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ABSTRACT 

 

ABSTRACT 

 

Recently, motivated by the discovery of a high-mobility (~10
3
 cm

2
 V

-1
 s

-1
 at 4.2 

K) quasi-two dimensional electron gas (q2-DEG) with high carrier density (10
14

 cm
-2

) 

at heterointerfaces combining two band insulators LaAlO3 (LAO) and SrTiO3 (STO), 

numerous electronic properties at such interface have been deeply investigated, 

revealing superconducting and intriguing magneto-transport properties at low 

temperatures. These significant results show the potential for this oxide interface to 

be applied in nanoelectronics. 

 

    However, there is still an ongoing debate concerning the origin of the 

conducting interface formed between LAO and STO. Since the fundamental 

mechanism of generating the q2-DEG at perovskite oxide interfaces has always been 

the main issue of this field, instead of investigating deeply into the physics behind 

LAO/STO interfaces, it would also be worthy to fabricate other heterointerfaces using 

another insulating perovskite, which has the same polar atomic planes as LAO, on top 

of STO. 

 

    Based on this idea, another “polar” perovskite Dysprosium Scandate (DyScO3, 

DSO) was chosen in this project, and the electronic transport properties of the 

DSO/STO polar heterointerface grown at different oxygen pressures were studied. 

This heterointerface not only holds some similarities to LAO/STO interface, such as 

metallic behavior, high mobility and high carrier density, but also presents some  

phenomena not usually been observed at the LAO/STO interface, such as 

metal-to-semiconductor (M-S) transition. The electric field effect to the formed 

electron gas has also been revealed, indicating pronounced modulation of electric 

doping level and quantum phase transition. This heterostructure promises the 

potential interest for understanding quasi-two-dimensional electron gases as well as 

its applications in all-oxide device, thus opens new route to complex oxide physics 

and ultimately for the design of devices in oxide electronics. 
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    In addition, it is generally believed that STO itself plays a vital role in 

generating q2-DEG at the LAO/STO heterointerfaces. In order to deeply understand 

the functions of STO and tackle the potential in applications through building 

LAO/STO conducting interfaces on artificial STO, the LAO/STO (artificial)/STO 

(single-crystal) structures were also studied. LAO/STO/STO structures were 

fabricated using pulsed-laser deposition by firstly growing an artificial STO layer on 

top of STO single crystal and followed by sequential growing of LAO on top. 

Structural, transport and dielectric measurements have been performed and the 

importance of STO in such conducting heterointerfaces has been demonstrated. The 

results show that with artificial STO layer grown at different temperatures the 

conductivity of LAO/STO heterointerfaces can be very different. 
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CHAPTER 1    

INTRODUCTION 

 

1.1    Background of the Thesis 

 

    “Often, it may be said that the interface is the device.” [1] This “famous” quote 

is from Nobel laureate, H. Kroemer. It describes the amazing fact that in many 

devices it is physics arising at the interface, rather than the bulk materials themselves, 

leads to the functionality. This fact also inspires a large amount of significant 

scientific work on different material interface systems, from metals to insulators, and 

from typical semiconductors to transition metal oxides. Those work and interfaces 

have somehow changed our modern world and the life we are living for. As we will 

see, the LaAlO3/SrTiO3 interfaces, particularly known as a novel conducting interface 

between insulators is a recent representative example of the interface engineering. 

 

    Actually, modern devices whose functions are based on the interfacial properties 

are quite common in our daily life. One prominent example is the electronics made 

from the semiconductor heterostructures. The history for studying the semiconductors 

currently in use can originate to a few decades before. Their transport properties, 

which are along and across the interfaces between two different materials or two 

semiconductors with different doping levels, yield real success of integration of 

electronic devices. Nowadays, various types of transistors are designed based on 

different kinds of interfaces and heterostructures. Those structures and devices 

become more and more complex and sophisticated, and are produced in a great 

amount. This success indeed was stimulated by the large development in the 

techniques for preparing and growing semiconductor heterostructures. By the benefit 

of this advancement, one can even modulate the local band structure thus generate 

new special electronic systems at the hetero-interfaces, like often used and studied 

two-dimensional electron gases (2DEG) in semiconductor heterostructures [2]. 
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    What exactly makes the interfaces so fascinating? Actually, miniaturizing the 

devices to nanoscales demands a deep understanding of the surfaces and interfaces. 

At the same time, such surfaces and interfaces are so fascinating because the 

electronic systems can differ from bulk due to many reasons. First of all, due to the 

broken translational symmetry, the crystal field can be reconstructed. Furthermore, 

atomic reconstruction may happen in the form of changing atoms’ positions. These 

two factors can directly influence the bonding conditions and lattice constants. In 

addition, defects can be generated and incorporated into the interfaces to help 

building the atomic reconstructions. And also, the possibility of variation of chemical 

composition at interfaces from bulk ratio gives rise to local profiles that are special 

compared to bulk constituents. Ultimately, all of these can modify the band structures 

at the interfaces and shift electronic states. Utilizing the combination of all these 

aspects therefore enables one to build semiconductor heterostructures with different 

properties. This made a great success in semiconductor physics and industry. 

 

    In the last few decades, a new group of materials named oxides semiconductor 

came into sight. In contrast to conventional semiconductors in which the electronic 

systems can be simply described as a combination of single charge particles by 

neglecting their interactions, oxides often have strongly correlated electrons. That is 

why oxides are studied as strongly correlated systems, behaving numerous 

functionalities; and many of them are being used in daily life served as sensors and 

actuators. In addition, such correlations can be strongly affected by external 

parameters, such as temperature, pressure and even doping (atomically or 

electronically). More importantly, not only the bulk properties can be tuned in oxides, 

the interfacial properties and correlation strength at interfaces can also be tuned. 

These modifications can bring huge functional changes. 

 

    Recently, several research groups reported experimental results showing that 

some properties can be improved by joining different oxide materials to build oxide 

heterostructures. For example, PbTiO3/SrTiO3 (ferroelectric/paraelectric) superlattices 

can give rise to improper ferroelectricity [3]. Superlattices of both 
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non-superconducting BaCuO2 and SrCuO2 can be superconducting [4]. Moreover, 

CaRuO3 is paramagnetic and CaMnO3 is antiferromagnetic; while the interface 

between them shows ferromagnetics [5]. 

 

    These examples indicate that oxide interface is a rather active research field. 

Along with the possibility to control oxide thin film growth in unit-cell level and the 

large development in deposition techniques, more and more striking phenomena can 

be discovered. The startling results on oxide interfaces were even “awarded” one of 

the major scientific breakthroughs throughout the year from Science magazine in 

2007. This work was originally stimulated by the discovery of A. Ohtomo and H. Y. 

Hwang in 2004, who firstly observed a surprisingly conducting sheet with high 

carrier mobility between two band insulators LaAlO3 and SrTiO3, depending on the 

precise control of atomic stackings [6]. Before entering this attractive area, I would 

like to give a short introduction on perovskite oxides and try to briefly summarize 

some contributing results related to the structural and transport properties of SrTiO3, 

the basis of 2DEG, and finally discuss about main discoveries that have been made in 

the past few years on LaAlO3/SrTiO3 heterointerfaces. 

 

1.2    Short Introduction to Perovskite Oxides 

 

    Compound perovskites have the general formula ABX3, where A and B denote a 

large cation and a small cation, respectively, and X stands for an anion, which is 

usually either oxygen or halogen, that bonds A and B. So, just as the name implies, 

perovskite oxides represent the family with formula ABO3. In the following context 

of this thesis, this family of “amazing” compound with this specific formula will be 

the focus of study. 

 

    Due to the multiple choices for the A site and B site of this compound, the 

chemical forms of perovskite oxides are enormous. In addition, perovskite oxides can 

usually condense in variable crystal structures, which include cubic, tetragonal, 

orthorhombic, rhombohedral and even monoclinic structures. Besides that, oxygen 
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stoichiometry [7], the amount of stabilized vacancies [8], doping by solid solution [9] 

and chemical substitution [10] can also be the effective factors to increase the 

diversity of perovskite oxides. As a result of all these possibilities, perovskite oxides 

can show a broad spectrum of physical and chemical properties such as metallic, 

semiconducting, insulating, superconducting, pyroelectric, piezoelectric, ferroelectric, 

(anti-)ferromagnetic as well as multiferroic behaviors [11-16]. These behaviors can be 

dramatically changed, enhanced or tuned especially when the perovskite oxides are 

under or near a structural phase transition due to the change of temperature or 

pressure; and if further extended to the thin films, substrate clamping effect, size and 

strain effect also have a great impact on these properties [17]. 

 

    A typical unit cell of an ideal perovskite oxide with cubic structure is drawn in 

Fig. 1.1(a). The A ions are at the corners of the cube, where the whole three 

dimensional cubic networks are linked together; while B ions are at the center of the 

cell surrounded by 6 oxygen first neighbors which form a BO6 octahedron. In this 

framework, the structure filling the whole space can also be described as a network of 

corner-sharing BO6 octahedra, as shown in Fig. 1.1(b). The BO6 octahedron is very 

important due to the reason that many structural and electronic properties are highly 

related to it.  

     

    A typical perovskite oxide can also be considered as a sequence of alternating 

AO and BO2 atomic layers of (001) planes. The schematic is shown in Fig. 1.1(c). 

This way of instructive description is quite essential for this work here and will be 

referred later in this chapter when LaAlO3/SrTiO3 interfaces are discussed. 
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Figure 1.1 Schematic sketch of the perovskite oxide ABO3 structure. (a) One cubic 

unit cell of perovskite oxide with A ions at the corners, a B ion at the center of the 

cube, and O ions at the center of every faces; (b) Perovskite oxide structure in terms 

of BO6 octahedra networks; (c) ABO3 structure can also be described as a stacking of 

AO and BO2 atomic planes. (Sketch by M. Lopes) 

 

1.3    Strontium Titanate (SrTiO3) 

 

    Transition metal oxides in the form of perovskite exhibit abundant physics and 

extraordinary properties. Among them, SrTiO3 is a twinkling example material. 

SrTiO3 has been intensively studied during past decades. This is not only because 

SrTiO3 is a band insulator (indirect band gap 3.2 eV) [18] and an incipient 

ferroelectric [19] (TC → 0 K), but also because of its unique electronic properties 

which can be tuned into insulators, semiconductors or metallic state by doping [20]. 

Even the superconductivity can be achieved in doped SrTiO3 with critical 

temperatures <400 mK [21, 22]. Another reason for SrTiO3 to be fascinating is that, 

due to the comparability of lattice constant and inert chemical nature, SrTiO3 is 

regarded as a standard substrate for growing many oxides. For example, ferroelectrics 

[17], high-TC superconductors (HTSs) [23] and Colossal Magnetoresistance (CMR) 



CHAPTER 1 

6   LI Danfeng 

 

INTRODUCTION 

oxides [24] have been successfully grown on SrTiO3 substrate. In this work, SrTiO3 

was also used as standard substrate. 

 

1.3.1    Structural Aspects and Dielectric Property of SrTiO3 

 

    In a strain-free state, SrTiO3 is cubic at room temperature (space group Pm3 m) 

with a lattice constant of 3.905 Å. In this cubic structure, the TiO6 octahedra have 

well-aligned 90° angles. But when temperature is below 110 K, the material 

undergoes an antiferrodistortion in which the neighboring TiO6 octahedra [Fig. 1.2(a)] 

are slightly rotated in opposite directions respect to formerly cubic axis [25]. This 

behavior leads SrTiO3 to be tetragonal (space group I4/mcm) at low temperatures [26] 

and the phase transition is a second-order transition. However, since the tetragonal 

structure is still center-symmetric, this transition does not give rise to ferroelectricity 

down to cryogenic region.  

 

 

Figure 1.2 Schematics of two soft-mode-driven phase transitions in STO single 

crystals. (a) cubic-to-tetragonal second-order phase transition by antiferrodistortion 

(AFD) at about 110 K; (b) the ferroelectric phase transition which is suppressed by 

quantum fluctuation. The open circles are O ions and the solid circles are Ti ions. 

(Adopted from Ref. [27]) 
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Theoretically, there should be another phase transition occur at about 40 K, at 

which Ti ions would prefer to shift respect to oxygen ions [Fig. 1.2(b)]. This, 

basically, should lead to the spontaneous polarization and thus ferroelectricity. In fact, 

this transition is strongly suppressed by the antiferrodistortion and quantum 

fluctuation so that ferroelectricity cannot be established in pure SrTiO3 single crystal 

[28]. Hence, SrTiO3 is regarded as an incipient ferroelectric and remains paraelectric 

when temperature approaches 0 K [19]. As a consequence, the dielectric permittivity 

increases dramatically with decreasing temperature especially at cryogenic region, 

from a few hundred at room temperature to up to 25k at 4 K in bulk samples. This 

increase of dielectric response is the same as in other ferroelectric materials, where 

the dielectric constant increases a lot when the material approaching the 

paraelectric-ferroelectric transition driven by lowering the temperature, such as in 

BaTiO3 [29]. Furthermore, it is reported that at low temperatures, a reduction of 

dielectric constant can be observed upon applied electric fields, as shown in Fig. 1.3. 

 

 

Figure 1.3 Temperature dependence of dielectric permittivity under weak-field for an 

unannealed crystal of SrTiO3 with measuring field in [100] direction and dc bias 

fields along [100]. (Adopted from Ref. [30]) 
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In homoepitaxial SrTiO3 thin films, dielectric constant up to 4000 has been 

reported [31, 32], and high dielectric constant over 10
4
 under external bias, which is 

near the bulk value, has also been achieved [33]. Moreover, SrTiO3 thin films can 

also be driven into ferroelectric state by strain [34]. More details of SrTiO3 thin films 

will be discussed later in Chapter 4 of this thesis. Exactly because of its large 

dielectric response, SrTiO3 makes itself a proper candidate to be the gate dielectric in 

field effect configuration, which is utilized in this work, as to be shown in Chapter 3. 

 

1.3.2    Transport Properties of SrTiO3 

 

Stoichiometric SrTiO3 has a relatively large indirect band gap of 3.2 eV, which 

marks SrTiO3 a band insulator. Thus SrTiO3 has been used to combine with 

semiconductors, especially silicon, to fabricate metal-insulator-semiconductor based 

field effect transistors and data storage devices [31, 35]. SrTiO3 has also been 

employed as an active component of superlattices and heterostructures with other 

ferroelectrics and oxides, because of its insulating dielectric nature [36, 37]. 

Examples include its use as an insulating barrier layer in Magnetic Tunnel Junctions 

(MTJs) [38] and as a dielectric layer for tuning the carrier density in manganite and 

cuprate thin films [39-41]. Among these, a special example is that it is served as a 

critical insulating component to generate quasi-two-dimensional electron gases 

(q2-DEG) in oxides heterointerfaces, as will be mainly discussed in this thesis. 

 

SrTiO3 can be doped into n type or p type to be conducting, where the n-type 

conduction can be conventionally doped either by substitution of A-site, i.e. Sr ions, 

or B-site, i.e. Ti ions (for example, substitute La
3+

 for Sr
2+

 [42] or Nb
5+

 for Ti
4+

 [10, 

43]), or even by reduction to SrTiO3-δ by creating oxygen vacancies in the crystals or 

thin-films [8, 20, 44]. Similarly, p-type doping can be achieved by substituting Ti
4+

 by 

some trivalent metal ions (for example, Fe
3+

 and Al
3+

 [45, 46]). Actually, the study of 

electronic transport properties of SrTiO3 can originate to as early as 1964 [20], when 

people indeed were puzzled by and debating on some fundamental questions 

regarding the temperature dependent phase transitions occurred in bulk SrTiO3. But 
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even before the paper of Ref. [20], it had been already noticed that usually pure 

SrTiO3 crystal is transparent [Fig 1.4(a)] with highly insulating property; while after 

reduction of the crystal to SrTiO3-δ, for example by heating, the material will possess 

a wide range of absorption making the crystal blue or dull blue, as shown in Fig. 

