

transport measurements [199–201]. In addition, high quality superlattices 

consisting of multilayer SRO ultrathin films prevent a surface depletion 

typically occurring at the interface between a metallic film and air [202]. Also, 

a superlattice structure with multilayer SRO ultrathin films gives rise to an 

enhanced magnetic signal compared to that of an ultrathin SRO film with the 

same thickness, which can facilitate the determination of magnetic properties 

of an ultrathin SRO film in moment measurements. Therefore, investigating 

the electronic properties of ultrathin SRO films in multilayer structures 

(superlattices) can provide experimental basis for potential new functionalities 

and devices. In this chapter, we present an evolution of the electronic and 

magnetic properties of the SRO/LAO superlattices as a function of the SRO 

film thickness and demonstrate a modulation of their charge carriers in field 

effect device structures.  

7.1 Transport properties of a 50 nm SrRuO3 film 

Bulk SRO is an itinerate ferromagnet with Tc ~ 160 K and orthorhombic with 

lattice parameters of a = 5.55 Å, b = 5.56 Å and c = 7.86 Å.  Its pseudocubic 

structure has a lattice constant of 3.93 Å and therefore SRO films can be 

epitaxially grown on some common perovskite substrates (e.g., STO or LAO, 
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both are nonmagnetic insulators with a large band gap of 3.2 and 5.6 eV, 

respectively).  

A 50 nm SRO thin film was deposited on a STO substrate at 2×10-1 Torr 

oxygen pressure and 750 °C, which is (110)-oriented. The resistivity of the 

film is shown in Fig. 7.1 as a function of temperature. The room temperature 

resistivity is ~280 μΩ∙cm, which is sufficiently low to be utilized as electrodes.  

0 50 100 150 200 250 300

50

100

150

200

250

300
 0 T
 9 T

ρ 
(µ

Ω
⋅cm

)

T (K)  

Figure 7.1. Temperature dependent resistivity of a 50 nm SrRuO3 (SRO) film 
both under zero field and a perpendicular 9 T magnetic field. 

The resistivity under a 9 T magnetic field is slightly smaller than that 

under zero field, especially below 200 K. Temperature-dependent 

magnetoresistance of a 9 T field can be extracted from Fig. 7.1 and is plotted 

in Fig. 7.2. The negative MR reaches maxima at 150 K and 35 K. The MR  
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Figure 7.2. Temperature dependent MR of the SRO film under a 
perpendicular 9 T magnetic field. 
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Figure 7.3. Derivative resistance as a function of temperature. 

maximum at 150 K is due to the ferromagnetic transition, while the MR 

maximum at 35 K could be understood in terms of the large residue resistance 
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of SRO. As seen in Fig. 7.3, below 35 K, the rate of the resistivity change 

dramatically decreases with lowering temperature, which indicates the 

temperature-independent residual resistivity dominates. In this case, the effect 

of magnetic scattering on the resistance is relatively weak and therefore the 

negative MR resulting from the alignment of magnetic moments by an 

external field becomes smaller.  

The room temperature Hall measurements generate linear Hall signals with 

the n-type carrier density of 1.4×1022 cm-3, while Hall measurements of the 

SRO film below 160 K exhibit hysteresis signals as shown before in Fig. 2.30 

as a result of the ferromagnetic state below 160 K (Fig. 2.34). Similarly, there 

is also hysteresis in MR curves as shown previously in Fig. 2.31. 

In addition, the low temperature resistance of the SRO film was reduced 

while rotating a 9 T magnetic field in the sample surface plane, and the 

resistance show anisotropic behavior. Such anisotropic resistance measured at 

different temperatures is shown in Fig. 7.4. Clearly, the low temperature 

resistance is the smallest when the magnetic field is parallel to the current due 

to the alignment of magnetic moments by the external field.  

Surprisingly, resistance maxima do not appear at 0, 180 and 360 degree, 

when magnetic field is normal to current. Instead, the resistance reaches its 

maxima at 30, 150, 210 and 330 degree. Such anisotropic resistance indeed 

indicates that there is an in-plane magnetocrystalline anisotropy in (110)-

oriented SRO films and the resistance maxima angles correspond to magnetic 

hard axes, at which the energy is maximized. This is schematized in Fig. 7.5. 
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Figure 7.4. Resistance of the SRO film under a 9 T magnetic field as a 
function of the angle between magnetic field and the measurement current. 
The current direction was fixed along the [1-10] direction but the magnetic 
field was rotated in plane. Inset: schematic of measurement geometry. 

