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Abstract

Since the discovery of the conducting two dimensional electron gas (2DEG) at the in-

terface of insulating oxide materials LaAlO3 and SrTiO3 in 2004, this system has shown

a vast diversity of physical properties including superconductivity, ferromagnetism and

field induced metal-insulator phase transitions. In this dissertation we discuss three ad-

vances by our collaboration that bolster applicability of this interfacial system. In an all

thin-film LaAlO3/SrTiO3 system we identified two different conduction regimes, where

the effect of oxygen partial pressure during growth directly affects the carrier density of

the system. In the lower carrier density regime (∼ 1013 cm−2) we found a metallic to insu-

lating temperature dependence and strong localization by disorder, whereas in the higher

regime (> 1014 cm−2) we find metallic dependence with signs of weak localization. This

is understood in the occupation of Ti 3d bands farther from the interface as carrier den-

sity is increased. Our work in the electronic properties of all-thin-film LaAlO3/SrTiO3

pioneers the understanding and implementations of this 2DEG to harness the richness

of this oxide interface and its integration to industry standard substrates. Furthermore,

we showed the first conducting LaAlO3/SrTiO3 two-dimensional system grown by the

physical vapor deposition technique: 90◦ off-axis sputtering. Films grown with this scal-

able technique have excellent crystalline quality and transport characteristics similar to

those grown by (mostly research employed) pulsed laser deposition. Writing of circuits

on the nanoscale using conducting-tip atomic force microscopy is demonstrated in sput-

tered LaAlO3 on SrTiO3, opening the doors to nanoelectronic application of this novel

interfacial system. Moreover, we are among the first groups in the world to demonstrate
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conducting [111]-oriented LaAlO3/SrTiO3 heterostructures, a crystallographic orienta-

tion that proves to be challenging due to the large polar nature of perovskite oxides in

this stacking direction. An interplay between structural and electronic reconstructions

is at work to resolve the polarization divergence. This drives the LaAlO3/SrTiO3 (111)

system from insulating to conducting with increasing LaAlO3 thickness, displaying a

broader transition than the conventional (001) system and a similar n-type 2DEG.
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Chapter 1

Introduction

In his 2000 Nobel Prize Lecture, Herbert Kroemer said:

Often it may be said the interface is the device.

Kroemer was receiving the prize “for developing semiconductor heterostructures used

in high-speed- and opto-electronics.” He pioneered the use of heterojunctions of con-

ventional semiconductors from the II–V groups to develop widely used solid state de-

vices such as the drift-field effect transistor and the double-heterostructure laser, the

basis of all modern solid state diode lasers. Recently, Nature Materials published an

editorial article titled The interface is still the device, highlighting the importance of

recent advances in the fabrication of heterostructures using transition metal oxides [1].

Oxide interfaces provide a platform of diverse phenomena arising from the more com-

plex electronic structure, e.g. magnetism, ferroelectricity and superconductivity. In-

deed, complex oxide interfacial systems have shown electrostatically driven electronic

reconstruction (LaAlO3/SrTiO3), ferromagnetic order (LaMnO3/SrMnO3), spin and or-

bital reconstructions (CaMnO3/CaRuO3), interface superconductivity (LaAlO3/SrTiO3

again) and fractional quantum Hall effect (ZnO/(MgZn)O) [2].

Almost 10 years after Ohtomo and Hwang’s discovery of the two-dimensional elec-

tron gas (2DEG) at the LaAlO3/SrTiO3 heterointerface [3], the quest for new interfacial

phenomena has been relentless, with field-effect tuning, superconductivity, ferromag-

netism, Rashba spin-orbit coupling, strain-induced internal polarization, among others



2

populate the list. In this dissertation we expand the understanding of this 2DEG at

LaAlO3/SrTiO3 by exploring aspects related to confinement, scalability, new growth

techniques and realization in challenging crystal orientations that will further the appli-

cability of this electron system to modern devices. This dissertation contains an overview

chapter (Chapter 2) that briefly outlines the developments towards understanding the

LaAlO3/SrTiO3 interfacial system. Following are three main chapters detailing several

different projects I have worked on, discussing different aspects of the LaAlO3/SrTiO3

system. Each chapter is written in a ‘stand-alone’ manner and only assumes basic fa-

miliarity with oxide heterostructures and knowledge of condensed matter physics.