1.4(b). In the meantime, the material becomes conducting. 

 

 

Figure 1.4 Photos of a SrTiO3 crystal showing the effect of removing oxygen atoms, 

leaving vacancies in the crystal lattice: (a) the glistening oxidized gem is transformed 

into a dull blue, conductive crystal in (b). (Adopted from Ref. [47]) 

 

In past decades, detailed studies on the conductivity of doped SrTiO3 and 

non-conductivity of non-doped SrTiO3, as well as the mechanism underlying, have 

been widely performed in terms of characterization of temperature-dependent Hall 

coefficient, carrier density and mobility, residual resistance ratio (RRR) and 

magnetoresistance (MR) [48]. Figure 1.5(a) demonstrates temperature-dependent 

resistivity of SrTiO3 crystals with different doping levels. In this picture, one can 

clearly see that the increase in doping level can significantly influence the 

conductivity. Especially in this case, reduction of SrTiO3 at high temperature and 

more substitution of Ti
4+

 by Nb
5+

 ions will lead to high conductivity (low resistance 

state), and the change of the charge carrier concentration will also have great impact 

on the conducting behavior especially in low temperature regime (in this picture, 

more specifically, around a critical carrier concentration n = n
*
, dρ/dT changes sign). 
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Figure 1.5 (a) Temperature dependence of the resistivity (log scale) of SrTiO3 single 

crystals with different Nb doping levels or reduced at different temperatures (adopted 

from Ref. [48]); (b) Resistance switching in undoped SrTiO3 single crystal and 

measurements of the resistance versus temperature: (1) the initial stoichiometric 

crystal, (2) after thermal treatment, (3) after re-oxidation, (4) after electroreduction 

(adopted from Ref. [49]). 

 

This doping effect on conductivity indeed endows one with degree of freedom to 

tune the conductivity of SrTiO3 crystal between bistable states, i.e., high resistance 

state (HRS) and low resistance state (LRS) [49], as shown in Fig 1.5(b). It would be 

particular promising if one can switch the conductance of SrTiO3 between 

non-metallic and metallic states by applying an appropriate external electric field. 

Actually, taking the advantages of the ability to modulate nanometer-scale behaviors 

at the surfaces, one can use Atomic Force Microscope (AFM) to locally modify the 

oxygen profile at the surface of SrTiO3 crystal thus switch the local conductance by 

playing with surface defects state, such as dislocations [49]. This opens an avenue for 

developing and assembling bistable nanowires on SrTiO3, thus holds particular 

promise for terabit memory applications. 

 

Interest in the electronic transport of SrTiO3 was even further extended by the 

discovery of superconductivity dome under transition temperature of 400 mK, as 

shown in Fig 1.6(a), where a charge carrier concentration plane with charge carrier 

densities of 10
19

-10
21

 cm
-3

 is formed [20-21, 50]. A similar superconducting dome 

was also discovered at LaAlO3/SrTiO3 interface [51], which is in fact a two 
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dimensional (2D) superconducting regime. Remarkably, it was pointed out that 

doping SrTiO3 with oxygen vacancies of as small as 0.03% can sufficiently induce 

superconductivity in this intrinsic insulator [52], and this insulator-superconductor 

transition (IST) can be tuned electrostatically [53]. Moreover, it was demonstrated 

that the SrTiO3 based heterostructures built with a ultra-thin Nb-doped SrTiO3 film 

lying between a bottom SrTiO3 buffered layer and a SrTiO3 cap layer [Fig. 1.6(b)] can 

display both 2D superconductivity and 2D quantum oscillations (Shubnikov-de Haas 

oscillations) [54], as illustrated in Fig. 1.6(c) and Fig. 1.6(d). 

 

 

Figure 1.6 (a) Transition temperature as a function of carrier concentration of 

superconducting SrTiO3 single crystals; (b) A sketch of the delta-doped NSTO layer 

sandwiched between insulating STO buffer and cap layers on an STO substrate; (c) 

Sheet resistance of the sandwiched sample versus temperature showing a clear 

superconducting transition at 370 mK; (d) Amplitude of the Shubnikov-de Haas 

oscillations after background subtraction versus the reciprocal total magnetic field at 

T = 100 mK. [(a) is adopted from Ref. [50] and (b) (c) (d) are all adopted from Ref. 

[54]] 

 

Other transport properties of doped-SrTiO3 under magnetic fields, such as 
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charge carrier mobility adopted from Hall measurements have also been studied in 

details [55]. These not only provide information that doped-SrTiO3, especially the La- 

or Nb-SrTiO3, can exhibit very high mobility (Fig. 1.7), but also help to unveil some 

fundamental questions on conducting or scattering mechanisms of SrTiO3. Besides, 

magnetoresistance of semiconducting SrTiO3 have been intensively investigated since 

1960s [56]. All these established results and methods light up the road to explore new 

phenomena and physics emerging at perovskite oxide interface, which is the focus of 

this work. 

 

 

Figure 1.7 (a) Hall electron mobility as a function of temperature for three samples 

with the structure shown in the upper inset; and (b) Shubnikov-de Haas oscillations in 

homoepitaxial SrTiO3 thin films. (Adopted from Ref. [55]) 

 

1.4    Two-Dimensional Electron Gases (2DEG) in Semiconductors 

 

A two-dimensional electron gas (2DEG) is a gas of electrons which is free to 

move in two dimensions, but tightly confined in the third. Such 2DEG systems, 

mainly due to boundary condition confinement in the third direction, behave many 

useful and interesting properties, as well as allow access to interesting physics. Up to 

now, experimental observations of physical properties of 2DEG, predicted by 
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theoretical derivations, have been massively reported in some model 2DEG structures 

[2, 57-58] and boosted up the comprehension on this system. For example, the 

Quantum Hall Effect (QHE) was first observed in a 2DEG [59], which led to two 

Nobel Prizes, in 1985 and 1998. Besides, the strongly prospective properties for 

applications have driven the motivation for building up future high electron mobility 

transistors (HEMTs). 

 

Practically, 2DEG can be found in commercialized MOSFETs, which is made 

from semiconductors combined with gate oxide and metal electrodes, operating in 

inversion mode [Fig. 1.8(a)]. The electrons underneath the gate oxide are confined to 

the semiconductor-oxide interface, and thus occupy well defined energy levels. 

Nearly always, only the lowest energy level is occupied, and so the motion of the 

electrons perpendicular to the interface can be ignored. However, the electrons are 

free to move near and parallel to the interface, and so it is quasi-two-dimensional.  

 

 

Figure 1.8 (a) Schematic diagram of a MOSFET in which the 2DEG is present only 

when the transistor is in inversion mode; (b) Illustration of the configuration of 

two-dimensional electron systems in standard semiconductor interfaces (figure 

adopted from Ref. [60]). 

 

In advanced research, most studied 2DEG systems are constructed at 

semiconductor heterojunctions between different materials or materials with different 

doping levels, such as model systems like MgxZn1-xO/ZnO and AlxGa1-xAs/GaAs. In 

http://en.wikipedia.org/wiki/Quantum_Hall_effect
http://nobelprize.org/physics/laureates/1985/index.html
http://nobelprize.org/physics/laureates/1998/
http://en.wikipedia.org/wiki/Gate_oxide
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these systems, electrons accumulated at the heterointerfaces are well confined in a 

triangular quantum well and the mobility of the carriers can be very high. The 

electrons are created at the highly doped side of the heterojunction, then “drop off” to 

the quantum well that has a lower potential at the interfaces formed by the band 

bending, which is due to the adjustment of Fermi levels between the two different 

materials. As shown in the electronic band diagram of AlxGa1-xAs/GaAs 

heterostructure in Fig. 1.8(b), the electrons inside the well can “travel” more freely in 

a channel lying at the intentionally undoped side by minimizing the “poisoned” 

scattering effect by ionized impurities,. This leads to higher mobility compared to 

those in MOSFETs. 

 

With this important feature, by carefully tuning the carrier concentrations, QHE 

and Shubnikov-de Haas (SdH) oscillation can be observed (Fig. 1.9). More 

specifically, AlxGa1-xAs/GaAs heterostructures are reported to be combined with a 

carbon nanotube to function as a highly sensitive terahertz detector [61] and with a 

probe-integrated gate electrode to function as a scanning nanoelectrometer [62]. 

 

 

Figure 1.9 (a) Schematic of the ZnO/MgxZn1-xO heterostructures grown on 

ScMgAlO4 substrates; (b) Longitudinal resistivity ρxx, Hall resistivity ρxy, and 

differential Hall resistivity dρxy/dB versus B measured at 45 mK for the corresponding 
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sample, in which integers on the horizontal tick marks are the Landau level filling 

factors defined as ν = h/(ρxy/e
2
). (Adopted from Ref. [2]) 

 

1.5    LaAlO3/SrTiO3 Heterointerfaces 

 

As discussed at the beginning of the thesis, the introduction of interfaces within 

semiconductor heterostructures has produced a large amount of semiconductor 

devices of giant utility and fascinating physics. Similarly, it is also charming and 

straight forward to incorporate high-quality interfaces into oxide heterostructures to 

obtain novel properties. However, because oxide heterostructures and multilayers are 

far more difficult to fabricate than conventional semiconductor ones, progress made 

in this field was limited for many years. Over last two decades, the growth of oxide 

heterostructures and multilayers are well developed, benefiting from large advances 

in growth techniques and characterization methods, including the application of high 

vacuum pulsed-laser deposition (PLD) [63], molecular-beam epitaxy (MBE) [64], the 

ability of obtaining well-defined terminations of substrates [65], and the development 

of high-pressure reflection high-energy electron diffractions (RHEED) [66]. As a 

result, epitaxial heterostructures of oxides can be well fabricated with atomic scale 

precision. Thus, the ability to precisely control interfaces between different oxide 

materials provides new opportunities to create new electronic phases. Among them, a 

model system is that heterointerfaces between perovskite transition metal oxides 

emerge as one of the focused topics in condensed matter physics. In the building 

blocks of this area, one can take a deep insight of strongly correlated electrons 

systems to explore some fundamental physical bulk properties similar to those in 

conventional semiconductor heterostructures. More excitingly, there is more freedom 

to build a large number of combinations of different materials with different 

functionalities, thus produce plenty categories of interfaces where novel physical 

properties, that are absent in their bulk components, may arise. 

 

Triggered by the work of Ohtomo and Hwang from Bell Laboratory in 2004 [6], 

a perovskite oxide heterointerface LaAlO3/SrTiO3 (LAO/STO) becomes a hot topic in 
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recent years. A conducting layer with quasi-two-dimensional electron gas (q2-DEG) 

can be formed when these two insulators join together. Many interesting phenomena 

have been observed in this LAO/STO interface since 2004, including 

superconductivity [67] and indications of magnetism [68]. Electronic phase diagram 

of the system was also depicted by tuning interfacial states using field effect [51]. 

Besides, more and more physical phenomena have been observed, predicted and 

discussed in both experimental [51, 67-73] and theoretical [74-77] work, revealing 

that such q2-DEG holds many similarities with the parallel systems in 

semiconductors. However, the debate on the origin of the conductivity and high 

mobility [73, 75, 78-81] together with the more complex electronic phase diagram 

has somehow indicated the fundamentally extraordinary extra properties and 

complexity in such a 2D system. And these bring huge interest on this novel system. 

 

1.5.1    Properties of LaAlO3 

 

LaAlO3 is the “second floor” of the building of this LAO/STO heterostructure. 

Thus before entering the q2-DEG at LAO/STO interfaces, we should have a general 

knowledge about this material. 

 

At high temperatures, LaAlO3 has a cubic perovskite structure with space group 

Pm3 m, but under a transition temperature, it undergoes a phase transition to a 

rhombohedral structure which is a distorted perovskite (space group R3 c) [82]. 

Usually at room temperature, the structure of LaAlO3 can be described as a 

pseudocubic structure with a lattice parameter of 3.791 Å, which is slightly differed 

from cubic perovskite by small rotation of AlO6 octahedra, [83]. Just like SrTiO3, 

LaAlO3 holds a good mismatch with many perovskite oxide materials so that it is also 

popularly used as substrate material; and due to the reasonable lattice mismatch with 

SrTiO3 (about 3%), the epitaxial growth of LaAlO3 films on SrTiO3 can be realized. 

 

LaAlO3 is also a band insulator with a wide band gap of 5.6 eV. Because of its 

insulating behavior and relatively high dielectric constant (about 25 at room 
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temperature and low temperatures [84, 85]), it is usually used as a high-k gate oxide 

material [86]. 

 

1.5.2    Electronic Reconstruction at LaAlO3/SrTiO3 Interfaces 

 

Since the conductivity of the LAO/STO interface was quite surprising, the origin 

of this conducting q2-DEG was under intensive discussion both theoretically and 

experimentally. In Ohtomo and Hwang’s paper [6], they traced the fundamental 

mechanism by preparing two different stackings using pulsed-laser deposition to 

grow LaAlO3 on top of SrTiO3 substrate along [001] direction. Because for this 

direction, perovskite oxides (ABO3) can be described as sequence of alternating AO 

and BO2 atomic layers, apparently, two kinds of interfaces can be formed between 

LaAlO3 and SrTiO3, as shown in Fig. 1.10. 

 

 

Figure 1.10 Schematic of the resulting (LaO)
+
/(TiO2)

0
 interface (a), and 

(AlO2)
-
/(SrO)

0
 interface (b). (Adopted from Ref. [6]) 

 

In Fig. 1.10(a), LaAlO3 was epitaxially grown on a TiO2 terminated (001) 

SrTiO3 single crystal substrate and interface of TiO2/LaO was established; while in 

Fig. 1.10(b), interface of SrO/AlO2 was established by inserting a monolayer of SrO 

on top of the original substrate. It was shown in Ref. [6] that the electronic transport 

properties of these two kinds of interfaces between LaAlO3 and SrTiO3 are 

dramatically different, where one setup (TiO2/LaO stacking) is highly conducting and 



CHAPTER 1 

18   LI Danfeng 

 

INTRODUCTION 

the other (SrO/AlO2 stacking) is insulating. Due to the different valence states of the 

cations (La
3+

, Al
3+

, Sr
2+

, Ti
4+

), LaAlO3 can be described as alternating sheets of 

(LaO)
+
 and (AlO2)

-
, which are both charged planes; while SrTiO3 is composed of a 

sequence of charge neutral layers of (SrO)
0
 and (TiO2)

0
. Therefore, a polar 

discontinuity is formed at the interface when these two materials join together, and 

due to the sequence of charged planes, a potential build-up can be established within 

LaAlO3 layer (see Fig. 1.11). This polar discontinuity has a name of “polar 

catastrophe”, and in fact, such a discontinuity was firstly discussed in 1980s for 

semiconductor Ge/GeAs heterostructures [87]. 

 

For semiconductor heterostructures formed by charged layer and charge neutral 

layer, systems can avoid such a “polar catastrophe” by redistributing the atoms at the 

interfaces, known as atomic reconstruction, which will lead to interface roughness; 

but this is the only option because typical semiconductor cations have a fixed valence. 

However, for complex oxides formed heterointerface, such as LAO/STO, some 

cations have mixed valences available which allow for charge compensation by 

accommodating extra electrons in their bands. At TiO2/LaO interface in LAO/STO 

heterojunctions, electrons can cross the interface to locate at interfacial Ti ions’ 

conduction bands leading to an n-type interface (electron doped). This causes Ti ions 

to become Ti
3+

, thus eliminates the divergence of the electrostatic potential within 

LaAlO3 layer (see Fig. 1.11); while the actual potential oscillates around a finite value. 