 

Figure 7.5. Schematic of magnetic hard axes in the (110) plane of the SrRuO3 
film. 
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7.2 SrRuO3/LaAlO3 superlattices 

A series of superlattices with alternating SRO and LAO thin layers were 

fabricated, i.e., [SRO2ucLAO2uc]60, [SRO3ucLAO3uc]40, [SRO4ucLAO4uc]30, 

[SRO7ucLAO7uc]20, and [SRO10ucLAO10uc]12 on small-miscut TiO2-terminated 

STO substrates by pulsed laser deposition, which are in sequence defined as 

SL2, SL3, SL4, SL7 and SL10, respectively. The superlattices with different 

SRO and LAO thicknesses were deposited at 750 °C under an oxygen partial 

pressure of 200 mTorr. During deposition, the fluence of the laser energy was 

kept at 1.5 J/cm2and the laser repetition rate was 5 Hz. The deposition rates of 

SRO and LAO films were carefully calibrated by performing x-ray reflectivity 

measurements for thick single-layer SRO and LAO films grown on STO 

substrates. To avoid the effect of the two dimensional electron gas [17] at the 

interface between LAO and STO on electrical properties of superlattices, SRO 

was always the first layer deposited on the STO substrate.  

Both the early study by Gan et al. [203] on SRO films grown on large 

miscut (001)-oriented STO substrates (~2°) and the recently TEM study by 

Ziese et al. [204] on SRO films grown on small-miscut (001)-oriented STO 

substrates (~0.1°) show that SRO films are (110)-oriented, and the [001] and 

[1-10] directions of SRO films are in plane and aligned with the crystalline 

axes of STO. Figure 7.6 shows an atomic force microscopy (AFM) image of a 

(001)-oriented TiO2-terminated STO substrate with a small miscut angle of 

~0.1°. Such STO substrates with an average step width of 300-400 nm are 

similar to what Ziese et al. [204] used in their study.  
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Figure 7.6. AFM image of a TiO2-terminated STO substrate utilized for 
SRO/LAO superlattice deposition. 
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Figure 7.7. θ-2θ scan spectroscopy of a [SRO7ucLAO7uc]20 superlattice grown 
on STO. 

SRO/LAO superlattices were characterized by x-ray diffraction 

measurements including both θ-2θ scans and reciprocal space mappings. The 
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θ-2θ scan spectroscopy of a SL7 superlattice around the STO (002) Bragg 

peak is shown in Fig. 7.7. Satellite peaks up to the third order can be clearly 

seen, suggesting a good periodicity of the superlattice. The zero-order satellite 

peak of the superlattice is close to the STO (002) peak, which also confirms 

the studies by Gan et al. [203] and Ziese et al. [204] that SRO layers are 

(110)-oriented since the zero-order satellite peak corresponds to the average of 

the out-of-plane lattice constant. Furthermore, the thickness Λ of each period 

and the average lattice constant d of the superlattice can be fitted by satellite 

peak positions using the equation (2-6). A highly linear dependence (seen in 

Fig. 2.12) of n on 2sinθ/λ results in Λ = 55.5 Å, which is comparable to the 

thickness of 7 uc SRO plus 7 uc LAO (3.93×7+3.79×7 Å=54 Å).  
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Figure 7.8. Reciprocal space mapping of the [SRO7ucLAO7uc]20 superlattice in 
the vicinity of the STO (-103) Bragg peak. 

The reciprocal space mapping of the SL7 superlattice in the vicinity of the 

STO (-103) Bragg peak is shown in Fig. 7.8. Satellite peaks up to the third 
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order are visible, which are consistent with the θ-2θ scan spectroscopy. All the 

satellite peaks have the same projection onto the Qx axis as that of the STO 

Bragg peak indicating coherent epitaxial growth. 

7.2.1 Evolution of transport properties 
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Figure 7.9. Temperature dependence of sheet resistance (RS-T) of a 50 nm 
SRO film as well as different SRO/LAO superlattices. 

The electrical properties of the superlattices were characterized by typical 

four-probe linear resistance measurements using a Quantum Design physical 

property measurement system (PPMS) machine. Ohmic contacts onto the 5×5 

mm2 samples were formed using Al wedge bonding directly connected to the 

supperlatices. Figure 7.9 summarizes the temperature dependence of the sheet 

resistance (RS-T) of different superlattice samples as well as a 50 nm thick 

single-layer SRO film. The variation in electrical properties of superlattices 

with SRO layer thickness can be clearly seen. Overall, the room temperature 
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sheet resistance increases with decreasing thickness of SRO layers. And the 

metallic behaviour of bulk SRO finally transforms into a completely insulating 

state as SRO layer thickness is reduced to 2 uc in each period. 

Such a metal-insulator transition (MIT) induced by the thickness of the 

SRO film was also observed on single-layer SRO films [195,196,205]. 

Herranz et al. [205] observed a resistivity upturn at ~20 K for an 8 nm SRO 

film grown on STO. In our superlattices, a resistivity upturn at ~30 K is 

present in SL10 structures. Toyota et al. [196] observed a completely 

insulating state for a 4 uc SRO single-layer film grown on STO. However, in 

our case, SL4 samples are metallic at high temperatures above ~185 K.  