Chapter 3 treats the realization of the LaAlO3/SrTiO3 interface in an all thin-film

realization, where 50 unit cells of SrTiO3 are deposited onto (LaAlO3)0.3-(Sr2AlTaO3)0.7

(LSAT) substrates. LaAlO3 thin films are deposited on the SrTiO3 layers to form the

2DEG. We were able to modulate the sheet carrier density of the 2DEG by using the

LaAlO3 growth parameters and we observed two different conduction regimes depen-

dent on carrier density. Samples grown at high oxygen partial pressure (10−3 mbar)

showed less carrier density and displayed strongly localized transport at low tempera-

tures, whereas samples grown in lower oxygen partial pressure (10−4–10−6 mbar) dis-

played greater sheet carrier densities and weakly localized behavior at low temperatures.

We have argued that the additional carriers in the low-pressure samples begin to occupy

subbands in Ti layers further from the LaAlO3/SrTiO3 interface that are less susceptible

to interfacial disorder. In this project C. W. Bark in C. B. Eom’s group fabricated the

samples and the author (T. H.) in M. S. Rzchowski’s group performed the magneto-

transport experiments.
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In Chapter 4 we show the creation of the first conducting two-dimensional electron

system using sputtering as the deposition technique of LaAlO3 on SrTiO3. We found

excellent crystalline quality of the deposited LaAlO3 films and that the 2DEG formed

displays similar transport properties compared to the commonly pulsed laser deposition

grown films. Furthermore, conductive tip atomic force microscopy writing and erasing

was demonstrated on these samples. For this project J. P. Podkaminer in C.B. Eom’s

group grew and characterized the structures by x-ray diffraction; the author (T. H.)

performed magnetotransport characterization and M. Huang in J. Levy’s group at the

University of Pittsburg demonstrated the nano-writing capabilities.

In Chapter 5 we explore the structural and electronic properties of heterostructures

of LaAlO3 grown on SrTiO3 in the [111]-direction. Viewed along the [111] direction,

both materials are polar, with a layer polar charge per cell of ±4e for Ti-SrO3 bilayers

and ±3e for Al-LaO3. Furthermore, the (111) surface of a pseudo cubic lattice provides

a hexagonally coordinated template that opens the possibility to generate topologically

protected electronic states. By analyzing the bare SrTiO3 substrate in the (111) ori-

entation with surface x-ray diffraction and coherent Bragg rod analysis (COBRA) we

identified an initial reconstruction and off-stoichiometry that alleviates the internal field

of this layer-by-layer polar single crystal. Similar analysis and transmission electron

microscopy (TEM) imaging on LaAlO3/SrTiO3 (111) indicate slight intermixing and

perfect stacking of AO3-B bilayer across the interface. This interface shows polar elec-

tronic reconstruction as in the (001) case, supported by direct observation of n-type

carriers in magnetotransport measurements and density functional theory (DFT) calcu-

lations. In this project, the sample fabrication was led by S. Ryu in C. B. Eom’s lab,

surface x-ray diffraction and COBRA was done by H. Zhou and D. D. Fong at Argonne
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National Laboratory. The author (T. H.) and M. S. Rzchowski performed magneto-

transport characterization, TEM was performed in X.Q. Pan’s group at the University

of Michigan and DFT calculations were performed by E.Y. Tsymbal’s group at the

University of Nebraska.
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Chapter 2