Therefore the fundamental mechanism underlying this new phenomenon was 

proposed to be electronic reconstruction at the beginning. 
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Figure 1.11 Schematic of the polar discontinuity. (Left) The unreconstructed interface. 

(Middle) This charge configuration leads to an electric potential that diverges with 

LaAlO3 thickness. (Right) Above a threshold thickness, the charge distribution 

reconstructs, removing the divergence. This is shown as a layer of Ti
3.5+

 at the 

interface, and a simple reconstruction of the polar surface of LaAlO3. (Figure from 

Ref. [88]) 

 

The electronic reconstruction picture seemingly provided a good interpretation 

on the origin of the metallic interfaces at LAO/STO heterostructures. However, quite 

soon it became clear that this picture should be extended by including other 

possibilities because some experimental results cannot be rationalized only using 

polar discontinuity model. For example, the insulating behavior of the p-type 

interfaces (built from SrO/AlO2 interfaces) observed was not reconciled in this 

approach. Among them, the structural aspects should also be considered, such as 

formation of an ultra-thin conducting sheet built by interdiffusion, formation of 

defects from oxygen vacancies localized at interfaces, as well as the important role of 

SrTiO3. Nevertheless, the origin of the q2-DEG is still under debate and more 

calculations and experiments need to be done in this field. But the discussion will not 

be depicted in details in this chapter and the introduction of this electronic 

reconstruction scenario is proposed in order to take a glance at the mechanism 
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underlying and try to shed light on understanding of the origin of this buried q2-DEG. 

 

1.5.3    Transports of LaAlO3/SrTiO3 Interfaces 

 

The LaAlO3 thickness dependence of the conductivity of the LAO/STO 

interfaces were thoroughly investigated by Thiel et al. [89] who grew LaAlO3 films 

with different thicknesses on TiO2 terminated (001) SrTiO3 single crystal substrates. 

An insulator-to-metal transition was found when the thickness of LaAlO3 layer equals 

4 unit cells or above. This abrupt transition was characterized by the increase of 

several orders of magnitude in conductivity, showing a “step” in sheet conductance 

diagram as a function of LaAlO3 layer thickness. This discovery reconciled the polar 

discontinuity model as the thickness of LaAlO3 layer has to be over a critical 

thickness so that the built-up potential in LaAlO3 is large enough to drive electrons 

across the interface making the interface conducting. But they also found that the 

carrier concentration determined from Hall measurements are far less than the value 

expected from the polar discontinuity model, which is about 3.3×10
14

 calculated by 

assuming 0.5 electrons per 2D unit cell. So far, the reason for this large discrepancy 

remains an open question. 

 

After this feature of the q2-DEG was revealed, other transport properties were 

also reported. 2D Superconductivity was observed with transition temperature of 

about 100 mK ~ 200 mK by Reyren et al. in 2007 [67], as shown in Fig. 1.12(a). The 

transition into superconducting state was conceivably interpreted as a 

Berezinskii-Kosterlitz-Thouless (BKT) transition from the current-voltage relation 

and temperature-dependent sheet resistance. Since the transition temperature falls into 

the range of superconducting transition temperature for reduced SrTiO3, the 

mechanism for the superconductivity of LAO/STO interface is not clear. The question 

that whether this superconducting is due to a superconducting sheet of typical 

SrTiO3-δ or the cooper pairs in q2-DEG induced by SrTiO3 is still open. But a sheet 

carrier density over 5×10
14

 is needed to provide such transition temperature (3D 

carrier density about 3×10
19

) according to the calculation by only considering 
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SrTiO3-δ scenario, therefore, it was claimed that the 2D conductivity cannot be solely 

attributed to oxygen vacancies. 

 

 

Figure 1.12 (a) Sheet resistance of the 8-uc LAO/STO sample plotted as a function of 

T for magnetic fields applied perpendicular to the interface revealing obvious 

superconducting behavior (adopted from Ref. [67]); (b) Electronic phase diagram of 

the LAO/STO interface (adopted from Ref. [51]). 

 

Two years later, it was further shown that by using electric field effect the 

ground state of the LAO/STO interface system can be tuned between insulating and 

superconducting and the electronic phase diagram was successfully mapped [51], as 

illustrated in Fig. 1.12(b). This phase diagram provided plenty of characterized 

information on this system and also raised some interesting questions that need to be 

explored and answered. Based on this phase diagram, large tunable spin-orbit 

interaction was found [72, 90]. Besides, negative magnetoresistance in some 

circumstances [68], anisotropy of superconductivity [91] and anisotropy of 

magnetoresistance [92] were also displayed. Recently, quantum oscillation has also 

been observed. All these transports indicate a complex and abundant physics in such a 

system. 

 

1.5.4    Applications of LaAlO3/SrTiO3 Interfaces 

 

As mentioned in 1.5.3, the LaAlO3 thickness dependence of the conductivity and 
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the abrupt jump in sheet conductance offer an opportunity to tune the resistance of the 

interface system in order to realize memory behavior. In Fig. 1.13(a), it was shown 

that by using a back gate voltage, a resistance switching memory function can be 

performed on 3 u.c. LAO/STO sample [89]. 

 

This thickness dependent conductivity also provides a new technique to pattern 

the interface [69, 93-95]. Using microlithography and conventional lift-off process, 

conducting nanostructures can be patterned by growing 6 u.c. LaAlO3 in the 

conducting region and 2 u.c. LaAlO3 in the region to be insulating [Fig. 1.13(b)]. 

Besides, writing and erasing conducting lines and structures with a resolution of 

nanometers to realize different functions at the interfaces by applying a voltage to the 

conductive AFM tip were also achieved [Fig. 1.13(c)]. At this point, novel conducting 

LAO/STO interfaces opens a new route for the promising applications in the oxide 

nanoelectronic platform. 

 

 

Figure 1.13 Device structures based on LAO/STO heterostructures. (a) Memory 

behavior: sheet resistance measured at 300 K and under applied back gate voltage, 

both plotted as a function of time for a LaAlO3 layer with a thickness of 3 unit cells 

(figure adopted from Ref. [89]); (b) AFM image of a ring defining a q2-DEG 

fabricated through e-beam lithography (figure adopted from Ref. [93]); (c) Writing 

and erasing nanowires utilizing a C-AFM: conductance between the two electrodes 

measured as a function of the tip position across the wire (figure adopted from Ref. 
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[94]). 

 

1.6    Motivations of the Project 

 

From the literature review and overlook of what has been done on LAO/STO 

heterointerfaces since 2004 [6], it can be noticed that it is the theoretical and 

experimental interest, as well as application perspectives, that draw scientists’ 

attention on this conducting oxide heterostructures. Many efforts have been exploited 

to investigate the origin of the q2-DEG and try to overcome the obstacles towards 

making applicable devices. However, as stated in Ref. [79], there are still many open 

questions regarding the mechanism for the appearance of this q2-DEG. For instance, 

to date, all analogues of the LAO/STO system with conducting electron gases involve 

STO, why? What’s the function of STO in the loop? What should be responsible for 

the superconductivity of the LAO/STO interface? Finally, why there is no 

demonstration of multilayered 2DEGs? 

 

To answer these questions, we must perform some experiments to touch the 

fundamental problems of the phenomena. For example, we need to figure out whether 

the electron gas will preserve when different material combinations are exerted, 

especially the role of STO. These experiments may reveal the origin of the q2-DEG 

gas and open new routes for other oxide interfaces and interface engineering. In this 

project, I followed two approaches to tackle these problems: 

 

[1] Instead of investigating deeply to the physics behind LAO/STO interfaces, it 

would be worthy to fabricate other heterointerfaces using another insulating 

perovskite which has the same polar atomic planes as LaAlO3 on top of SrTiO3. 

By comparing with LAO/STO system, we may find some new phenomena that 

help to understand the oxide interfaces. 

 

[2] Building LAO/STO interfaces on STO thin films rather than single crystal STO 

is another effective way to study the function of STO on generating the electron 
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gas. Based on this idea, we can grow STO thin films on different substrates at 

different growth temperatures and build LAO/STO heterointerfaces on this 

artificial STO layer and analyze the differences in transport properties. 

 

1.7    Outline of the Thesis 

 

A brief literature review is given in this chapter (Chapter 1), including an 

introduction to perovskite oxides, structure and transport of SrTiO3, an overview of 

2DEG in conventional semiconductors and finally a short summary of the reported 

work in novel LAO/STO interfaces. 

 

Chapter 2 gives a short introduction to the main techniques that have been 

employed in this study including substrate treatment, deposition techniques, structural 

characterization techniques and transport measurement setups. 

 

In Chapter 3, we chose a “polar” perovskite Dysprosium Scandate (DyScO3) 

instead of LaAlO3, and try to explore the effect of the growth conditions on the 

electronic properties. This chapter focuses on the fabrication of DyScO3/SrTiO3 

heterostructures by Laser-MBE, and by utilizing structural characterization 

techniques, Hall measurements and field effect measurements, the relations between 

deposition condition, structural and electronic properties of the heterointerfaces have 

been investigated. 

 

In order to deeply understand the role of SrTiO3 in generating the q2-DEG in 

LAO/STO heterointerfaces, Chapter 4 focuses on the fabrication of LAO/STO/STO 

structures by firstly growing an artificial SrTiO3 layer on top of SrTiO3 single crystal. 

Structural, transport and dielectric characterizations were carried out to demonstrate 

the importance of SrTiO3. 

 

Chapter 5 gives the conclusion of this thesis and the future prospects. 
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CHAPTER 2    

FABRICATION AND CHARACTERIZATION 

METHODS OF THE HETEROINTERFACES 

 

    The fabrication of the heterointerfaces and study of their transport properties 

include a number of experimental techniques and methods, which can be mainly 

categorized into five groups: 

 

I Substrate termination control: by using buffered hydrofluoric acid (BHF) and 

oxygen ambient annealing process. 

 

II Thin-film deposition: pulsed-laser deposition (PLD) and laser-molecular beam 

epitaxy (Laser-MBE). 

 

III Structural characterizations: reflection high-energy electrons diffraction 

(RHEED), X-rays diffraction (XRD), atomic force microscopy (AFM), 

transmission electrons microscopy (TEM) and photoluminescence spectrum 

(PL). 

 

IV Electrodes deposition and patterning: magnetron sputtering and pulsed-laser 

deposition for electrodes deposition; dry-etching using Ar
+
 plasma and lift-off 

process for electrodes patterning. 

 

V Transport measurements: Hall effect measurement setup, magnetoresistance 

measurement setup facilitated with superconducting magnet and cryogenic 

systems; dielectric tests by impedance analyzer. 

 

This chapter gives an introduction to these techniques and the theories behind 
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these methods will also be discussed. 

 

2.1    Substrate Treatments 

 

In advanced research field of oxide heterostructures and interfaces, perovskite 

substrates of atomically flat surface with single termination became a crucial 

prerequisite for growing high quality oxide interfaces. Thus, the preparation 

techniques of single-terminated perovskite substrates underwent a great development 

[65, 96]. SrTiO3 is a good example for this. As described in Chapter 1, SrTiO3 has a 

cubic perovskite structure which consists of SrO and TiO2 atomic planes. Therefore 

SrTiO3 has two possible terminations, i.e., SrO termination and TiO2 termination. 

Usually, as-received commercial polished SrTiO3 substrates have mixed terminations. 

Basically, if one can find a way to remove one of the atomic layers but not the other 

one, an atomically smooth single terminated surface can be obtained, and steps with a 

single unit-cell height can be observed at the surface [Fig 2.1(a)]. In 1994, M. 

Kawasaki et al. [65] in their science paper introduced an effective method to obtain 

single TiO2-terminated SrTiO3 substrates by dissolving SrO on the surface using a 

pH-controlled NH4-HF solution, named as buffered HF solution (BHF). Since SrO is 

a basic oxide and TiO2 is an acidic oxide, by tuning the pH value of the buffered 

solution, one should be able to use this wet etching process to remove the residual Sr 

on the surface. After such an etching, step-and-terrace structure can be obtained, as 

shown in Fig. 2.1(b), with step height of ~0.4 nm which corresponds to the lattice 

constant of SrTiO3 (a = 3.905 Å). This indicates that the steps are exactly 

single-unit-cell high. 
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Figure 2.1 (a) Schematic sketch of SrTiO3 single crystal surface with single 

termination; (b) AFM image of a TiO2-terminated surface of SrTiO3 substrate 

showing well-defined step-and-terrace structure with step height of 0.4 nm, which 

corresponds to a single unit cell (adopted from Ref. [65]). 

 

    As shown in the model in Fig 2.2(a), the BHF etching can dissolve Sr more 

efficiently than Ti, where the etchant mostly “attacks” the Sr site at the step edges, 

dissolving it and then removing Ti by lift-off procedure [96]. In this etching, pH value 

was found to be very crucial to the surface quality. Numerous etching pits will appear 

if the pH value is too low, while remnants remain on the surface if the pH value is too 

high. This often introduces unit cell deep holes in the terraces and even deep etches 

pits, which will hinder thin film growth. Hence, the reproducibility depends severely 

on the pH value and the differences in polishing before the BHF etching step. 
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Figure 2.2 (a) Sketch showing the etching process: the etchant removes Sr more 

efficiently than Ti by mostly attacking the Sr at the step edges, dissolving it and then 

removing Ti by lift-off; (b) AFM micrograph of a nearly perfect and atomically flat 

surface, obtained by using the method stated in Ref. [96] (image from the same 

reference). 

 

    It was soon found out [96] that by inserting a step of soaking the SrTiO3 

substrates in deionized water prior to BHF etching, nearly perfect surfaces can be 

obtained. Water can firstly help SrO to form a Sr-hydroxide complex confined at the 

topmost layer, which can then be easily dissolved in acid. This extra process separates 

the whole etching process into two steps, thus enhances the selectivity in solubility of 

Sr and Ti, making the pH value of the BHF solution become much less crucial and 

less etching time is needed. The possibility of reducing the etching time prevents 

formation of etched pits and holes. It was also reported that after the BHF etching, an 

annealing for the substrates in oxygen at high temperature above 850 °C can remove 

residuals and help recrystallization. Finally, a quasi-ideal surface with well defined 

step-and-terrace structures, as well as straight edge lines, is revealed [Fig. 2.2(b)]. 

 

    Other means such as re-etching steps [97, 98] and using HCLNO (HCL:HNO3 = 

3:1) [99, 100] were also reported. A large number of characterizations were 

implemented illustrating the TiO2 termination nature of such surfaces [97-100]. Such 

research is still undergoing, but in this work, we only use the standard procedures 

described above to obtain TiO2 terminated SrTiO3 single crystal substrates. 

 

2.2    Thin Film Deposition 

 

    In this study, in order to fabricate high quality epitaxial heterointerfaces, 

pulsed-laser deposition technique was used to grow perovskite oxide thin films. 

Pulsed-laser deposition technique is one of the physical vapor deposition techniques, 

which has big advantages over competing techniques including: (1) a large variety of 

materials can be ablated; (2) the growth rate can be well controlled; (3) growing in 
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different ambient gases can be realized; and (4) the stoichiometry of the thin films 

can be preserved from the target materials even for the complex oxides, if the growth 

parameters are optimized. But disadvantages of such “effective” technique are also 

clear: small deposition area, space distribution effect, large costs, higher growth 

temperatures and low production, all of which make pulsed-laser deposition 

technique only suitable for laboratory research but limit its application in industries. 