Both Herranz et al. [205] and Toyota et al. [195] attributed the observed 

MIT in SRO thin films to disorder. Later, Xia et al. [196] managed to improve 

the quality of single-layer SRO films by reducing the degree of disorder, and 

however found that SRO single-layer films with thickness below 4 uc were 

still insulating. In our case, the RS-T curve of SL3 structures show a similar 

signature to that of SL4 structures, i. e., metallic at high temperatures above 

~185 K but insulating at lower temperatures. Nevertheless, based on our 

results, it seems that strain is not the dominant origin of the MIT observed in 

SRO superlattices. That is because LAO has a much smaller lattice constant 

(3.79 Å) than STO (3.905 Å) and SRO (3.93 Å), and thus the introduction of 

LAO into SRO/LAO superlattices would incur a larger compressive stress to 

SRO layers compared to the case of single-layer SRO films grown on STO. 

However, the critical thickness of SRO layers in SRO/LAO superlattices for a 

completely insulating state is 2 uc, which is smaller than those (4 uc and 3 uc) 
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of single-layer SRO films observed by Toyota et al. [195] and Xia et al. [196], 

respectively. 

Figure 7.10. RS-T curves of the 50 nm SRO single-layer film in (a) as well as 
SL7 in (b), SL4 in (c) and SL2 superlattices in (d) on different scales both 
under a zero-field and an out-of-plane 9 T magnetic field. 

For a detailed analysis on the evolution of electrical properties of 

SRO/LAO superlattices with SRO layer thickness, RS-T curves of the 50 nm 

SRO single-layer film, SL7, SL4 and SL2 superlattices under both zero and an 

out-of-plane 9 T magnetic field are plotted on different scales in Fig. 7.10(a)-

(d), respectively. Room temperature sheet resistance of the 50 nm SRO film is 

~56 Ω and thus corresponds to a room temperature resistivity of 280 μΩ cm, 

comparable to the value in previous studies [206]. A resistivity kink at ~160 K 

corresponding to the Curie temperature is visible due to strong magnetic 

scattering. Above 160 K, the sheet resistance is linearly dependent on 

temperature, for which SRO is referred to as a “bad metal” [207]. The 
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negative magnetoresistance (MR) under a 9 T magnetic field is apparent 

below 160 K due to the ferromagnetic phase.  

As SRO layer thickness becomes 7 uc in SRO/LAO superlattices, an 

obvious logarithmic increase of sheet resistance with decreasing temperature 

as well as a negative out-of-plane MR is seen in Fig. 7.10(b), typical of a weak 

localization [208]. While SRO layer thickness is reduced to 4 uc in each 

period, a resistance upturn occurs at ~185 K, and the sheet resistance at 2 K 

exceeds three times that of room temperature, which can be identified as 

metal-insulator transition similar to the case observed in n-type STO [44]. 

Finally, when the SRO layer in each period of a superlattice is reduced to 2 uc, 

the whole structure turns into an insulating state. At low temperatures, the 

sheet resistance of the SL2 sample exceeds the resistance quantum h/e2 = 25.8 

kΩ, which means the electron mean free path becomes shorter than the Fermi 

wavelength so that quantum interference becomes predominant in electron 

transport properties, leading to a strong two-dimensional localization [209].  

7.2.2 Strain effect 

To examine the strain effect on the metal-insulator transition in SRO thin films, 

we prepared similar SRO/LAO superlattices on various other substrates 

including (100) (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT) and (110) DyScO3 (DSC). 

The in-plane lattice constants of those substrates are 3.868 and 3.944 Å, 

respectively. In addition, atomically flat surface of LSAT and DSC can be 

achieved by thermal annealing and wet etching.  
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Figure 7.11. RS-T curves of SRO/LAO superlattices grown on LSAT 
substrates. 

As seen in Fig. 7.11, SRO/LAO superlattices fabricated on LSAT 

substrates exhibit a similar evolution trend of the transport properties with 

SRO layer thickness. As the SRO layer thickness is reduced, the whole system 

gradually transforms into a more localized state. This demonstrates that a 

larger compressive strain does not affect the electrical evolution of SRO/LAO 

superlattices with SRO layer thickness. 

Figure 7.12 summarizes transport properties of SRO/LAO superlattices 

fabricated on DSC substrates. Although SL2 grown on DSC is highly 

insulating, the evolution trend of the degree of localization in SRO/LAO 

superlattices is still the same, i.e., from metal to weak localization, to metal-

insulator transition, and finally to strong localization as the thickness of SRO 

layers is decreasing. This indicates that the localization in SRO is more 

sensitive to a tensile strain. However, it seems that the evolution trend of the 

degree of localization in SRO/LAO superlattices remains under a tensile strain. 
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Figure 7.12. RS-T curves of SRO/LAO superlattices grown on DSC substrates. 

Overall the strain can clearly influence the resistance and degree of 

localization of the superlattices. However, it does not change the trend of the 

localization evolution with the SRO thickness. The up-turn temperatures of the 

resistance and the possible transport mechanisms in the SRO/LAO 

superlattices grown on different substrates are summarized in Table 7.1 

Table 7.1 Characteristic resistance up-turn temperatures and transport 
categories of RS-T curves for SRO/LAO superlattices grown on different 
substrates 

Substrate SL2 SL3 SL4 SL7 
LSAT(a=3.868Å) SL - >300 K MIT - 196 K  MIT - 175 K WL - 36 K 
STO (a=3.905 Å) SL - >300 K  MIT - 185 K MIT - 185 K WL - 50 K 
DSC (a=3.944 Å) - SL - > 300 K MIT - 202 K WL - 20 K 
Where SL, MIT and WL represents strong localization, metal-insulator transition and weak 
localization, respectively. 