Background

2.1 The LaAlO3/SrTiO3 (001) Interface

In 2004, Ohtomo and Hwang began a new era in thin-film oxide physics when they pub-

lished “A high-mobility electron gas at the LaAlO3/SrTiO3 heterointerface” [3]. They

showed that the epitaxial growth of LaAlO3 on SrTiO3 (001) by pulsed laser deposi-

tion (PLD) created a conducting interface when the substrate had a TiO2 termination

(structure shown in Fig. 2.1b). The SrO termination, achieved by the deposition of

a single monolayer of Sr on the TiO2 terminated substrate, yielded an insulating in-

terface (Fig. 2.1d). Their layer-by-layer growth was monitored using reflection high-

energy electron diffraction (RHEED). Their reported mobilities saturated at values over

10,000 cm2/Vs and their legendary sheet carrier densities ranged from 1014 to 1017 cm−2,

with high dependence on the growth oxygen partial pressure and post-annealing treat-

ments [3]. They attributed the conduction mechanism to the abrupt polarity discontinu-

ity across the interface. In the [001] oriented perovskites, these oxides are composed of

SrO/TiO2 and LaO/AlO2 for SrTiO3 and LaAlO3 respectively. Simple counting of the

oxidation states of each element shows that SrTiO3 is composed of neutral monolayers

whereas LaAlO3 is formed of polar monolayers with ±e charge per unit cell, where e is

the fundamental charge. In this way, they argue, the interface will have an excess ±e/2

electrons per two-dimensional unit cell [3].
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Figure 2.1: Growth of the first LaAlO3/SrTiO3 Heterointerface. (a) RHEED intensity of
the deposition of LaAlO3 on TiO2 terminated SrTiO3. (b) Schematic of the LaO/TiO2

interface. (c) RHEED intensity of the deposition of a single SrO layer and LaAlO3 on
TiO2 terminated SrTiO3. (b) Schematic of the AlO2/SrO interface. Reproduced from
Ref. [3] with permission from Nature Publishing Group.
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2.2 The Components: SrTiO3 and LaAlO3

Both SrTiO3 and LaAlO3 are band insulators with gaps ∼ 3.2 eV and ∼ 5.6 eV respec-

tively. They both have the general perovskite ABO3 structure, with a primitive cubic

unit cell with the A cations at the edges, a B cation at the center and and O anion

at each of the faces (see Fig. 2.2). It is relevant to note that the substrate, SrTiO3,

has the perfect cubic symmetry at room temperature with lattice constant a = 3.905 Å

and undergoes a structural phase transition from cubic to tetragonal at T = 105 K. Its

dielectric function appears to diverge with decreasing temperature, but saturates at a

high value near T = 4 K and does not become ferroelectric. Quantum fluctuations at

low temperatures are responsible for stabilizing the structure and preventing the tran-

sition [4]. Because of this, SrTiO3 is often called an incipient ferroelectric or a quantum

paraelectric [5]; however, a ferroelectric phase has been found in SrTiO3 thin films [6–

10]. On the other hand, SrTiO3 is typically paramagnetic but ferromagnetic phases have

been reported in La and Fe doped, oxygen reduced SrTiO3−δ thin films [11].

2.3 Creation of the Conducting Channel

The mechanism for the creation of this two-dimensional electron system due to polar-

ization discontinuity was soon extended by Nakagawa et al. in which the electrostatic

potential builds up from the interface due to each set of charged LaAlO3 polar layers;

the divergence of this potential forces a reconstruction, either electronic or structural

[12]. In their paper, Nakagawa et al. considered the oxidation states of each of the

components of the materials: seen in the [001] orientation, SrTiO3 is composed of sets

of Sr2+O2− and Ti4+O4−
2 neutral monolayers, whereas LaAlO3 is formed by polar set

of La3+O2− and Al3+O4−
2 monolayers [12]. On TiO2 terminated SrTiO3 substrates, the
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Figure 2.2: Perovskite unit cell. The blue, yellow and red spheres correspond to the A,
B and O atoms.
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interface structure is SrO/TiO2/LaO and the electric fields create a positive, diverging

potential as with increasing number LaAlO3 layers above the interface (see Fig. 2.3a).