 

    Pulsed-laser deposition is a very simple yet useful technique often used for 

growing oxides, nitrides and other materials as well as nanostructures [101]. Its large 

development in fabrication of complex oxide thin films was stimulated by the study 

and growth of perovskite-type high-Tc superconductors [66, 102]. By adjusting the 

growth parameters, even the cuprate superconductors which have long c-axis and 

relatively complex lattice structures can be epitaxially grown on different perovskite 

substrates. While in semiconductor technologies, another powerful deposition 

technique, molecular beam epitaxy (MBE), combining an ultra-high vacuum chamber, 

load-lock chamber and some surface characterization techniques such as reflection 

high-energy electrons diffraction (RHEED), enables to grow atomic-level controlled 

surfaces, interfaces and superlattices of semiconductor heterostructures. But even in 

today, MBE still remains not a simple technique easy to handle. By taking advantages 

of these two techniques, people attempted to develop new technology combing MBE 

and PLD together [103] by “arming” traditional PLDs with ultra-high vacuum 

techniques using complex pumping systems and especially RHEED system to in-situ 

monitor the growth process in PLD. This is thus called laser-molecular beam epitaxy 

(Laser-MBE) or ultra-high vacuum PLD. The large development in high-vacuum 

PLD has provided the opportunities to manipulate oxide heterostructures, just as in 

semiconductors, and already produced fruitful fascinating output in oxides during 

past decades. In this study, we use Laser-MBE to fabricate high quality perovskite 

heterointerfaces and this is the first key prerequisite for investigating the interface 

phenomena. 

 

    A schematic diagram of working principles of the Laser-MBE systems is shown 
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in Fig. 2.3(a). Figure 2.3(b) shows a photograph of the Laser-MBE system used in 

our lab. From the picture, we can see that the Laser-MBE includes these basic 

components: (1) Ultra-high vacuum chamber (main chamber) for deposition of thin 

films; (2) load-lock chamber for samples in-and-out without breaking the vacuum in 

main chamber; (3) RHEED system; (4) target rotating system; (5) substrate holder 

and heating system. 

 

 

Figure 2.3 (a) Sketch of deposition principle of Laser-MBE, showing some example 

deposition parameters in the picture (sketch from Ref. [104]); (b) Photo of the 

Laser-MBE with attached RHEED system and excimer laser in our lab. 

 

2.3    Structural Characterizations 

 

2.3.1    Reflection High-Energy Electron Diffraction (RHEED) 

 

    RHEED is a versatile technique which utilizes diffraction of electrons by surface 

atoms thus can provide information of the periodic arrangement of the surface atoms. 

Due to the compatibility with the ultra high vacuum chambers and techniques, it is 

widely used as a powerful in-situ tool to monitor the film growth. But before the 

introduction of basic geometry of RHEED, some preliminary thermodynamic 

knowledge of film growth mode should be mentioned here. Especially, the work of 

this thesis relies on smooth film surfaces and interfaces. Therefore, understanding of 

the different mechanisms affecting the growth mode is necessary for controlling the 

surface morphology and interfaces quality. 
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    Four different growth modes are distinguished shown in Fig. 2.4, depending on 

the free energies of the substrate surface (γS), film surface (γF), and film-substrate 

interface (γI). Significant wetting will appear if γF+γI<γS (strong bonding between the 

film and the substrate). In this situation, 2D layer-by-layer growth (Frank-Van der 

Merwe growth) [105] occurs. On the other hand, if bonding between substrate and 

film is weak, separated 3D islands will grow and finally coalesce (Volmer-Weber 

growth) [106]. When the lattice mismatch between the substrate and the film gives 

rise to biaxial strain, resulting in an elastic energy increasing with increasing layer 

thickness, Stranski-Krastanov growth will appear [107]. This growth mode describes 

the intermediate case when strong substrate-film interactions at first lead to some 

complete monolayers, followed by appearance of islands. Another important growth 

mode (step-flow) is found if the diffusion time (relaxation time) of adatoms is shorter 

than the laser rest time. The adatoms move to the step edges and nucleation on a 

terrace is prevented. No island growth is observed in this case. This growth mode is 

the main subject of Chapter 4 and will be discussed more in details then. 

 

 

Figure 2.4 Sketch of different film growth modes: (a) Frank-Van der Merwe, or 

layer-by-layer; (b) Volmer-Weber; (c) Stranski-Krastanov; (d) step-flow growth 

modes. 

 

    A typical RHEED is composed of an electron gun, a phosphor screen and image 

detector (CCD camera) and processor. The screen is usually shielded from the laser 

ablation plume by a metal grid. Generally, double pumping system combined with 

RHEED maintains the high vacuum environment at the front side and back side of the 

electron gun which links the main chamber of a Laser-MBE. Complex oxides can be 

grown under high oxygen pressure (up to 15 Pa) by modifying this double pumping 

system [66]. This even makes RHEED more functional in oxide thin film fabrication. 
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RHEED is very surface-sensitive in that it only senses a few top atomic layers of 

the surface. Because the low incidence angles used in RHEED, experimentally the 

sensing depth of RHEED is very small. In the construction of the reciprocal lattice we 

can therefore approximate the sampled volume by a two-dimensional layer. The 

reciprocal lattice then degenerates into a set of one-dimensional rods along the z 

direction perpendicular to the sample surface. Using this reciprocal lattice, we get the 

Ewald sphere construction used in RHEED as shown in Fig. 2.5(a). Since the 

reciprocal lattice consists of continuous rods, every rod produces a reflection in the 

diffraction pattern [see Fig. 2.5(b), a typical RHEED pattern of SrTiO3 single-crystal 

substrate]. The reflections occur on so-called Lane circles of radius Ln centered at H, 

the projection of the component parallel to the surface of k0 onto the screen. The 

specular spot S is located at the intersection of the zero
th

-order Laue circle with the 

(00) rod. The origin of the reciprocal lattice is projected onto I, also labeled (000), 

where for some sample geometries the part of the incident beam that misses the 

sample becomes visible. Owing to the simple geometry of RHEED, other spots or 

patterns generated by other reciprocal rods can be determined. (For a detailed 

introduction of RHEED working principle, please refer to Ref. [108]) 

 

 

Figure 2.5 (a) Ewald sphere construction and diffraction geometry of RHEED. 

Intensity maxima on the screen correspond to projected intersections of the Ewald 

sphere with the reciprocal lattice (adopted from Ref. [108]); (b) RHEED pattern of 

SrTiO3 substrate at deposition temperature (750 °C). 

 

For growth mode monitoring, the intensity of the specular reflection is 

monitored. The intensity of the reflected beam is proportional to the surface 
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roughness. Smooth surfaces give a high reflected intensity, while rough surfaces don't 

reflect well and give a lower intensity. Figure 2.6 illustrates evolution of surface 

roughness and corresponding RHEED intensity. 

 

 

Figure 2.6 Surface models illustrating the growth of a single monolayer of film on a 

flat surface in layer by layer mode and the graph of measured RHEED intensity 

during homoepitaxial growth of a single unit cell layer of SrTiO3. 

 

2.3.2    Atomic Force Microscopy (AFM) 

 

Atomic force microscopy (AFM) is a very high-resolution type of scanning 

probe microscopy (SPM) to collect the surface information, with demonstrated 

resolution on the order of nanometer. AFM is one of the foremost tools for imaging, 

measuring, and manipulating matter at the nanoscale. The information is gathered by 

"feeling" the surface with a mechanical probe. Piezoelectric elements that facilitate 

tiny but accurate and precise movements on (electronic) command enable the very 

precise scanning. In some variations, electric potentials can also be scanned using 

conducting cantilevers. In newer more advanced versions, currents can even be 
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passed through the tip to probe the electrical conductivity or transport of the 

underlying surface. Figure 2.7(a) shows the working diagram of a typical AFM. 

 

The AFM consists of a cantilever with a sharp tip at its end which is used to scan 

the sample surface. When the tip is brought into proximity of a sample surface, forces 

between the tip and the sample lead to a deflection of the cantilever. Depending on 

the situation, forces that are measured in AFM include mechanical contact force, van 

der Waals forces, capillary forces, chemical bonding, electrostatic forces, magnetic 

forces (for MFM), Casimir forces, solvation forces, etc. Along with the force, 

additional quantities may simultaneously be measured through the use of specialized 

types of probe. Typically, the deflection is measured using a laser spot reflected from 

the top surface of the cantilever into an array of photodiodes. Other methods include 

optical interferometry, capacitive sensing or piezoresistive AFM cantilevers. Using a 

Wheatstone bridge, strain in the AFM cantilever due to deflection can be measured, 

but this method is not as sensitive as laser deflection or interferometry. 

 

 

Figure 2.7 (a) Block diagram of working principle of AFM (image from Ref. [109]); 

(b) AFM facility in our lab. 

 

The AFM can be operated in a number of modes. In general, possible imaging 

modes are divided into static (also called contact) mode and a variety of dynamic (or 

non-contact) modes where the cantilever is vibrated. Table 2.1 lists comparison of 

different modes that often used in AFM. 
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Table 2.1 Comparison of different AFM working modes (adopted from Ref. [27]) 

Modes Advantages Disadvantages 

Contact mode  High scan speeds. 

 Only technique can 

obtain “atomic 

resolution” images. 

 More easy to scan 

the sample with 

extreme changes in 

vertical topography. 

 Lateral forces can 

distort features in the 

image. 

 The combination of 

lateral forces and 

high normal forces 

can result in resulted 

spatial resolution 

and may damage soft 

samples 

Non-contact mode  No force exerted on 

the sample surface. 

 Lower lateral 

resolution. 

 Lower scan speed. 

 Only works on 

extremely 

hydrophobic 

samples. 

Tapping mode  Higher lateral 

resolution. 

 Lower forces and 

less damage to soft 

samples in ambient 

conditions. 

 Lateral forces are 

virtually eliminated, 

so there is no 

scraping. 

 Slow scan speed. 
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    In this project, AFM setup of Veeco digital instrument Ⅳ (di4) in our lab [see 

Fig. 2.7(b)], and digital instrument Ⅲ (di3) at DPMC in University of Geneva, were 

facilitated. Moreover, contact mode and tapping mode are mainly used to obtain the 

topography of the substrates and thin films surfaces. 

 

2.3.3    Transmission Electron Microscopy (TEM) 

 

    Transmission Electron Microscopy (TEM) is a powerful microscopic tool to 

“look into” the structures and micro-structures of materials. TEM uses electrons as a 

source which has the same function as the lighting source in optical microscopy. The 

electrons will interact with the matters when transmitting through the ultra-thin 

specimen, resulting in a variety of beams carrying different information of the matter. 

These information can be obtained by processing and analyzing the different beam 

sources and due to the imaging contrast caused by a lot of factors such as mass, 

crystal orientation, thickness, atomic number, etc., the imaging and diffraction 

techniques can be categorized as: (1) Conventional imaging including bright-field and 

dark-field TEM imaging; (2) Selected area electrons diffraction (SAD); (3) 

Convergent-beam electrons diffraction (CBED); (4) Phase-contrast imaging 

(high-resolution TEM, HR-TEM); (5) Atomic number contrast imaging (Z-contrast). 

In this work, the HR-TEM (JEOL JEM-2010 TEM operated at 200kV) equipped with 

EDX and other functions was utilized. 

 

2.3.4    Photoluminescence Spectrum (PL) 

 

    Photoluminescence (PL) is a process in which a substance absorbs photons and 

then re-radiates photons. Quantum mechanically, this can be described as an 

excitation to a higher energy state and then a return to a lower energy state 

accompanied by the emission of a photon. This is one of many forms of luminescence 

and is distinguished by photo-excitation. The period between absorption and emission 

is typically extremely short, which is in the order of 10 nanoseconds. Under special 

circumstances, however, this period can be extended into minutes or hours. 
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Ultimately, available energy states and allowed transitions between states are 

determined by the rules of quantum mechanics. A basic understanding of the 

principles involved can be gained by studying the electron configurations and 

molecular orbitals of simple atoms and molecules.  

 

2.4    Electrodes Deposition and Patterning 

 

    After the samples were fabricated, one problem is how to contact the interfaces 

to probe the interfacial transport properties. Up to now, several methods have been 

used in literatures. For example, A. Ohtomo et al. in their first report [6] used 

laser-annealed ohmic contacts through contact shadow masks to reach the buried 

interfaces. M. Huijben et al. [110] used wire bonder to contact the samples. A. 

Kalabukhov et al. [111] used gold pads which were sputtered on a Ti adhesion layer 

on the samples. In this thesis, to avoid micro cracks and unknown Ti diffusion 

probably induced by other methods, a method which utilizes photolithography and 

Ar-ion etching technique as well as a gold lift-off process, was chosen for patterning 

the electrodes and the interface structures. The process is characterized with four 

steps, as shown in Fig. 2.8: (1) photolithography gave well defined holes and 

structures with hundreds of micrometers; (2) with photoresist (PR) as a soft mask, the 

samples were moved to a dry etching chamber for Ar-ion etching and this will lead to 

the exposure of buried interfaces; (3) deposition of gold or platinum on top of etched 

samples; (4) use acetone to remove PR and Au or Pt were lifted-off. The Au or Pt 

pads were then contacted with wires using silver paint or wire-bonding. 

 

 

Figure 2.8 Typical process of etching and electrode patterning utilized in this work. 
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(Original sketch adopted from Ref. [104]) 

 

    Another simpler and more stable approach to obtain well defined contacts with 

interfaces is developed by using growth of amorphous layer of SrTiO3 as soft mask. 

The details will be discussed in Chapter 4. 

 

2.5    Transport Measurements 

 

    In this work, all the electrodes were patterned into a van der Pauw geometry or a 

Hall bar geometry. After all the contacts to the interfaces were made, the samples 

were mounted onto connector boards and all the contacts were connected to the pads 

on the boards by wire-boding or gluing using silver paint. Electronic transport 

measurements were performed by using Keithley 2400 and 2410 source meters 

combined with a cryogenic stage (controller: Lakeshore 350) using a compressor as 

refrigeration system. In the resistance measurements performed at University of 

Geneva, different experimental setup was built up by including a dewar with liquid 

helium, whose skematic is drawn in Fig. 2.9(a). Hall measurements were carried out 

by vibrating sample magnetometer (VSM) system (Lakeshore 7400). A picture of a 

VSM facility in our lab is shown in Fig. 2.9(b). 

 

 

Figure 2.9 (a) Photo of the VSM system in the lab; (b) Sketch of experimental setup 

used for the transport measurement using liquid helium in University of Geneva 

(sketch adopted from Ref.[104]). 
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2.5.1    Resistance Measurement 

 

    In thin film characterizations, a specific definition of resistance named as sheet 

resistance (RS) is often used to probe the resistivity properties of the subject. By 

utilizing appropriate electrode geometries, sheet resistance, which is applicable to 

two-dimensional systems and analogous to resistivity used in three-dimensional 

systems, can be obtained from electronic transport measurements. From fundamental 

physics, we know that in a regular three-dimensional resistor, the resistance can be 

written as: 

𝑅 = 𝜌
𝐿

𝐴
= 𝜌

𝐿

𝑊𝑡
 

where ρ is the resistivity. A is the cross-sectional area of the resistor and L is the 

length. A can be written as a production of width W and the sheet thickness t. By 

grouping ρ with t, the resistance can be further written as: 

𝑅 =
𝜌

𝑡

𝐿

𝐴
= 𝑅𝑆

𝐿

𝑊
 

RS is then the sheet resistance. The unit of RS is specially termed as “ohm per square” 

or “Ω/□”, which is dimensionally equal to an ohm but is exclusively for sheet 

resistance. 

 

    From the equation above, one can thus obtain RS by measuring the resistance of 

the materials using a certain sample configuration (which gives L and W or the ratio 

of L and W). In this work, two commonly used geometries, van der Pauw (VDP) 

geometry and Hall bar geometry were utilized. The former one is specifically 

introduced here and the latter one will be mentioned in Chapter 4. 

 

    The van der Pauw method is commonly used to measure the sheet resistance of a 

material and it is also quite often used to measure the Hall effect. The method was 

firstly proposed by Leo J. van der Pauw in 1958 [112]. Some typical contact 

configurations are presented in Fig. 2.10(a). If all the contacts are numbered from 1 to 

4 in a counter-clockwise manner, beginning from the top-left contact [see Fig. 