As can be seen from the table, the resistance up-turn temperature becomes 

higher with decreasing the thickness of SRO layers for all different substrates, 

which indicates that the system becomes more localized. In addition, the 

reproducibility of the metal-insulator transition in SRO/LAO superlattices 
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grown on different substrates also suggests that structural disorder is not a 

dominant effect since the degree of disorder should strongly depend on the 

lattice mismatch between substrate and SRO films. 

7.2.3 Theoretical calculations for metal-insulator transition 

To understand the origin of the metal-insulator transition observed in 

SRO/LAO superlattices, spin-polarized density functional theory calculations 

were performed. It was found that although the density of states (DOS) at 

Fermi energy in SRO/LAO superlattices decreases with reducing SRO layer 

thickness, it does not reach zero even if the SRO layer thickness is one uc.  

 

Figure 7.13. Calculated DOS for SRO/LAO superlattices with different SRO 
layer thickness. 

The calculation results indicate that the dimensionality is contributing to 

the metal-insulator transition but not the only factor determining the metal-

insulator transition behavior of SRO/LAO superlattices. Instead, dynamic spin 

scatterings which cannot be included in theoretical calculations could play an 

important role as well. That is because as the dimensionality is reduced, 

dynamic spin scattering in SRO ultrathin films could become dominant. 
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Therefore, we conclude that the metal-insulator transition in SRO/LAO 

superlattices as the SRO layer thickness is reduced is a result of the interplay 

between the dimensionality and dynamic spin scatterings. 

7.2.4 Evolution of magnetic properties 

7.2.4.1 In-plane magnetic anisotropy 

Magnetic moments of the samples were measured by a Quantum Design 

superconducting quantum interference devices-vibrating sample 

magnetometer (SQUID-VSM) machine with the sensitivity of 10-8 emu.  
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Figure 7.14. In-plane magnetic anisotropy of a 50 nm SRO film measured by 
a 1000 Oe field. 

In-plane magnetocrystalline anisotropy was examined for all the samples. 

It was found that only the thick SRO single-layer film (Fig. 7.14) and the 

SL10 sample (Fig. 7.15) exhibit in-plane magnetocrystalline anisotropy. For 

other superlattices with SRO layers thinner than 10 uc, the M-T curves 
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measured along the two in-plane STO crystalline axes coincide (Fig. 7.16). 

This is consistent with the result obtained by Ziese et al. [204] that the in-

plane anisotropy between [1-10] and [001] directions of a 5 nm SRO film is 

much smaller than that of a 40 nm SRO film.  
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Figure 7.15. In-plane magnetic anisotropy of a SL10 superlattice measured by 
a 1000 Oe field. 
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Figure 7.16. In-plane magnetizatin of a SL7 superlattice measured by a 1000 
Oe field. 

Moreover, it was found that the [001] direction of SRO films grown on 

STO is close to the STO step direction and the perpendicular in-plane [1-10] 

axis of SRO films is close to the in-plane easy axis. Our atomic force 

microscopy (AFM) and VSM measurements revealed that for both the 50 nm 

SRO film and the SL10 sample, the magnetic moment measured along the in-

plane STO axis which is close to the step direction of a STO substrate, is 

smaller than that measured along the other perpendicular STO axis especially 

at low temperatures. This indeed confirms the results obtained by Ziese et 

al. [204].  

7.2.4.2 Magnetic moment 
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Figure 7.17. (a) Temperature dependence of magnetization of different 
samples measured by an in-plane 1000 Oe magnetic field. The magnetization 
of the 50 nm SRO single-layer film measured along its in-plane [1-10] 
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direction is divided by a factor of three. (b) Out-of-plane magnetoresistance of 
a SL2 superlattice. (c) In-plane field-dependent magnetic moment of the SL2 
superlattice. 

The magnetization of different superlattices as well as the thick SRO single-

layer film is plotted as a function of temperature (M-T) in Fig. 7.17. The 

ferromagnetic transition at ~160 K can be clearly seen in the M-T curve of the 

thick SRO film. The Curie temperature of the SL10 structure decreases to 

~140 K, which is higher than the values obtained by Herranz et al. [205] 

( ~110 K) and Toyota et al. [195] (~127 K) for 10 uc single-layer SRO films. 

The Curie temperatures of the SL7 and SL4 structures are similar (~135 K), 

which is higher than that of a 4 uc SRO single-layer film (~120 K) observed 

by Xia et al. [196]. The M-T curve of the SL2 sample presents a different 

trend from other curves, which could be due to the interlayer coupling of SRO 

layers through ultrathin LAO intermediate layers. A sharp transition 

temperature of ~110 K is seen. However, for ultrathin 2 uc single-layer SRO 

films, neither magnetometer [195] nor Kerr measurements [196] was able to 

detect any possible magnetic transition due to extremely weak signals.  