This potential divergence can be prevented by having a charge of −e/2 per unit cell

at the interface, which can be accommodated due to the mix valance of Ti (+3 or

+4) (see Fig. 2.3b); this type of termination is often denominated an n-type interface.

Conversely, in the SrO terminated case the interface will be TiO2/SrO/AlO2 and the di-

verging potential will have the opposite sign (see Fig. 2.4a); the divergence is prevented

by transferring a charge of +e/2 to the interface which can be hosted by oxygen vacancies

at the SrO monolayer (see Fig. 2.4b), this is often called a p-type interface. In this way,

an n-type interface leads to an electronic reconstruction and a p-type one to a structural

reconstruction. They supported these claims with evidence from electron energy loss

spectroscopy, which also showed the reconstruction mechanisms in both cases to have

a spatial extent of a few nanometers [12]. They also observed interface roughness and

cation intermixing in the n-type interface via scanning transmission electron microscopy

and electron energy loss spectroscopy, and argued that intermixing was a mechanism to

reduce the interfacial dipole moment, not necessary in the p-type interface due to the

lack of delocalized screening electrons [12].

This electrostatic potential divergence mechanism is termed polarization catastrophe.

An indication of a polarization divergence was the existence of a critical thickness (4

unit cells of LaAlO3) above which the LaAlO3/SrTiO3 interface becomes conducting

[13]. This observation has been reproduced in many laboratories and it is considered

to be a direct indicator of electronic reconstruction induced by the polarization catas-

trophe scenario. Due to the interfacial nature of this electron gas and its narrow con-

finement it was denominated a ‘two-dimensional electron gas’ (2DEG) [13, 14]. Since

2006, many studies have attempted to explain the creation mechanism of the 2DEG at
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Figure 2.3: Polarization catastrophe of a LaAlO3 film on a TiO2 terminated SrTiO3

substrate. (a) Unreconstructed interface. (b) Avoidance of the potential divergence by
a transfer of -e/2 charge to the interface. Reproduced from Ref. [12] with permission
from Nature Publishing Group.
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Figure 2.4: Polarization catastrophe of a LaAlO3 film on a SrO terminated SrTiO3

substrate. (a) Unreconstructed interface. (b) Avoidance of the potential divergence by
a transfer of +e/2 charge to the interface.. Reproduced from Ref. [12] with permission
from Nature Publishing Group.
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the LaAlO3/SrTiO3 heterointerface, and besides the polarization catastrophe scenario

another two main mechanisms are amply discussed: oxygen vacancy doping and cation

intermixing.

It is well known that SrTiO3 can be n-doped by reduction, i.e. the creation of oxygen

vacancies to form SrTiO3−δ [15–23]. Oxygen vacancies produced during the highly-

energetic process of PLD deposition, the main fabrication technique of LaAlO3/SrTiO3

structures, cause unintentional δ-doping of the top surface of the SrTiO3 substrate [24–

27]. Herranz et al. conducted a study on PLD grown samples in a variety of oxygen

atmospheres and compared them to previously reduced and doped SrTiO3, concluding

by comparison, that the conduction channel is formed solely by oxygen vacancy doping

[26]. The variability of the transport properties on growth conditions is well documented,

for example in Ref. [28] and in Ohtomo and Hwang’s original paper [3]; further, we have

taken advantage of this fact to modulate the carrier density in order to probe different

conduction and localization regimes in all-thin-film LaAlO3/SrTiO3 heterostructures

[29] (more on this in Chapter 3). It is also widely accepted that transport properties

vary even between different laboratories using the same nominal conditions; an excellent

summary of this variability is presented in the review article by Chen et al. [30]. Another

indication that oxygen vacancies create the conducting channel are a variety of high-

mobility 2DEGs formed on bulk or thin film SrTiO3 for example: Ar+ irradiated single

crystal SrTiO3 [31–33], HF treated and O2-atmosphere annealed SrTiO3 single crystals

[34], and oxygen reduced SrTiO3 thin films grown homoepitaxially by PLD [35].