2.10(a)], one can consider 1,3 or 2,4 for the voltage leaving the other pair of contacts 
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for the current respectively using four-points resistance measurement. For example, 

current (I) can be induced between contacts 1 and 3 and the voltage across 2 and 4 (V) 

will be measured using a voltage meter. The general four-points resistance can be 

deducted as R = V/I. The sheet resistance (RS) can then obtained by considering the 

dimensions. 

 

 

Figure 2.10 (a) Electrode configuration adopted in resistance measurement using van 

der Pauw method (picture from Ref. [113]); (b) sketch of Hall effect in a conductor 

(picture from Ref. [114]). 

 

2.5.2    Hall Measurement 

 

    As shown in Fig. 2.10(b), when a current flows in a conventional conductor, 

Hall effect can be observed in the presence of a magnetic field perpendicular to the 

current. The current consists of the movement of many small charge carriers, 

typically electrons, holes, or both. Usually, the charges follow approximately straight, 

'line of sight' paths between collisions with impurities, phonons, etc. However, when 

a perpendicular magnetic field is applied, moving charges experience a force, which 

is called the Lorentz force. And their paths between collisions are curved so that 

moving charges accumulate on one side of the material. This leaves equal but 

opposite charges located on the other side, where there is a scarcity of mobile charges. 

This results in an asymmetric distribution of charge density across the conductor that 

is perpendicular to both the 'line of sight' path and the applied magnetic field. The 
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separation of charges establishes an electric field that opposes the migration of further 

charges, so a steady electrical potential builds up for as long as the charge is flowing. 

From the establishment of this balance (Lorentz force FL equals electrostatic force 

FE), the built-up potential written as VH can be obtained as: 

𝑉𝐻 =
−𝐼𝐵

𝑑𝑛𝑒
 

where I is the current across the conductor length, B is the magnetic flux density, d is 

the thickness of the conductor [Fig. 2.10(b)], and n is the charge carrier density of the 

electrons. The Hall coefficient is defined as: 

𝑅𝐻 =
𝐸

𝑗𝐵
 

where E is the electric field established from electric potential, and j is the current 

density. And this becomes: 

𝑅 =
𝐸

𝑗𝐵
=

𝑑𝑉𝐻

𝐼𝐵
= −

1

𝑛𝑒
 

So charge carrier density can be obtained from Hall effect. Furthermore, if the 

conductor is a two-dimensional conductor, by using the equation: 

𝑅𝑆 = −
1

𝑛𝜇𝐵𝑒
 

where RS is sheet resistance of the two-dimensional conductor, carrier mobility can be 

further determined from Hall measurement. Therefore, Hall measurement is regarded 

as a very important means to probe both the intrinsic microcosmic characteristics of 

the charge carriers within the matters and the macroscopic electronic transport 

properties of the matters. 
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CHAPTER 3    

TRANSPORT PROPERTIES OF 

DyScO3/SrTiO3 HETEROSTRUCTURES 

 

3.1    Introduction 

 

A still ongoing debate concerns the origin of the conducting interface formed 

between LAO and STO. The doping mechanism was firstly proposed to be an 

electronic reconstruction which avoids the “polarization catastrophe” due to the polar 

discontinuity [6, 115]. Quite soon, it was proved that the original explanation should 

be extended to include the formation of oxygen vacancies in SrTiO3–δ [68, 81]. 

Moreover, even in an ideal atomically sharp interface, lattice distortions caused by 

epitaxial strain will occur and such distortions have great impact on the electronic 

structures. 

 

    Basically, according to the general view of the “polar discontinuity” model, 

instead of LAO, other perovskites which has the similar lattice constants and consist 

of polar atomic planes, like LaTiO3, KTaO3, KNbO3, LaGaO3, etc., should also give 

such conducting interfaces with high mobility electron gases. In fact, some of them 

have already been reported or claimed to possess similar electronic properties to LAO 

in both experimental and theoretical ways [80, 116-119]. In this chapter, we choose 

the perovskite DyScO3 (DSO), which also hosts polar atomic planes, to fabricate 

DSO/STO heterostructure and we present electronic properties of such 

heterointerface grown at different oxygen pressures. 

 

    Some research has been done on the investigation of the interfacial intermixing 

and charge accommodation at the interfaces by using an aberration-corrected 

scanning transmission electron microscopy (STEM) and electron energy-loss 
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spectroscopy (EELS) [120]. They claimed that in form of cation intermixing at the 

interfacial region, charge compensation and neutrality are established at DSO/STO 

interfaces, as shown in Fig. 3.1, which is in contrast to the LAO/STO system. 

However, one should notice that the substrates they used in their work are silicon 

wafer covered with a 40-nm thick epitaxial STO, which can be completely different 

to the situation of generation of q2-DEG between LAO films and STO single crystals. 

Considering the vital role that single crystal STO may play in, as mentioned in 

Chapter 1, their work may focus on a different system. 

 

 

Figure 3.1 (a) HAADF image of DyScO3/SrTiO3 multilayers; (b) The Dy 

concentration evaluated from (a); (c) Summary of charges, electric filed and potential 

according to the composition for layers 12-16 shown in (a). (Adopted from Ref. 

[120]) 

 

    DyScO3 has an orthorhombic structure (GaFeO3 type, lattice constants a = 5.440 

Å, b = 5.713 Å, c = 7.887 Å) and the perovskite pseudo-cubic lattice constant is 3.944 

Å. We choose DSO because it holds the same polarity as LAO, but has a lattice 

mismatch with STO of less than 1%, resulting in larger critical thickness for strain 

relaxation. This gives the possibility to fabricate nearly defect-free epitaxial DSO thin 

films with high quality interfaces. As presented in Fig. 3.2, DSO consists of 
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monovalent cations Dy
3+

 and Sc
3+

, and therefore, the DSO lattice along the [001] 

pseudo-cubic direction is composed of stacks of alternating (DyO)
+
 and (ScO2)

–
 

layers, which carry a charge of +e and –e, respectively, per two-dimension unit cell. 

Thus a polar discontinuity arises when (DyO)
+
 layer joins charge-neutral (TiO2)

0
 

layer which is on the top surface of STO substrate. Since Ti ion allows for mixed 

valence charges, polar discontinuity will conceivably result in a net electron transfer 

across the interface, which produces electron doped “n-type” interface. This 

electronic reconstruction at such interface will accommodate electrons in initially 

unoccupied d-shells of interfacial Ti atoms, making the interface conducting. Besides 

that, similar to LAO/STO interface [116], charge compensation by cation intermixing 

can be established at DSO/STO interface [80]. This phenomenon may have great 

impact on the transport properties of such interface. 

 

 

Figure 3.2 Schematic diagram of a 6 unit-cell DSO on STO heterostructure used in 

this work and the electronic structure at interfaces which can build up polarization 

continuity. 

 

3.2    Experimental Details 

 

    DyScO3 films were deposited in a ultrahigh vacuum chamber by Laser-MBE 
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with an KrF excimer laser (λ=248 nm) using a polycrystalline DyScO3 target on 

TiO2-terminated single crystal SrTiO3 (001) substrate [96]. The DyScO3 target was 

prepared by a conventional solid-state reaction method. Prior to the depostion, the 

substrate was pre-cleaned by acetone and ethanol to remove any organic reminants on 

the surface. During film growth, the substrates were kept at 750°C as measured by a 

pyrometer and the oxygen partial pressure was dynamically controlled at 10
-6

 -10
-3

 

mbar. The laser pulse repetition rate is 1 Hz and the fluence is about 2 J cm
-2

. 

Reflection high-energy electron diffraction (RHEED) was utilized to monitor the 

growth process. After the deposition, the samples were in-situ annealed under 10 

mbar O2 pressure for 1 hour at 400°C in order to compensate the oxygen vacancies 

but avoid the possible intermixing of cations at interfaces. The samples were then 

mechanically polished or patterned using photolithography conbined with reactive 

ion etch into van der Pauw geometry or Hall bar geometry. The interfaces are all 

ohmic contacted by aluminim wires using wide-temperature-range silver paint. 

 

    Room-temerature atomic force microscopy (AFM) (Veeco Digital Instrument 

Multimode IV) was carried out to investigate the topography of the Buffered-HF 

etched SrTiO3 substrate and to determine the surface quality of DyScO3/SrTiO3 

heterointerfaces. The scan speed is maintained at 0.5 Hz. High-resolution 

transmission electron microscopy (HR-TEM) (JEOL JEM 2010, 200kV) was used to 

examine the interface quality and to confirm the results obtained from RHEED 

intensity oscillations. For the photoluminescence (PL) measurement to charactorize 

the states of oxygen defects, the system utilized is an FLS920P Edinburgh Analytical 

Instruments apparatus equipped with a μF900H high energy microsecond flash lamp 

and a 450W xenon lamp. 

 

    Electric transport measurements were performed by using Keithley 2400 and 

2410 source meters combined with a cryogenic stage (controller: Lakeshore 350) 

using a compressor as refrigeration system. Hall measurements were carried out by 

vibrating sample magnetometer (VSM) system (Lakeshore 7400). For careful 

analysis of the intrinsic properties of the interfaces, all the samples were shielded 
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from any light for 24 hours before the measurements in order to suppress the effects 

of possible photocarrier injection. Gate electrode configuration for semiconductors 

was utilized in electric field effect measurement. A copper plate was used as back 

gate electrode adhered at backside of the samples by wide-temperature-range silver 

paint and a Keithley 2400 was used as a voltage source. 

 

3.3    Surface Quality of Treated Substrates 

 

3.3.1    Treatment Process 

 

    As-received commercialized STO single crystal substrates usually have surfaces 

of mixed terminations. Through suitable treatment steps, TiO2-terminated surface can 

be uniformly obtained. The treatment used in this project include: (1) the as-received 

substrates were bathed ultrasonically in deionized water (55 °C-60 °C) for 15-20 

minutes; (2) the substrates were then dried in compressed air stream (CAS) or 

compressed nitrogen (CN); (3) after that, they were immersed into buffered-HF (BHF, 

commercially available at Merck company with NH4F:HF=87.5:12.5) for a certain 

time period; (4) sequentially, the etched substrates were ultrasonically cleaned in 

deionized water and ethanol for 10 minutes, respectively; (5) then dried in CAS or 

CN; (6) finally they were moved into an oven to be annealed in atmosphere or pure 

oxygen ambient at 950 °C-1000 °C for 2 hours. 

 

3.3.2    Topography of Substrate Surfaces 

 

    Figures 3.3(a)-(c) display topography of different substrates after immersed into 

BHF for different time intervals (before annealing). We can clearly identify the steps 

and terraces from all these three images, although for Figs. 3.3(a) and (b) the surfaces 

are a little “blurry”. However, it is obvious that large peaks and holes as well as rough 

terrace edges are easy to form under longer etching time. In contrast, 1 minute of 

immersion in BHF leads to a cleaner and more flat surface. 
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Figure 3.3 AFM images and signals of STO substrates taken immediately after the 

etching and after an annealing step: (a) after 10 minutes’ etching in BHF; (b) after 5 

minutes’ etching; (c) after 1 minute’s etching; (d), (e) after annealing in atmosphere at 

1000 °C for 2 hours (2 μm and 1 μm images, respectively); (f) AFM tapping mode 

topographical signal during measurement in (e). 

 

    By means of a sequential annealing step [96] at 1000 °C for 2 hours after the 

BHF etching, surface quality can be much improved, as shown in Figs. 3.3(d)-(f). 

From the images, we can observe sharper terrace edges and more flat terraces due to 

the recrystallization of the surface of STO at high temperatures. At temperature above 

850 °C, the atoms attached to the terrace edges start to be mobile and they can 

thermodynamically migrate to fill those surface vacancies caused by HF etching. As a 

result, the edges become smooth. Moreover, from the AFM signals, a step height of 
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0.4 nm corresponding to single unit cell is well confirmed. But still, some holes with 

depth of single unit cell and some sharp corners with 90
o
 can be observed on the 

substrate surface even after annealing. Optimization of all the parameters in the whole 

treatment process can give high quality of TiO2 terminated STO substrate surfaces, as 

in Fig. 3.4. 

 

 

Figure 3.4 (a) Topography of treated STO substrate surface after plane fitting; (b) 

surface profile of image (a) confirms single-unit-cell height steps. 

 

3.4    Structural Properties of DyScO3/SrTiO3 Heterostructures 

 

3.4.1    Growth Process Monitored by RHEED 

 

    The deposition was in-situ monitored by RHEED. The RHEED pattern prior to 

the growth at deposition temperature contains streaky spots on the 0
th

-order Laue 

circle [see Fig. 3.5(a)] corresponding to intersection of Ewald sphere and the STO 

reciprocal lattice. It indicates a perfect crystalline surface [66]. Figure 3.5(b) is the 

RHEED pattern during sample annealing after 150 seconds DSO deposition. The 

shape of spots is blurred into clear streaky lines, indicating a two-dimensional 

layer-by-layer growth. The layer-by-layer growth behavior is further confirmed by the 

RHEED intensity oscillation of specula reflection during growth of DSO [see Fig. 

3.5(c)]. The oscillation of peak-to-peak RHEED intensity demonstrates the 

completion of a unit-cell layer formation. In this case, the total thickness of this DSO 
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sample is determined to be about six unit cells. 

 

 

Figure 3.5 RHEED patterns and intensity oscillation: (a) RHEED patterns of STO 

substrate prior to deposition at 750 °C; (b) RHEED patterns after 150 seconds 

deposition of DSO; (c) RHEED intensity oscillation of DSO deposition, indicating a 

layer-by-layer growth (the arrow indicates when laser pulse starts). 

 

3.4.2    Structure of Thin Films and Interfaces 

 

    After film deposition, Ex-situ atomic force microscopy study revealed that the 

step and terrace structure of the STO surface is preserved, confirming a well 2D 

layer-by-layer growth of the DSO films (see Fig. 3.6). One of the six-unit-cell 

samples was imaged by a high-resolution transmission electron microscope 

(HR-TEM) confirming the high-quality interface and the thickness estimation from 

RHEED (see Fig. 3.7). 
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Figure 3.6 (a) Topography of BHF-etched STO substrate surface; (b) Steps were well 

maintained after deposition of DSO. 

 

 

Figure 3.7 (a) High-resolution TEM image of DSO/STO interface; (b) Magnified 

picture of (a). 

 

From Fig. 3.7(b), it can be seen that the interface is very sharp implying that the 

surface of STO substrate is atomic-scale flat and the quality of the heterointerface is 

good. Clear bright atoms representing Dy ions in DSO unit cells can be clearly 

identified and we count the number of layers the same as the number of RHEED 

oscillations. Although a sub-unit layer can be found at the film surface after a 

complete growth of exact six unit cells, virtually indicating 6.5-unit-cell in thickness 

at some places, we name these samples as six-unit-cell samples in the following 

context. 
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3.4.3    Defect States Characterization 

 

    We performed room-temperature photoluminescence (PL) experiments on 

DSO/STO samples grown under different oxygen pressures (10
-6

-10
-4

 mbar) to 

characterize the oxygen vacancy states within STO substrates because 

oxygen-vacancy-doped STO can be conducting. The results of the PL measurements 

are presented in Fig. 3.8. The wavelength of the emitted light (around 450 nm) from 

all the samples is the same within the precision of the experiment. From Fig. 3.8, one 

can see that when the deposition oxygen pressure is low (10
-6

 mbar and 10
-5

 mbar), 

the samples display the characteristic peak, which agrees well with the wavelength of 

light emitted from reduced STO reported in Ref. [111, 121, 122]. This is ascribed to 

trapped states within the band gap created by oxygen vacancies. Light emitted from 

samples grown at higher oxygen pressure (10
-4

 mbar) is too weak to be detected using 

PL equipment indicating bare or low concentration of oxygen vacancies. 