To further examine the low temperature magnetic phase of all the samples, 

electrical MR measurements as well as field-dependent moment (M-B) 

measurements were performed at low temperatures. It was found that all the 

samples exhibited butterfly hysteresis loops in low temperature out-of-plane 

MR measurements, and also M-B hysteresis loops in moment measurements. 

The out-of-plane MR and in-plane M-B curves of the SL2 sample at 2 K are 

shown in Fig. 7.17(b) and (c), respectively.  The hysteresis loops both in 

electrical and magnetic measurements confirm that the low temperature phase 
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of such superlattices is ferromagnetic. In addition, the magnetization of 

superlattices is much smaller than that of the thick SRO film and further 

decreases with reducing SRO layer thickness, which could be due to the 

localization of electrons in superlattices with thin SRO layers. Since the 

ferromagnetism of SRO is itinerant, the localization of electrons leads to lack 

of electron wave function overlapping and thus the decrease of the 

ferromagnetic signals. Especially in the strongly localized SL2 sample, the 

saturation moment is ~0.15 μB/Ru, which is one order of magnitude smaller 

than 1.6 μB/Ru reported for bulk SRO [210]. 

7.2.5 Field effect modulation  

Furthermore, we constructed field effect devices based on the SL2 and SL7 

samples by depositing Au electrodes on the backside of STO substrates as 

shown schematically in Fig. 7.18. 

 

Figure 7.18. Schematic of a field effect device based on SRO/LAO 
superlattice structure. 
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STO substrates were employed as high-k dielectric material due to its 

extremely large dielectric constant at low temperatures and a gate voltage VG 

was applied from Au back electrodes. During measurements, the back VG was 

applied up to ±200 V and the gate leakage current was smaller than 5nA.  
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Figure 7.19. Sheet resistance of the SL2 superlattice as a function of back gate 
voltage. 

Surprisingly, although the total film thickness of both the SL2 and SL7 

samples was ~100 nm, the field modulation effect can be clearly seen in both 

devices (Figs. 7.19 & 7.20). For positive (or negative) VG, Rs decreases (or 

increases), which is in agreement with the addition (or removal) of n-type 

carriers to (or from) the transport channels. The hysteresis loops of both 

devices can be continuously recycled a number of times by the sweeping the 

field between ±200 V, which demonstrates the interplay between external 

carrier injection and internal localization. The Rs in the SL2-based device 
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varies as much as 2.1% when changing the VG from +200 to -200 V, which is 

much larger than that in the SL7-based device. That is because the  
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Figure 7.20. Sheet resistance of the SL7 superlattice as a function of back gate 
voltage. 

characteristic width of the field modulation given by Thomas-Fermi screening 

length is inversely proportional to the one sixth power of carrier density. As 

the SL2 sample is more localized and expected to have less free carriers, this 

leads to a larger modulation length. Moreover, SRO layers in the SL2 structure 

are thinner than those in the SL7 structure, which further enhances the field 

modulation effect. 

The evolution of electrical properties of SRO films from bad metal, to 

weak localization, then to MIT, and finally to strong localization as SRO 

layers become thinner and thinner could be a general evolution trend of the 

strongly correlated metallic systems when changing their dimensionality from 
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3D to 2D as also reported for LaNiO3 [198,211]. Although strain can 

apparently affect the degree of localization of a certain SRO/LAO superlattice, 

it does not change the trend of the localization evolution with the thickness of 

the SRO films. On the other hand, ferromagnetism is clearly present in SRO 

films as thin as 2 uc and in bulk SRO it typically yields a kink in R-T curves as 

shown in Fig. 3a due to strong spin scattering. With the dimensionality of 

SRO films reduced, the ferromagnetic scattering could become dominant, thus 

leading to a metal-insulator transition. Therefore we conclude that the origin 

of the evolution in the electronic properties of SRO films could be the 

interplay between the dimensionality and dynamic spin scattering. 

7.3 Summary 

In summary, we studied the transport properties of single-layer SRO films and 

found that below 35 K residual resistance becomes pronounced. Anisotropic 

magnetoresistance study indicates that the magnetic hard axes in the (110) 

plane of SRO are 30° left and right of the SRO [001] axis. Furthermore, we 

studied the electronic and magnetic properties of SRO/LAO superlattices. By 

varying the thickness of SRO layers in the superlattices, we were able to 

modulate both electrical and magnetic properties of SRO films in SRO/LAO 

superlattices. For example, the ferromagnetic metal SRO can be tuned into a 

ferromagnetic insulator with a much lower Tc of ~110 K as SRO layers are 

reduced to 2 uc in SRO/LAO superlattices. We investigated the origin of the 

metal-insulator transition in ultrathin SRO films, and found that the MIT is 

likely due to the interplay between the dimensionality and dynamic spin 
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scattering. Moreover, we demonstrated field effect devices based on 

SRO/LAO superlattices, which reveals the possibility of realizing novel field 

effect devices based on multilayer structures.  
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Chapter 8    Ultraviolet and blue emission in NdGaO3 

NdGaO3 (NGO) is a paramagnetic insulator, which undergoes a magnetic 

phase transition into an antimagnetic phase at ~1 K due to strong 

superexchange interaction [57]. It has an orthorhombic perovskite structure 

with lattice constants a = 5.43 Å, b = 5.50 Å and c = 7.71 Å while its 

orthorhombically distorted pseudocubic cell has a lattice constant of 3.87 Å, 

which is close to the lattice constants of many perovskite materials. Moreover, 

due to the very low dielectric loss of NGO in the GHz frequency range [212], 

NGO single crystals have been extensively utilized as substrates for high 

temperature superconducting film fabrications in microwave devices, colossal 

magnetoresistance thin film and other perovskite thin film depositions.  