The other commonly discussed explanation for the existence of conduction at the

LaAlO3/SrTiO3 heterointerface is cation intermixing. First observed by Nakagawa et

al. [12], they explained intermixing as mechanism necessary to compensate the inter-

facial electric dipole. Using surface x-ray diffraction and coherent Bragg rod analysis,



13

Willmott et al. observed cation intermixing across three unit cells at the interface of five

unit cells of LaAlO3 on SrTiO3 structures deposited by PLD [36]. Their analysis shows a

non-abrupt interface that contains one to two La1−xSrxTiO3 layers with x = 0.86−0.70.

Lanthanum doped strontium titanate (La1−xSrxTiO2) is known to be conducting in the

doping range x = 0.05−0.95 [37–39]. Thus, the conductivity across the LaAlO3/SrTiO3

interface could be caused by a layer of La-doped SrTiO3. Kalabukhov et al. showed

with medium-energy ion spectroscopy, which is sensitive to La and Sr one unit cell into

the surface, of LaAlO3 films with thicknesses 1–8 unit cells that there is significant in-

termixing in the first three layers of LaAlO3 [40]. Furthermore, Chambers et al. provide

large amounts of evidence using medium-energy ion spectroscopy, electron energy loss

spectroscopy, and angle-resolved x-ray photoelectron spectroscopy that LaAlO3/SrTiO3

heterostructures grown in typical conditions show some degree of La-Sr intermixing [41].

Density functional theory calculations show that this intermixing is energetically favor-

able and they argue that La-doped SrTiO3 is the main mechanism for the creation of

the conducting interface [41]. Chambers also wrote an article in which he reviews the

main effects observed in the LaAlO3/SrTiO3 system and explains them in terms of a

cation intermixed interface [42].
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2.4 Two-dimensional Character

Regardless of the on-going debate on the source of carriers, the LaAlO3/SrTiO3 het-

erointerface displays a conductive n-type system with large two-dimensional character.

Hard x-ray photoelectron spectroscopy experiments showed that this 2DEG is confined

to one or a few unit cells below the interface [43]. Infrared ellipsometry determined the

depth profile to have an initial decay over 2 nm and long tail extending 11 nm below

the interface and carrier densities consistent with transport measurements [44]. Optical

second harmonic generation measurements found mobile carriers occupying the Ti 3d

bands and determined two different electronic arrangements for thicknesses above and

below the LaAlO3 critical thickness [45]. The occupation of Ti 3d bands was furthermore

predicted through density functional theory (DFT) calculations [46, 47].

In the case of SrTiO3, the Sr cation has a larger atomic radius with a closed s shell,

the Ti cation has a smaller atomic radius and partly filled d band. Therefore, the elec-

tronically available states of the Ti states interact with the O 2p bands. The perovskite

structure is usually visualized as formed by a cubic lattice made by the Sr ions and a

TiO6 octahedron formed by the Ti at the center and the O atoms at the faces of the

cube (see Fig. 2.5). The crystal field of this octahedral coordination creates a splitting

in the Ti 3d bands (dxy, dxz, dyz, dz2 and dx2−y2), into degenerate, lower level, t2g bands

(dxy, dxz, dyz) and higher level, degenerate eg bands (dz2 and dx2−y2) [48, 49].