 

 

Figure 3.8 PL intensities of different DSO/STO samples grown under different 

oxygen pressure (PO2): (1) PO2=10
-6

 mbar; (2) PO2=10
-5

 mbar; (3) PO2=10
-4

 mbar. The 

characteristic peaks in 1 and 2 correspond to luminescence by oxygen vacancies. 

 

3.5    Electronic Transports of DyScO3/SrTiO3 Heterostructures 
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3.5.1    Electrode Patterning 

 

    As mentioned in Chapter 2, generally in order to study the transport properties of 

the DSO/STO interface, contacts need to be etched into the DSO layer and filled with 

gold in a van der Pauw (see Fig. 3.2) or Hall geometry in all samples following the 

process showed in Fig. 2.7. Before the etching and the electrode patterning for the 

samples, the etching rate in STO needs to be calculated. Ar
+
/CF4 plasma was used for 

dry etching and the etching conditions are listed in Table 3.1. STO substrates were 

used for the calibration. 

 

Table 3.1 Etching parameters 

Parameters Value 

Plasma power 400 W 

Bias power 150 W 

Ar
+
 rate 80 ccm 

CF4 rate 20 ccm 

 

    After an etching trial for 12 minutes, an etching depth of ~25 nm can be 

observed and measured by AFM, as shown in Fig. 3.9. Thus the etching rate under 

such condition is estimated to be 2 nm/min. This etching rate can be used to estimate 

the etching depth for the electrodes. 

 

    This electrode patterning technique is a typical effective means, which has been 

utilized for efficiently measuring the interfaces and in-plane physical properties of 

ultra-thin films. Many groups use this technique to probe the buried interface between 

LAO and STO. Besides, predictably, it will crucially function for future multilayer 

structures and devices based on LAO/STO interfaces, such as LAO/STO-based 

spin-FET (see details in Chapter 5). Thus this technique is mentioned here. 

 

    However, the solidification of the photoresist can be a stubborn problem because 

it makes the photoresist hard to remove. In this work, in order to minimize this 

harmful effect and maintain the unity of measurement conditions for all the prepared 
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samples, all the samples were cut into small squared pieces (dimension: 1.8 mm). 

After the corners of the samples were mechanically whetted and polished, platinum 

electrodes were deposited according to van der Pauw configuration to have 

high-quality ohmic contact with the heterointerface. 

 

 

Figure 3.9 Topography of the etched STO substrate showing etching depth of ~25 nm: 

(a) across a pattern edge (line); (b) a corner of a square pattern. 

 

3.5.2    Electronic Transport Properties 

 

We examined the interface conductivity by using Keithley source meters 

combined with a cryogenic stage and Lakeshore Hall measurement system. Fig. 3.10 

shows the PO2 dependence of the transport properties of these DSO/STO samples. 

The temperature dependence of sheet resistance RS is given in Fig. 3.10(a) for the 

six-unit-cell sample grown at different oxygen pressures. It can be seen that the 

resistivity increases significantly as the growth oxygen pressure increases. For the 

samples grown at PO2 = 10
-6

 mbar or 10
-5

 mbar, metallic behavior can be observed 
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down to low temperatures; this is similar to the results reported by other groups on 

LAO/STO interfaces [68, 81]. For the sample grown at PO2 = 10
-4

 mbar, one can see 

the presence of a resistance upturn for temperatures below about 90 K. To analyze 

this metal-to-semiconductor (M-S) transition, we measured temperature-dependent 

mobility μH from Hall effect [see Fig. 3.10(b)]. We observed that at the M-S transition 

temperature, which is about 90 K, μH becomes temperature independent suggesting a 

drop in the mobile carrier density. (Further details of this M-S transition is discussed 

in Section 3.5.3) When PO2 increases to 10
-3

 mbar, the sample shows obvious 

insulating behavior. The set of data demonstrates that oxygen pressure PO2, and thus 

oxygen vacancies formed during deposition process, plays an important role in 

generating this metallic high-mobility electron gas. 

 

    Since the origin of the conductivity and the free carriers at DSO/STO 

heterointerface are of interest, from the Hall measurement of the samples grown 

under different PO2, we obtain the temperature dependence of n-type sheet carrier 

density ns and we calculate the corresponding carrier mobility μH shown in Fig. 

3.10(b). It is noted that in some oxides under magnetic field, the Hall resistivity 

includes an additional contribution, known as the Extraordinary Hall effect (or 

anomalous Hall effect) and is often much larger than the ordinary Hall effect. This 

effect can be either an intrinsic effect which relates to the Berry phase effect in the 

crystal momentum space (k-space) or an extrinsic effect (disorder-related) due to 

spin-dependent scattering of the charge carriers. The anomalous Hall effect leads to a 

nonlinear contribution to the relation of Hall resistivity as a function of the magnetic 

field, which will complicate the calculation of the charge mobility. However, in this 

DSO/STO heterostructure, since the main charge carriers responsible for transport are 

free electrons, showing a metallic transport behavior, which give rise to the linear 

feature in the magnetic field dependent Hall resistivity. Hence, the Hall mobility can 

be calculated from the equation: 

𝜇𝐻 = −
1

𝑛𝑆𝑅𝑆𝑒
 

where e is the electron charge. The curves in Fig. 3.10(b) demonstrate extremely high 
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carrier mobility at low temperatures, around 10
4
 cm

2
 V

-1
 s

-1
 below 20 K, for samples 

grown under low PO2 (10
-6

 mbar and 10
-5

 mbar),  and these samples display a 

residual resistivity ratio (RRR) as high as 10
3
. Besides, very high sheet carrier density 

can be determined to be about 10
17

 cm
-2

. These two results can be explained by a 

simple model including the possible role of defects/oxygen vacancies in the top layer 

of STO, where charge carriers originate from but move into pristine STO crystal, and 

as a result, these carriers tolerate much less scattering, and thus, appear as a very high 

charge carrier density as well as high mobility [81, 123]. 

 

 

Figure 3.10 (a) Temperature-dependent sheet resistance and (b) Hall mobility vs. 

temperature for DSO/STO interface in the 6 unit-cell film under different PO2 during 

growth; (c) Temperature and PO2-dependent sheet carrier densities for samples with 

different thicknesses. The arrow indicates the metal-to-semiconductor transition 

occurs in the sample grown at PO2 = 10
-4

 mbar. 

 

    For the samples grown at higher oxygen pressure (10
-4

 mbar), the sheet carrier 

density drops off to approximately 10
14

 cm
-2

 [see Fig. 3.10(c)] which approaches the 

calculated value from the “polar discontinuity” model (about 3.28×10
14

 cm
-2

). This 
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could indicate that the high conductivity in the samples grown under high PO2 is due 

to the electron gas induced by the polar discontinuity. 

 

Besides that, as shown in Fig. 3.10(c), temperature-dependent sheet carrier 

density obtained from the thinner film (2.4 nm corresponding to approximate 6 u. c.) 

changes dramatically; whereas in the thicker film (24 nm corresponding to 

approximate 60 u. c.), no obvious change occurs. This phenomenon can be rationally 

interpreted by the competition between defect-layer generated carriers and polar 

interface induced band bending. On one hand, a thicker DSO capped layer prevents 

absorption of atomic oxygen in the topmost layer of SrTiO3–δ during annealing. 

Hence the oxygen defects dominate the conductivity in the whole cooling process, 

and therefore, result in a relatively high sheet carrier density (~10
16

 - 10
17

 cm
-2

), and 

there is only a little difference between the curves at T=20 K and T=300 K. On the 

other hand, for the thinner film, oxygen vacancies are compensated during annealing. 

So when temperature drops to cryogenic regime, small quantity of residual oxygen 

vacancies induced charge carriers are restrained due to the subdued thermal activation, 

and as a result, free electrons in the conduction band of STO injected from valence 

band of DSO (due to polar catastrophe induced band bending [124]) become a 

dominant factor. Therefore, a dramatic difference between the curves at T=20 K and 

T=300 K for the 6-unit-cell film can be seen. These intriguing results imply that at 

least two kinds of charge carriers coexist at such a polar heterointerface, in consistent 

with earlier results obtained from optical experiment and dc measurement in 

LAO/STO system [70]. 

 

3.5.3    Metal-to-Semiconductor (M-S) Transition 

 

    In the sample grown under PO2 = 10
-4

 mbar condition, as mentioned above, an 

interesting upturn behavior can be observed around 90 K in sheet resistance [see Fig. 

3.10(a)], and correspondingly, a maximum appears in the temperature-dependent Hall 

mobility [see Fig. 3.10(b)] at the same temperature; both of which strongly suggest a 

metal-to-semiconductor (M-S) transition in this system.  
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This kind of phenomenon probably indicates charge localization when the 

temperature is below 90 K. We propose a simple model to interpret this M-S 

transition when temperature drops to around 90 K. Basically, at this level of oxygen 

partial pressure (PO2 = 10
-4

 mbar), the DSO/STO system contains two competitive 

conducting mechanisms: one is the oxygen vacancy induced conductivity in the film 

which is semiconducting and the conductivity is exponentially decreased when 

temperature decreases; while the other mechanism is electron-doped interface 

showing metallic behavior whose conductivity increases when temperature drops (but 

not as fast as the decrease of conductivity of semiconductor at low temperature). 

Consequently, the total conductivity is contributed by these two mechanisms and an 

M-S transition can be expected for a certain density ratio of free electrons at the 

interface and n-type carries in the film.  

 

When temperature decreases at the beginning, significant decrease of sheet 

resistance due to the less phonon scattering for the free electrons results in a 

considerable reduction in the temperature-dependent sheet resistance; but when 

temperature decreases below 90 K, the fact that abundant carriers in semiconductors 

are restrained and localized in the cryogenic regime should be responsible for the 

rapid increase in the resistivity of the whole system. As a result, pronounced M-S 

transition occurs. 

 

The simulated work based on this consideration fits well with our experimental 

data, as shown in Fig. 3.11. As discussed before, we propose that the conductivity at 

the heterostructure is related to two mechanisms, one of which is n-type 

semiconducting behavior due to the oxygen deficiency induced electrons and the 

other obeys metallic temperature dependent rule caused by free electrons at the 

interface. For a metallic system, according to Matthiessen’s Rule, the resistance as a 

function of temperature can be written as: 

𝑅𝑀 𝑇 = 𝑅1 + 𝑎𝑇2 + 𝑏𝑇5 + 𝑐𝑇 

where T
2
 and T

5
 terms are suggestive of electron-electron and electron-phonon 
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scattering, relevant at high temperatures. And for an intrinsic semiconductor, the 

resistance decreases as temperature increases because of the electrons bumped into 

the conduction band (CB) due to thermal activation, therefore obeys the exponential 

relation: 

𝑅𝑆 𝑇 = 𝑅2𝑒
−𝑎𝑇  

 

By considering these two factors in contribution to the RS(T), the temperature 

dependent resistance of the 6-unit-cell DSO sample grown at 10
-4

 mbar can be fitted 

by the sum of RM(T) and RS(T), as shown in Fig. 3.11(a). At temperature region below 

90 K, the temperature dependence of the sheet resistance is found to be logarithmic 

over one decade (30-90 K) and an activation energy of 14.9 meV can be obtained 

from lnσ~1/T relation, suggesting the carrier thermal “hopping” at low temperature 

region, as shown in Fig. 3.11(b). 

 

 

Figure 3.11 (a) Sheet resistance as a function of temperature of the 6-unit-cell DSO 

sample grown at 10
-4

 mbar oxygen pressure (open square) and the fitting curve using 

equations above; (b) Linear relationship of logarithmic conductance as a function of 

reciprocal temperature (lnσ~1/T). 

 

3.5.4    Field-Effect Measurements 

 

    It is also believed that STO itself plays a significant role in the M-S transition 

mentioned above for the reason that at low temperature the dielectric constant of STO 
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diverges as it approaches incipient-ferroelectric transition [18], though the 

mechanism underlying this transition is still unclear. Nevertheless, if the interface is 

dominantly doped by electrons, one should be able to modulate these dopants and 

investigate the nature of the carriers through a field effect by applying a bias voltage 

across the substrate. This is well known as electric field doping for the interfaces. To 

testify our assumption here, we apply a gate voltage across the STO substrate to the 

conducting channel by using back gate electrode geometry (see Fig. 3.12). The large 

thickness of the STO (0.5mm) substrate compared to the small width of the 

conducting channel (typically a few nanometers) allows a further enhancement of the 

charge modulation due to the fringing field effect. 

 

 

Figure 3.12 (a) Schematic diagram of the configuration for field effect measurement. 

V+, V-, I+, I- are for sheet resistance RS measurement and Gate voltage was applied 

between VG,+ and VG,-. We short electrode A (VG,-) and electrode B (V-) to obtain the 

same ground in this configuration; and (b) picture of the sample by using the 

configuration in (a). 

 

    Figure 3.13 displays the temperature-dependent sheet resistance of different 

samples applied with different gate voltages. The samples grown under 10
-6

 mbar 

oxygen partial pressure shows tiny change in sheet resistance under large electric 

field, indicating a defect-layer originated carrier domination, which is in consistent 

with previous analysis. However, the sample grown under 10
-5

 mbar oxygen partial 
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pressure shows significant change of resistance in one order, implying the existence 

of field effect.  

 

Very surprising results came out when we measured the sample presenting M-S 

transition, where with an applied gate voltage as low as 80 V, the M-S transition 

disappeared and a clear metallic behavior with RS (280 K)/RS (20 K) ~ 10
3
 presented. 

The enormous field effect indicates successful modulation of the carriers and even 

quantum phase transition at the interface by field effect. We attribute this field effect 

modulation of sheet resistance to the change of ratio of free electrons at the interface 

and n-type carries in the film. And also, in the process, the polar catastrophe caused 

band bending can be drastically affected by the electric field, where relatively large 

electric field provokes large band bending resulting in more free electrons injected to 

STO conduction band and dominate the conductivity at the interface. The fact, that 

the free electrons at the interfaces are extremely sensitive to electric field, enables us 

to modulate metal-to-semiconductor transition by applying an external electric field. 

 

 

Figure 3.13 Temperature-dependent sheet resistance for samples applied with 

different gate voltages (VG = 0, 80 and 100 V). Inset shows details of RS of two very 

close curves between 255°C-285°C. 
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This result is significant because, analogous but not restrained to FETs built 

from conventional semiconductors, not only can we successfully control the doping 

level originated from the electronic reconstruction but also change the interface 

quantum state through the electrical means. In principle, this could also be realized in 

other compounds of strongly correlated electron systems. Interaction between gate 

voltage and quantum state of electrons may therefore produce novel electronic 

structures with unique properties. 

 

3.6    Summary 

 

    In this chapter, the treatment technique on STO substrate to obtain TiO2 

terminated surface is discussed. Electronic transport properties of DSO/STO polar 

heterointerface grown at different oxygen pressure are successfully demonstrated 

with high mobility and carrier density. This system holds some similarities such as 

metallic behavior, high mobility and high carrier density compared to LAO/STO 

system but also presents new phenomena related the interface quantum states and 

metal-to-semiconductor (M-S) transition. The electric field effect characterization 

helps us to find out what happened at such a complex but interesting interface and has 

displayed the pronounced modulation of electric doping level and quantum phase 

transition. This heterostructure promises the potential interest for understanding 

quasi-two-dimensional electron gases (q2-DEG) as well as its applications in 

all-oxide device, thus opens new routes to complex oxide physics and ultimately for 

the design of devices in oxide electronics. 
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CHAPTER 4    

EFFECT OF ARTIFICIAL SrTiO3 ON 

LaAlO3/SrTiO3 HETEROINTERFACES 

 

4.1    Introduction 

 

    STO is a kind of “magic” material, whose paraelectricity, induced ferroelectricity, 

quantum fluctuation, transport and structure related phase transition have been widely 

explored. As mentioned in Chapter 1 and discussed in last chapter, it is broadly 

believed that STO itself plays a vital role in generating q2-DEG at LAO/STO 

heterointerfaces. Moreover, although theoretically many calculations indicate no 

specifications of STO, practically all the systems so far reported and comprehensively 

accepted as q2-DEG systems have had to involve STO with no exceptions. Their 

calculations basically use ATiO3, where A can denote different cations given 

non-polar atomic planes (in this case, the valence of A ion should be +2), and predict 

the presence of q2-DEG [118]. But to my best knowledge, some attempts have been 

made to replace STO by CaTiO3 or BaTiO3 (Ca, Ba both have bivalence) yet not 

successful. Apparently, these available “experimental truths” cannot be solely 

reconciled by “polar discontinuity” model, and can be suggestive of importance of 

STO. The reason of the necessity to keep STO “in the loop” in generating this 

q2-DEG is unclear. 