Rare earth oxides are of high interest in optical studies as rare earth ions 

can serve as emission centers for the construction of a laser system, such as 

Nd:YAG (Nd-doped Y3Al5O12). The photoluminescence properties of the Nd3+ 

ion in NGO single crystals were studied by Orera et al. [58], where the 

samples were excited by light from a tungsten lamp. But no emission was 

detected in NGO even at low temperature. In this chapter, we report ultraviolet 

(UV) and blue emission in NGO single crystals and thin films obtained by the 

excitation of a 325 nm laser. There are two clusters of UV emission peaks 

around 360 and 390 nm while blue emission peaks are centered at 420 nm. In 
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crystalline NGO including bulk single crystals, polycrystalline films and 

single crystal films, the UV emission peak at 388 nm is very sharp and the 

strongest. Nevertheless, all the emission peaks in amorphous NGO films 

deposited on commercial SiO2/Si substrates are broadened and the emission at 

365 nm becomes the strongest. The photoluminescence (PL) intensity is 

significantly enhanced by lowering temperature and the blue emission 

becomes visible at low temperatures. To the best of our knowledge, such UV 

and blue emission in NGO has not been reported and therefore this report may 

open the path for NGO to be used in photonic devices and as laser material in 

terms of both bulk crystal and thin film. 

The (110)-oriented NGO single crystals (5×5×0.5 mm3) were obtained 

from CrysTec GmbH, Germany. Various NGO thin films were deposited from 

an NGO single crystal target (diameter: 25 mm, thickness: 5 mm) on different 

substrates using pulsed laser deposition.  The deposition oxygen pressure was 

10-2 Torr and the deposition temperature was 700 °C. During pulsed laser 

deposition, the laser fluence was fixed at 1.5 J/cm2 and the repetition rate was 

5 Hz. PL properties of NGO single crystals and thin films were determined by 

a 325 nm laser PL system with a laser spot size of ~800 nm and an excitation 

intensity of 1 MW/cm-2.  

8.1 UV and blue emission in NGO single crystals 

 PL spectra were measured in the range of 330 to 700 nm for all samples. 

However, no photoemission was detected above 450 nm, which is consistent 

with the results reported by Orera et al. [58]. Figure 8.1 shows the room-
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temperature PL spectra of two NGO single crystals. Indeed, the PL spectra of 

different NGO single crystals are the same and all of them exhibit a very sharp 

UV emission peak at 388 nm. There are a few of emission peaks apparently 

existing in the PL spectra, which are labeled by wavelength in the figure.  

Overall, the emission peaks can be categorized into three sets. The first set 

around 360 nm and the second set around 390 nm are UV emission while the 

third emission peak set around 420 nm pertains to blue emission.  
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Figure 8.1. Room temperature photoluminescence (PL) spectra of two 
NdGaO3 (NGO) single crystals excited by a 325 nm laser. 

It was found that the emission peak wavelength does not shift but only the 

emission intensity is pronouncedly enhanced as the temperature is lowered. 

The low temperature PL spectra in the range of 380 to 396 nm are shown in 

Fig. 8.2(a). The 388 nm emission peak intensity at 20 K is increased by a 

factor of ten compared to that at room temperature. In addition, the emission 

peaks at 389 and 391 nm can be clearly seen in low temperature spectra.  
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Figure 8.2. Low temperature PL properties of NGO. (a) Low temperature PL 
spectra of a NGO single crystal. (b) Integrated intensity of the 388 nm 
emission peak as a function of temperature. (c) Blue emission of NGO at 90 K 
excited by a 325 nm laser with the laser spot size of ~800 nm. 

To investigate the effect of thermal activation on the PL emission of NGO, 

the integrated intensity of the 388 nm emission peak is plotted as a function of 

temperature in Fig. 8.2(b). As the temperature increases, the recombination 

rate and accordingly the emission intensity decrease due to the thermal 

activation of photo-excited electrons. Such processes can be described by [213] 

𝐼𝐼(𝑇𝑇) = 𝐼𝐼0/[1 + exp(−𝐸𝐸𝑎𝑎 𝑘𝑘𝑘𝑘⁄ )]                                     (8-1) 

where 𝐸𝐸𝑎𝑎  is the activation energy. The integrated intensity above 140 K can be 

well fitted by the above formula and the fitted activation energy is 35 meV. 

This value is comparable to that of UV emission in GaN [213]. In addition, the 
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blue emission around 420 nm in NGO is visible at 90 K, which is shown in 

Fig. 8.2(c).  

8.2 UV and blue emission in NGO thin films 

8.2.1 Polycrystalline films  
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Figure 8.3. X-ray diffraction (XRD) spectrum of a 1 μm NGO film grown on 
an MgO single crystal substrate. The inset is the corresponding 2D diffraction 
pattern. 

NGO films of ~1 μm thickness were deposited on MgO and Al2O3 

substrates. The crystal structure of the deposited films was examined by an x-

ray diffraction (XRD) machine with a 2D detector. It was found all the NGO 

films grown on MgO and Al2O3 substrate are polycrystalline due to the lattice 

mismatch. Multiple diffraction rings in the 2D diffraction pattern and the 

corresponding multiple diffraction peaks in the spectrum demonstrate the 

polycrystalline signature of an NGO film grown on MgO (Fig. 8.3). It was 
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found that all the NGO films fabricated on MgO and Al2O3 substrates exhibit 

similar PL properties (Fig. 8.4). Generally, the PL emission peaks of a 

polycrystalline NGO film are the same with those of bulk NGO single crystals.  
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Figure 8.4. PL spectra of the NGO film grown on MgO (red line) and the 
MgO substrate.  

8.2.2 Epitaxial single crystal films  

Epitaxial single crystal thin films are potential for laser filter applications 

and UV detectors. However, the difficulty in fabricating epitaxial NGO films 

for PL studies is that most of perovskite substrates such as SrTiO3 (STO) and 

LaAlO3 (LAO) have plethora of oxygen vacancies and intragap defects, which 

result in strong photoemission in these substrates [44,136]. To overcome this 

issue, we first deposited a 300 nm Nb-doped STO (NSTO) buffer layer on a 

LAO single crystal substrate and then grew a 1-μm-thick NGO film on it. Nb-

doped STO is metallic and has a large number of free electrons. The free 
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electrons in this buffer layer can absorb the laser light effectively so that the 

PL signal of the substrate will not be excited.  
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Figure 8.5. XRD spectrum of a 1 μm NGO film grown on a 300 nm Nb-doped 
SrTiO3 (NSTO) buffered LaAlO3 (LAO) substrate. 

The XRD spectrum of a NGO/NSTO/LAO heterostructure (Fig. 8.5) 

shows that the NGO film is epitaxially grown on NSTO-buffered LAO. The 

PL spectrum of this heterostructure is shown in Fig. 8.6. Surprisingly, 

although the emission peaks around 390 and 420 nm are similar to those of a 

bulk crystal, there is no emission around 360 nm. The emission around 360 

nm may have been absorbed by the underlying NSTO buffer layer as the band 

gap of STO is 3.27 eV (~380 nm). In this aspect, the NSTO buffer layer could 

have served as a filter to the 360 nm PL emission. 
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Figure 8.6. PL spectrum of the NGO film (red line). The black line is the PL 
spectrum of 300 nm NSTO grown on LAO. 

8.2.3 Amorphous films  

For practical applications, amorphous substrates such as SiO2/Si have 

technological and cost advantages. Therefore 1 μm NGO films were also 

fabricated on commercial SiO2/Si substrates. An atomic force microscopy 

image of an NGO film grown on Si substrate is shown in Fig. 8.7(a). The 

surface of the film is quite flat with a rms roughness of 0.24 nm for a 1 μm×1 

μm area. The XRD spectrum shown in Fig. 8.7(b) indicates that the 

crystallinity of the film is very poor and the film is amorphous. The PL 

emission exhibits three broad peaks at 365, 391 and 423 nm [Fig. 8.7(c)]. The 

broadening of emission peaks in such an amorphous film can be attributed to 

the Stark effect, which is the splitting of spectral lines due to the present of an 

electric field. The internal crystal field in crystalline material is closely  



245 
 

20 30 40 50 60 70 80 90

102

103

350 375 400 425 450

0

500

1000

1500

In
te

ns
ity

 (a
.u

.)

2Θ

Si (400)

(a) (c)

(b)
423 nm

391 nm

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

 NdGaO3 film on Si

365 nm 300 K

 

Figure 8.7. PL emission of amorphous NGO film. (a) Atomic force 
microscopy image of a1 μm×1 μm area of a 1 μm thick NGO film grown on 
an amorphous SiO2/Si substrate. (b) XRD data of the NGO/SiO2/Si 
heterostructure. (c) PL spectrum of the NGO film grown on amorphous 
SiO2/Si (red line). The black line is the PL spectrum of the amorphous SiO2/Si 
substrate. 

related to the crystallinity and in amorphous material it could be ideally zero. 

Accordingly, no splitting of emission peaks is present in the PL spectrum of 

the amorphous NGO film and the emission peaks get broadened. 