 

    Recently, it has been demonstrated by using appropriate annealing that the 

electron gas locates in the single crystal of STO but is confined near the interface [73, 

123]. But there are still many questions are open for discussion. For example, what’s 

the origin of the generation of the gas? Why can the transport in STO single crystal 

shows metallic behavior? Why is the gas confined at the interface? To try to answer 

these questions either theoretically or experimentally, one should consider a few 



CHAPTER 4                                  

LI Danfeng  63 

 

EFFECT OF ARTIFICIAL SrTiO3 ON 

LaAlO3/SrTiO3 HETEROINTERFACES 

factors about STO, such as the dielectric behavior of STO, oxygen vacancies in STO 

and crystalline of STO, etc. (see Chapter 1 for reference). For example, regarding 

dielectric constant, Siemons et al. claimed that due to the large variation in dielectric 

properties of STO as a function of the temperature (approximately 24000 at 4 K, 

compared to about 300 at room temperature), the electron screening is enhanced and 

electrons can spread out over large distances, deeply inside STO crystal [125, 126]. 

On the contrary, by taking into account of the large electric-field dependence of the 

dielectric permittivity, Copie et al. showed that the gas actually remains confined 

even at low temperature, in agreement with their cross-sectional AFM results [73]. 

Other factors also have great impact on the q2-DEG, as will be partially discussed in 

this chapter. 

 

    Even though scientists are trying to capture the fundamental influences that STO 

has on generating the gas and to fabricate the gas by involving artificial STO (for 

example, growing STO films by PLD), so far all the q2-DEGs still need STO crystal, 

suggesting that without the STO substrate, the conductivity is lost. That is why it has 

not yet been possible to demonstrate multilayers with several q2-DEGs despite that 

numerous LAO/STO superlattices have been made and investigated [110], as shown 

in Fig. 4.1(a). Imagine that, if the q2-DEG can be formed between LAO layer and 

fabricated STO thin film by growing epitaxial STO directly on silicon [127], it will be 

able to create new electronic devices combining the q2-DEG in oxides with 

conventional semiconductor technologies. 

 

On the other hand, upon the successful fabrication of q2-DEG on artificial STO, 

it is possible to have several conducting interfaces in superlattice or multilayers of 

LAO and STO. Since the interfaces are superconducting, one can probably observe 

the coupling effect between adjacent superconducting interfaces. Thus, the transition 

temperature of the system can be tuned and vortex dynamic can be studied through 

the superconducting coupling effect [128, 129]. Figs. 4.1(b) and (c) illustrate the 

reported work on superlattices composed of high-TC superconductors. 
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Figure 4.1 (a) Schematic view of a STO/LAO/STO heterostructure in a multilayer 

structure of LAO/STO (adopted from Ref. [110]); (b) Schematic representation of an 

ideal 24-Å-wavelength Yba2Cu3O7/DyBa2Cu3O7 multilayer (for details see Ref. 

[131]); (c) DyBCO-(Y1-xPrx)BCO (x= 0.4, 0.55, and 1) activation energies as a 

function of N and for a field of 1 T (for details see Ref. [129]). 

 

    The work in this chapter was accomplished at Condensed Matter Physics 

Department, University of Geneva, under PolyU Oversea Research Student 

Attachment Program. By growing LAO on an artificial STO layer, which is grown by 

PLD on STO substrate at different growth temperatures, the influence of this STO 

interlayer to the conductivity of the interface has been studied. The phenomena found 

in the LAO/STO/STO structure may shed light on revealing the functions STO 
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possesses in LAO/STO heterointerfaces and possible of the origin of the phenomena 

will also be discussed. In addition, one should note that basically in all considerations 

from the available calculations for LAO/STO, fully oxidized artificial homoepitaxial 

STO layers have no particular difference from the STO single crystal substrates, 

which obviously cannot sufficiently interpret our results. In addition, the structural 

and transport properties of the LAO/artificial STO interfaces were also studied. 

 

4.2    Experimental Details 

 

4.2.1    General Procedures 

 

    Generally, the experiments undertaken in this work follow these procedures: (1) 

Grow STO on different single crystal substrates; (2) Take out the sample and treat the 

sample surface with BHF and annealing to obtain TiO2 surface again; (3) Pattern the 

sample (see 4.2.3 for details); (4) Grow LAO on top of the patterned substrate; (5) 

Electrical characterization and topographic imaging by AFM (Digital Instrument Ⅲ). 

 

4.2.2    Deposition 

 

    STO films were grown at different conditions (650 °C and 800 °C under 8×10
-5

 

torr; and 1100 °C under 1×10
-6

 torr) and the thickness of STO films varied from 2 u.c. 

to 40 u.c. LAO films were grown at 800 °C under 8×10
-5

 torr and thickness of LAO 

films was kept as 5 u.c.. All films were grown by PLD, and Fig. 4.2 illustrates the 

designed structure. 
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Figure 4.2 Sketch of the studied structure. STO was deposited from a single-crystal 

target, while LAO was deposited from a condensed ceramic target. 

 

    The laser repetition rate was kept at 1 Hz and the fluence of the laser pulses was 

0.6 J cm
-2

. The film growth was monitored in-situ using RHEED. After each 

deposition (for both STO and LAO), samples were annealed in 200 mbar of O2 at 

about 540 °C for one hour and cooled down to room temperature in the same oxygen 

pressure. The samples were examined ex-situ by atomic force microscope to 

characterize the surface quality. All the as prepared STO/Substrate samples were 

treated by Buffered-HF solution and annealed in oxygen at 1000 °C to obtain 

precisely controlled TiO2-terminated surfaces. 

 

4.2.3    Sample Patterning Process and Measurements 

 

 

Figure 4.3 Representation of patterning process: (a) STO/Substrate sample; (b) 

photolithography; (c) deposition of amorphous STO; (d) lift-off; (e) deposition of 

LAO at deposition temperature. 

 

    A different sample patterning method to electrically contact the interface was 

exerted in this work. As illustrated in Fig. 4.3, the patterning process is basically 

accomplished before the final deposition of LAO layer. The soft mask with certain 

pattern [see Fig. 4.4(a)] was firstly made onto the as-treated STO/Substrate samples 

by photolithography. The pattern used here is a typical Hall bar geometry with 

terminals connected to pads for the convenience. Sequentially, amorphous STO was 

deposited onto the patterned sample (by PLD, 5 Hz, 6 minutes, 0.6 J cm
-2

, at room 

temperature). After lift-off by acetone, the remnant amorphous STO with opposite 

patterns acted as the hard mask. Finally, LAO layer was deposited and the patterns 

can be clearly identified by eyes [see Fig. 4.4(b)] so that wire-bonding can be 
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performed to bond the pads in the pattern on the samples penetrating the thin LAO 

films to contact the interface [see Fig. 4.4(c)]. Since the LAO on top of bare 

crystalline STO is crystalline thus is conducting, while the LAO deposited onto the 

surface of amorphous STO is not conducting [see Fig. 4.4(d)], the contact interfaces 

can be patterned and contacted using wire-bonding in this manner. 

 

 

Figure 4.4 (a) Design of the mask pattern; (b) optical microscopic image of the 

sample after growth of LAO, from which the pattern can be clearly identified; (c) 

wire-bonding positions and configuration of sheet resistance measurement; (d) AFM 

3D topography of the patterned sample, where the crystalline LAO shows clear steps 

and terraces structure. Amorphous and crystalline areas can be distinguished (image 

from C. Cancellieri). 

 

    As shown in Fig. 4.4(c), the length of the measured conducting area, which lies 

between the two measuring voltage terminals, is exactly two times of the width which 

is the width of the conducting channel. Therefore, according to the definition of sheet 

resistance introduced in Chapter 2, the sheet resistance can be obtained from the 

measurement using Hall bar geometry as below: 
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𝑅𝑆 =
1

2
𝑅 

where RS is sheet resistance and R is the measured four-point measurement. 

 

    After the wire-bonding, the sheet resistance of the samples as a function of 

temperature was measured utilizing the setup demonstrated in Fig. 2.8(b) down to 4 

K. The magnetotransport measurements versus temperature were performed in 

Oxford experimental facility or Janis system equipped with superconducting magnets 

(up to 8 T) and other current sources and nano-voltage meters down to 1.5 K. 

 

4.3    Results and Discussion 

 

    In order to uncover the difference between the artificial STO layer and the single 

crystal STO of the effect on the electronic properties of the LAO/STO conducting 

interface, we firstly started with building up the LAO/STO interface on STO single 

crystal substrates. 

 

4.3.1    In-situ Fabricated LAO/STO/STO Structure 

 

Apparently, a straight forward way is to sequentially grow STO and LAO on 

STO substrates. This is represented as in-situ growth of LAO/STO/STO structure. 

During fabrication, the deposition temperature and oxygen pressure were maintained 

at 800 °C and 8×10
-5

 torr, respectively. STO was firstly grown on the substrate, and 

then 5-unit-cell LAO was grown on top. Figure 4.5 shows transport properties of this 

framework. It was found that the LAO/STO interface is non-conducting when the 

thickness of the STO interlayer is above 5 unit cells thick. 
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Figure 4.5 Transport properties versus temperature of in-situ fabricated 

LAO/STO/STO structure for different thickness of STO interlayer (red dots: 5 u.c., 

grey dots: 2 u.c. and green dots: only LAO): (a) magnetoresistance; (b) sheet carrier 

density; (c) carrier mobility; (d) sheet resistance. (Measurements conducted by N. 

Reyren and C. Cancellieri) 

 

    From the figure above, one should note that as the thickness of STO increases 

(below 5 u.c.) the carrier density drops, which means we lose some part of the mobile 

carriers when more artificial STO is added. But the question is that, is it due to the 

intrinsic factors of STO thin film? Or is it because of the non-perfect surface of STO 

thin film? Do mixed terminations have great impact on the conductivity of the 

LAO/artificial STO interfaces? What if we treat the surface of the STO interlayer? 

Since generally the quality of the STO thin films grown at typical temperatures is not 

very high and the dielectric constant of typical STO films is low, what if we deposit 

STO in step-flow mode at 1100 °C? 

 

    In order to answer these questions, in the work reported below, we grow STO at 

different temperatures, then grow LAO on the treated artificial STO interlayer, and 

explore the transport properties of this so called ex-situ fabricated LAO/STO/STO 
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structure. 

 

4.3.2    Ex-situ Fabricated LAO/STO/STO Structure 

 

    The deposition and treatment conditions are described 4.2. Note in this work, 

STO were grown at 800 °C, 1100 °C and 650 °C. 

 

4.3.2.1   RHEED Monitoring of STO Growth 

    At 800 °C, STO thin films grow on STO substrate homoepitaxially in 2D 

layer-by-layer mode, as introduced in Chapter 2. Figure 4.6 illustrates the specula 

spot RHEED intensity oscillations for monitoring the growth of STO with different 

thickness (10 u.c., 20 u.c. and 30 u.c. are shown here). From the RHEED intensity 

oscillations, we can count the exact number of unit cells.  
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Figure 4.6 RHEED specula spot intensity oscillations and topography of the 

corresponding samples: (a) 10 u.c. STO/STO; (b) 20 u.c. STO/STO; (c) 30 u.c. 

STO/STO. (Red asterisks and the arrows indicate where the electron beam intensity is 

increased, and the dimension of all AFM images are 2μm.) 

 

Figure 4.6 also shows AFM topographic images of the corresponding STO/STO 

samples, from which we can observe the surface morphology varies from sample to 

sample depending on the miscut angle of original STO substrate. In the sample of 10 

u.c. STO, step-and-terrace structure is well preserved but some remnant hillock, 

which is believed to be SrO islands, can be observed. In contrast, for the sample of 20 

u.c. STO, steps can hardly be seen, indicating that mixed termination dominates in 

this situation. 

 

    At 1100 °C, typical laser parameters (1 Hz, 0.6 J cm
-2

) and 1×10
-6

 torr growth 

ambient give rise to a step-flow growth for STO. After every laser pulse hit the target, 

the flux of atoms and ions is bombarded to form a plume. When the flux reaches the 

heated substrate, the atoms and ions are deposited to become adatoms, which are 

randomly distributed on the surface. This will increase the chaos of the surface thus 

the specula intensity decreases accordingly. However, due to the very high 

temperature, the adatoms can migrate to the edge of the terraces which is the 

thermodynamically stable status, therefore in this way the crystal is growing as steps 

are “flowing”. The diffusion time (relaxation time) of adatoms is shorter than the 

laser rest time. After the adatoms are bonded at the step edges and before next flux 

comes, the surface is in order as a well crystalline surface and the RHEED intensity 

fully recovers within one laser interval. In the step-flow growth, nucleation on the 

terraces is prevented. On the other hand, if the laser repetition rate is increased, for 

example, from 1 Hz to 5 Hz. Because of the shorted laser interval, there is not enough 

time for the adatoms to relax on the surface and they will nucleate on the terraces. As 

a result, layer-by-layer growth can recur. Figure 4.7 shows a typical step-flow growth 

of STO at 1100 °C and a layer-by-layer growth at the same temperature if the laser 

repetition rate is increased to 5 Hz. 
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Figure 4.7 RHEED intensity oscillation of homoepitaxial STO grown at 1100 °C; (a) 

at laser repetition of 1 Hz; (b) at laser repetition of 5 Hz. 

 

4.3.2.2   Surface Morphology of STO/STO and LAO/STO/STO 

    Figure 4.8 displays the general overview of AFM topographic images of 

LAO/STO/STO samples for different thickness of STO interlayer grown at 800 °C. 

The images were taken after the deposition of STO interlayer, after the BHF 

treatment on STO interlayer surfaces and after the growth of LAO. 

 

 

Figure 4.8 Overview of AFM topographic images of LAO/STO/STO samples for 

different thickness of STO interlayer grown at 800 °C. Each column represents the 

images taken at different stages from the same sample with the same thickness of 
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STO interlayer. 

 

    The step-and-terrace structures can be seen for all the LAO/STO/STO samples 

listed in Fig. 4.8 for different STO interlayer thickness. However, the terrace width 

and surface roughness are varied from sample to sample, mainly depending on the 

substrate miscut angle. Note that after BHF treatment, SrO remnant are 

predominantly removed from the STO/STO surface. 

 

    Figure 4.9 shows topography of STO/STO samples with STO layers grown at 

1100 °C and 1×10
-6

 torr. From the figure, one can see that the surface morphology is 

not always very smooth. In some samples [see Fig. 4.9(c)], the surface roughness is 

tremendously high and step-and-terrace structures are wrecked; while in some 

samples [see Figs. 4.9(b), (d) and (e)], the intended steps and terraces are well 

preserved. This is in accordance with the step-flow growth theory. Furthermore, in 

some samples, as shown in Fig. 4.9(a), steps can be observed, yet the step edges are 

extraordinarily rough filled with numerous pits and holes with one unit cell depth. 
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Figure 4.9 AFM topographic images of STO/STO surfaces with different STO layer 

thickness grown at 1100 °C: (a) 10 u.c. STO; (b) 20 u.c. STO; (c) 40 u.c. STO; (d) 20 

u.c. STO; (e) 40 u.c. STO. 