8.3 Mechanism of photoemission 

The optical absorption edge of NGO single crystal was found to be ~220 

nm [58], corresponding to an optical band gap of 5.6 eV, which is much larger 

than the excitation energy of the 325 nm laser (3.8 eV). Therefore, the PL 

emission observed in NGO single crystals and thin films is obviously not a 

band gap emission. Instead, the emission peaks observed in NGO can be 

readily understood by looking at the energy levels of Nd3+. The characteristic 
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energy level structure of rare earth ions Ln3+ is known as Dieke diagram and 

only slightly changes in different crystal structures.  
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Figure 8.8. Schematic of possible photoemission processes in NGO. 

The wavelengths of three emission centers 360, 390 and 420 nm 

correspond to the wavenumbers of 27700, 25600 and 23800 cm-1, respectively. 

The ground state of Nd3+ is 4I9/2. Based on the energy levels of Nd3+ [214], the 

PL emission around 360 nm pertains to the optical transition 4D3/2
4I9/2; the 

emission around 390 nm corresponds to the optical transitions 4D3/2
4I11/2 and 

2P3/2
4I9/2; and the emission around 420 nm can be ascribed to the optical 

transitions 4D3/2
4I13/2, 2P3/2

4I11/2 and 2P1/2
4I9/2. Such possible emission 

processes are schematized in Fig. 8.8. Definitely, the crystal field in NGO 

participates in optical emissions, mainly resulting in energy level and emission 

peak splitting, which is however not included in the schematic. 
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8.4 Summary 

In summary, we studied PL properties of NGO single crystals and thin 

films. The UV (~360 and ~390 nm) and blue emissions (~420 nm) were 

observed in both NGO single crystals and thin films. The PL emission of NGO 

is significantly enhanced at low temperatures and the high temperature 

activation energy was found to be 35 meV. It was found that the crystallinity 

of NGO is essential for sharp emissions by virtue of Stark splitting. The 

observed UV and blue emissions can be understood based on the energy level 

diagram of the Nd3+ ion. Our observation is expected to open a path for NGO 

to be utilized as laser material or in photonic devices. In addition, the UV and 

blue emission in amorphous NGO films grown on commercial SiO2/Si 

substrates is potential for large-scale photonic device applications. 
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Chapter 9    Conclusion and future work 

9.1 Conclusion 

Defects in oxides are extensively existent, which affect electrical, magnetic 

and optical properties significantly. In this thesis, we have investigated the 

effect of defects on electronic, magnetic and optical properties of oxides. 

Specifically, we have fabricated various oxide thin films and heterostructures 

by pulsed laser deposition. We started with detailed studies on oxygen 

vacancies in SrTiO3. The metal-insulator transition was observed in SrTiO3-x 

films and was found to be induced by the carrier freeze-out effect. In addition, 

the reversible room-temperature ferromagnetism was observed in Nb-doped 

SrTiO3 single crystals, which was found to be induced by oxygen vacancies. 

These are important findings to clarify many pending issues in the conflicting 

reports of different properties of SrTiO3-based oxides and heterostructures 

including the two-dimensional electron gas at the LaAlO3/SrTiO3 interface. 

Moreover, the electronic and magnetic properties of SrRuO3 thin films 

were systematically tuned by varying the thickness in SrRuO3/LaAlO3 

superlattices. This study investigated to what extent in terms of thickness 

SrRuO3 films can maintain its conductivity and ferromagnetism. The effect of 

disorder on the electronic and magnetic phases of ultrathin SrRuO3 films was 
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intensively explored. It is rather important for practical applications as SrRuO3 

is typically used as bottom electrodes for oxide electronic devices and 

ferroelectric materials characterization. 

Regarding the device applications, ReRAM devices were fabricated based 

on LaAlO3 films. It was found that rich intragap defects in LaAlO3 play a 

dominant role in its resistive switching performance, leading to reversible 

metal-insulator transition. A quasi-conduction band model consisting of those 

intragap defects was proposed to understand the electric-field-induced 

reversible metal-insulator transitions in metal/LaAlO3/Nb-SrTiO3 ReRAM 

devices. 

Last but not least, room-temperature ultraviolet and blue emission in 

NdGaO3 single crystals and thin films was found. The fact that similar 

emission can be obtained in poorly-crystallized NdGaO3 films deposited on 

SiO2/Si substrates provides the great possibility for NdGaO3 to be used in 

large scale optoelectronic devices. 

9.2 Future work 

SrTiO3 is the central platform for complex oxide heterostructure fabrications. 

If we can modulate the properties of SrTiO3 itself by virtue of defects, the 

functions of SrTiO3-based heterostructures could be significantly changed. 

Some novel phenomenon may appear. This is extremely worth trying in my 

future work, i.e., tailoring SrTiO3-based heterostructures by defects 

engineering in SrTiO3. 
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In addition, the integration of oxides into Si is an essential approach to 

push oxide electronic devices into applications. Hereinto, SrTiO3 will be again 

the “bridge” to connect Si with other oxide films and heterostructure. 

Therefore, epitaxial growth of SrTiO3 on Si by a less-expensive technique 

such as pulsed laser deposition (compared with molecular beam epitaxy) 

becomes rather important. This is technically attractive, i.e., oxide electronics 

on a Si chip – SrTiO3 being the bridge. 
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