 

4.3.2.3   Transport Properties of LAO/STO/STO 

    Figure 4.10(a) shows sheet resistance (RS) of LAO/STO/STO interfaces, as a 

function of temperature (T) for different STO interlayer thickness (x in u.c.) grown at 

800 °C. From the graph, one can see that when x equals 15 or below, the interfaces 

are conducting and RS vs. T curve shows metallic behavior, i.e. RS decreases as T 

decreases, due to the weakened phonon scattering. Besides, RS at room temperature 

follows the tendency that with increased x, RS increases. When x approaches 20, the 

LAO/STO/STO interface shows a metal-to-insulator transition (MIT) and the 

structure becomes insulating (the resistance can be measurable down to 100 K but the 

RS vs. T behaves as insulating). Finally, when x reaches 30, RS is beyond the 

measurement limit thus not shown in the graph. The structure becomes completely 

insulating. 

 

 

Figure 4.10 (a) Sheet resistance (RS) of LAO/STO/STO interfaces with STO grown 

at 800 °C as a function of temperature (T) for different STO thickness (x); (b) sheet 

conductance (σS) at 280 K extracted from (a) as a function of x. The inset figure in (a) 
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recalls again the framework of the subject studied. 

 

    Sheet conductance can be extracted from Fig. 4.10(a) for different samples. As 

shown in Fig. 4.10(b), this metal-to-insulator tendency can be clearly identified from 

the sheet conductance (σS) at 280 K of LAO/STO/STO interfaces as a function of x. 

By comparing this result to the transport properties reported in 4.3.1, one can see that 

the critical thickness of STO interlayer, for LAO/STO interfaces to be conducting, is 

promoted from 5 u.c. to above 20 u.c (nearly 8 nm). But still, when the thickness 

exceeds this critical value, the conducting interface, i.e. q2-DEG is destroyed. This 

means that although the BHF treatment has favorable impact on the conductivity of 

the heterointerface, q2-DEG cannot be solely generated on artificial STO thin films. 

 

    Figure 4.11 shows the temperature-dependent sheet carrier density (nS) and 

mobility (μ) extracted from Hall measurement of the above samples. It can be found 

that, the mobilities of the LAO/STO/STO interfaces, for different x, are at the same 

order of magnitude, as typical LAO/STO interfaces. However, from the figure, one 

can clearly see that, as x increases nS drops. This probably suggests that, as the 

thickness of STO thin film increases, more carriers generated at the first interface 

(LAO/STO interface) suffer from more scattering by the defects created within STO 

layer during growth at typical temperatures and thus become localized. Consequently, 

at low temperatures, the carriers start to “freeze-out”, giving rise to the 

metal-to-insulator transition as the thickness of STO increases. 
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Figure 4.11 (a) Sheet carrier density (nS) and (b) Hall mobility (μ) of LAO/STO/STO 

interfaces as a function of temperature for different STO thickness. 

 

    To more deeply reveal the relation between nS and x, and understand the fact that, 

with presence of artificial STO, part of the carriers are “lost” or localized, the above 

results are re-plotted in Fig. 4.12. From Figs. 4.12(a) and (b), the tendency that as x 

increases, nS and nS-per-monolayer decrease. 

 

 

Figure 4.12 (a) Sheet carrier density and sheet carrier density per ML of STO as a 

function of STO layer thickness at T = 5 K; (b) mobility as a function of sheet carrier 

density for samples with different STO thickness at T = 5 K; (c) different transport 

properties of SrTiO3-δ measured at 5 K and 300 K. The red circle and dashed line 



CHAPTER 4                                  

LI Danfeng  77 

 

EFFECT OF ARTIFICIAL SrTiO3 ON 

LaAlO3/SrTiO3 HETEROINTERFACES 

indicate the regime we adopted to estimate the thickness of q2-DEG (adopted from 

Ref. [48]). 

 

    By considering the fact that μ of the samples for different x falls in the same 

order of magnitude and the q2-DEG is related to doped STO crystal, we can make a 

rough estimation for the thickness of q2-DEG generated in such LAO/STO/STO 

structures in light of the following equation: 

𝑛3𝐷(𝑐𝑚
−3) ∙ 𝑑 = 𝑛2𝐷(𝑐𝑚

−2) 

where n3D represents the 3D carrier density of doped bulk STO and n2D represents the 

sheet carrier density of q2-DEG at LAO/STO interfaces. Using the n3D value of the 

intersect of the vertical red dashed line and the x axis as indicated in Fig. 4.12(c), the 

thickness of the gas for the samples above can be calculated. For example, for the 4 

u.c. STO interlayer, d ≈ 5 nm; and for the 15 u.c. STO, d ≈ 1.1 nm. Apparently, the 

thickness of the electron gas drops quickly as the thickness of STO layer increases. 

The gas is more confined for relatively thicker STO layer. 

 

    Figure 4.13 shows magnetoresistance (MR) as functions of perpendicular 

magnetic fields (μ0H⊥) and parallel magnetic fields (μ0H∥) up to 7 Tesla for 

LAO/STO/STO interfaces with different x. We can see that under applied 

perpendicular magnetic fields, the system holds positive MR while under applied 

parallel magnetic fields, the system has negative MR. This is in accordance with 

typical LAO/STO heterointerfaces. Moreover, the shape of the curves, especially at 

low fields, looks like prototypical LAO/STO system. 
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Figure 4.13 Magnetoresistance as a function of (a) perpendicular magnetic fields and 

(b) parallel magnetic fields for different LAO/STO/STO samples with different STO 

thickness. 

 

    For the LAO/STO/STO interfaces with STO grown at 1100 °C, more or less as 

supposed, distinct RS(T) behavior was observed. As shown in Fig. 4.14, all the 

LAO/STO/STO samples with STO thickness up to 40 unit cells present metallic RS(T) 

behaviors. The sheet resistance keeps going down as temperature drops to cryogenic 

region. Figs. 4.14(b) and (c) display nS and μ as a function of temperature down to 1.5 

K. Similar to previous results obtained from “STO grown at 800 °C” LAO/STO/STO 

samples, nS drops as the STO thickness increases, probably also being a sign of 

charge localization happens in artificial STO layer. 
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Figure 4.14 (a) Sheet resistance, (b) sheet carrier density and (c) mobility as a 

function of temperature for LAO/STO/STO interfaces with different thickness of 

STO grown at 1100 °C and 1×10
-6

 torr. (The sample labeled by an asterisk is broken 

and measured using general four-point configuration rather than Hall bar geometry.) 

 

    A comparison in temperature-dependent sheet resistance can thus be made for 

LAO/STO/STO structures with STO interlayer of constant thickness (20 u.c.) grown 

at different temperatures. From this, we can clearly witness the evolution of the 

transports of LAO/STO/STO samples as a function of STO growth temperature. For 

growth temperature of 650 °C, samples show insulating behavior, with RS over the 

measurement limit at RT. For growth temperature of 800 °C [see Fig. 4.15(a)], RS is 

readable but shows characteristic RS(T) behavior down to around 110 K before it 

becomes immeasurable. When growth temperature is chosen to be 1100 °C, it can be 

clearly seen in Fig. 4.15(b) that q2-DEG is preserved. This striking evolution can be 

interpreted as that, when growth temperature of STO interlayer increases from 650 °C 

to 1100 °C together with the growth mode changed from layer-by-layer to step-flow, 

the quality of STO interlayer is effectively improved thus diminishes the scatterings 

in artificial STO layer. As a result, charge localization in this layer is suppressed or 
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eliminated. The enhanced dielectric properties, as reported in Ref. [33] may also play 

important role in leading to diverse transport properties as the STO growth 

temperature varies. 

 

Figure 4.15 Sheet resistance of LAO/STO/STO interfaces with STO (20 u.c.) grown 

at different temperatures: (a) 800 °C; (b) 1100 °C. 

 

4.3.3    Ex-situ Fabricated LAO/STO on Other Substrates 

 

    Due to the fascinating fact that the metallicity and q2-DEG can be preserved on 

the LAO/artificial STO heterointerface, we try to “get rid of” single-crystal STO 

substrates by growing STO at 1100 °C on other single-crystal substrates such as 

DyScO3 (DSO) and NdGaO3 (NGO). Figure 4.16(a) shows x-ray diffraction (XRD) 

patterns of STO thin films grown on DSO and NGO substrates. From top to bottom, 

the pink curve represents STO/DSO structure after BHF treatment and annealing 

process; the blue curve represents the same structure after deposition of STO and 

before the treatment; the red curve represents STO grown at 800 °C on an NGO 

substrate; the green curve represents STO grown at 1100 °C on an NGO substrate. 

One can see the fringes associated with the main STO peaks in the first three curves, 

but for STO grown at 1100 °C on NGO, these fringes are absent probably due to the 

intermixing between STO and NGO at high temperatures. One can also observe that 

the c-axis of STO shrinks when growth temperature on NGO substrates increases 

from 800 °C to 1100 °C. 

 

    Although the structural aspects of the STO/DSO and STO/NGO structures are 

good, for example, RHEED intensity has the step-flow mode characteristics (not 

shown here) and XRD patterns are acceptably good indicating that STO films are 
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good, the LAO/STO/DSO and LAO/STO/NGO interfaces fabricated in this work 

show insulating behavior, as demonstrated in RS(T) curves in Fig. 4.16(b). The 

incredible difference in RS(T) for the heterostructures with STO grown at 1100 °C on 

STO and other perovskite substrates indicates that the crystal quality or dielectric 

constant of STO cannot be solely responsible for generating q2-DEG. Strain and the 

probable strain-induced defects in STO layer may have great influence on scattering 

the mobile electrons, resulting in elimination of q2-DEG. This proves that LAO/STO 

heterointerface is very sensitive to the by-components and other physical parameters; 

besides, it strongly relies on STO single crystal. 

 

 

Figure 4.16 (a) X-ray diffractions around (002) peaks of STO thin films grown on 

DSO and NGO substrates; (b) sheet resistance vs. temperature for LAO/STO/NGO 

structures. 

 

4.4    Summary 

 

    In this chapter, artificial STO was grown on different single-crystal perovskite 

substrates at different conditions, and LAO/STO heterointerfaces were fabricated on 

this artificial STO layer. By analyzing the structural as well as transport properties of 

these heterointerfaces, we summarize the results as below: 
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[1] The in-situ fabricated LAO/STO interface is non-conducting when the thickness 

of the STO interlayer is well above 5 unit cells. 

 

[2] It appears that the surface ex-situ treatment, i.e. the surface termination control 

has great impact on the electronic properties of the interfaces. 

 

[3] For the samples with LAO grown on ex-situ treated STO/STO surfaces, the 

conducting interface starts to disappear above a certain thickness of artificial 

STO layer (20 u.c. ≈ 8 nm) if STO is grown at 800 °C. And the number of 

charge carriers decreases regularly as the thickness increases. 

 

[4] The conducting interface can be preserved at least up to 40 u.c. ( ≈ 16 nm) STO 

layer thick if STO is grown at 1100 °C and the surface is treated before LAO 

deposition. (Even the STO surface is not good.) 

 

[5] So far, STO grown at high temperature (1100 °C) on other perovskite substrates 

didn’t give any sign of generation of q2-DEG at LAO/STO heterointerfaces built 

on the artificial STO layer, indicating the importance of single-crystal STO. 

 



CHAPTER 5                                  

LI Danfeng  83 

 

CONCLUSION AND PERSPECTIVES 

 

CHAPTER 5    

CONCLUSION AND PERSPECTIVES 

 

    In conclusion, the methods to obtain single TiO2-terminated STO substrate 

surfaces are explored and the high quality of surface is demonstrated. The DSO/STO 

heterointerface and the LAO/STO/STO heterostructure have been fabricated by 

Laser-MBE and PLD. Their structural and transport properties have been 

characterized and studied down to cryogenic region. The main results and discoveries 

of this project are summarized as follows: 

 

[1] Electronic transport properties of DSO/STO polar heterointerface grown at 

different oxygen pressure by Laser-MBE are successfully demonstrated with 

high mobility and carrier density. Transport results show that this system holds 

some similarities such as metallic behavior, high mobility and high carrier 

density compared to LAO/STO system. It also exhibits characteristics regarding 

the interface quantum states and metal-to-semiconductor (M-S) transition. Field 

effect characterization reveals pronounced modulation of electric doping level 

and quantum phase transition. This heterostructure promises the potential 

interest for understanding quasi-two-dimensional electron gases (q2-DEG) as 

well as its applications in all-oxide device. 

 

[2] Artificial STO was grown on different single-crystal perovskite substrates at 

different conditions by PLD, and the LAO/STO heterointerfaces were fabricated 

on this artificial STO layer. By analyzing the structural as well as transport 

properties of these heterointerfaces, it reveals that the surface ex-situ treatment, 

i.e. the surface termination control is vital for generation of q2-DEG at the 

interfaces. By treating the surface of the artificial STO thin film, the metallic 

q2-DEG can be preserved when the thickness of STO is above 5 u.c., obviously 

distinguished from in-situ grown LAO/artificial STO/STO interface. The 
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transport properties of the heterointerfaces with artificial STO layers grown at 

different deposition temperatures indicate that for typical growth temperatures, 

defects can be formed and accommodate in artificial STO layer thus become the 

scattering source for the mobile electrons. This results in the descending charge 

density as the STO thickness increases, before the charge “freeze-out” happens 

at low temperatures (for STO grown at 650 °C and 800 °C, thickness above 20 

u.c.). On the contrary, STO grown at high temperature (1100 °C) is better 

crystallized, reducing the defects thus providing the foundations for the metallic 

transport of q2-DEG. Moreover, the intrinsic difference in the dielectric constant 

of STO grown at different temperatures may also have great impact on the 

existence of the q2-DEG. This work initiates a novel means to study 

fundamental questions regarding the origin of the q2-DEG discovered at 

LAO/STO interfaces. The success in building up LAO/artificial STO/STO 

heterostructure with preserved conducting interface lights up the ability to 

control q2-DEG on artificial STO and further incorporate oxide electronics with 

typical silicon-based devices. 

 

[3] However, so far, STO grown at high temperature (1100 °C) on other perovskite 

substrates didn’t show the presence of q2-DEG at LAO/STO heterointerfaces 

built on the artificial STO layer, indicating the importance of single-crystal STO. 

More work needs to be done on enabling to build LAO/STO heterointerfaces on 

other perovskite substrates, and finally on silicon. 

 

In future work, for the LAO/STO/STO heterostructures, in the case of STO 

grown at 800 °C, since the number of carriers decreases with the increase of the 

thickness of STO layer, it is important to perform further transport measurements 

such as superconductivity measurement for the samples to estimate the q2-DEG 

thickness. The thickness of the q2-DEG can provide information on charge 

confinement and localization as well as other physical parameters of transport 

properties, helping understand the difference between the impact of STO thin films 

and of STO single crystals. 
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    Potential applications of LAO/STO heterointerfaces are driven by combining the 

q2-DEG with ferromagnetic materials to fabricate spin injection devices and spin 

field effect transistors. By applying a gate voltage to the q2-DEG channel, the 

spin-polarization of electrons can be modified or changed through effective magnetic 

field induced by Rashba spin-orbit coupling. Even without the gate voltage, the 

conductivity which depends on the spin polarization can be tuned by changing the 

magnetizations in ferromagnetic source and drain electrodes. In future, the fabrication 

of such devices and the measurement of the spin-dependent conductivity in q2-DEG 

can be the focus of the extended work based on this project. 
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