Using x-ray adsorption spectroscopy, Salluzzo et al. found that mobile electrons first

occupy the Ti 3dxy bands, suggesting that there is further splitting of the t2g bands

due to the symmetry breaking caused by the interface [50]. Delugas et al. provided

a theoretical framework in which the layer-by-layer band occupation depends on the

density of mobile carriers. According to their DFT calculations, occupation starts in

the dxy band of the first TiO2 layer (from the interface down) and as carrier density is
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Figure 2.5: Octahedral coordination of the Ti ion with the six O atoms within the
perovskite cell.
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increased dxy bands further from the interface begin to be occupied. Above a carrier

density of ns ∼ 1014 cm−2 the rest of the t2g bands become occupied [51].

The observation of superconductivity on this two dimensional electron gas provides

an upper bound on the spatial confinement. Reyren et al. discovered a superconducting

state on LaAlO3/SrTiO3 below T = 200 mK, the dependence of the sheet resistance

with temperature across the transition was consistent with the Berezinskii-Kosterlitz-

Thouless model for two-dimensional superconducting systems. By comparison to the

theory they estimated that the upper bound of the confinement to be ∼ 10 nm [52]. In a

different magnetotransport study, Caviglia et al. showed Shubnikov-de Haas oscillations

with a period that depends only on the perpendicular component of the magnetic field,

an indication of a quantum coherent electron gas with planar confinement [53].
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2.5 Potential for Applications

The LaAlO3/SrTiO3 Interface provides an incredibly rich system for potential applica-

tions. Most notable are the electric field effects on many of the properties of this electron

gas, very likely caused by the dielectric dependence of the SrTiO3 substrate. Reported

field-effect phenomena include: transistor like modulation from insulating to conducting

states with applied gate voltage [13], electric field control of the superconducting state

[54], modulation of mobility of the 2DEG with gate voltage [55], tunable Rashba spin-

orbit interaction [56, 57], carrier depletion driven metal-insulator transition [58], among

others.

Microlithography of patterns on these heterostructures was first demonstrated by

Schneider et al. in 2006 [59], and the role of polar adsorbates, commonly used in litho-

graphic processes, was studied by Xie et al. [60]. Furthermore, lateral confinement to

widths of 500 nm of LaAlO3/SrTiO3 preserved the two-dimensional character and su-

perconductivity of the electron gas [61]. Another technique explored is the writing of

conducting patterns as thin as a few nanometers on insulating LaAlO3/SrTiO3 struc-

tures (just below the critical thickness) using conductive-tip atomic force microscopy

(c-AFM) (see Fig. 2.6) [62].

Another important issue to consider when discussing applicability of the

LaAlO3/SrTiO3 system is scalability, where two main limitations arise: commercial

availability of large substrates and the growth technique. Even though SrTiO3 provides

a good platform for field-effect sensitive devices, commercially available single crystal

SrTiO3 substrates are limited to areas of 10 × 10 mm. Park et al. demonstrated con-

ductivity at the interface of LaAlO3/SrTiO3 thin films (in contrast with the widely

studied LaAlO3 thin film on an SrTiO3 single crystal substrate) grown on Si, and that

c-AFM nanowriting is possible in these all-thin-film structures [63]. Bark et al. further
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Figure 2.6: Nanowriting and erasing of conductive channels on 3 unit cell thick LaAlO3

on SrTiO3. (a) Writing of the conductive nanowire and (b) conductivity monitoring
showing a jump upon completion of the wire. (c) Erasing of the conductive nanowire and
(d) conductivity decrease upon finishing the erase process. Reproduced from Ref. [62]
with permission from Nature Publishing Group.
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studied the effect of substrate strain on all-thin-film LaAlO3/SrTiO3 2DEGs and found

that only compressively strained systems (on Si, (LaAlO3)0.3-(Sr2AlTaO3)0.7 (LSAT)

and NdGaO3 substrates) show conductive interfaces [64]. We further investigated the

transport mechanisms on LaAlO3/SrTiO3 thin films grown on LSAT substrates, find-

ing different conducting regimes not observed in the single crystal SrTiO3 systems (see

Ref. [29] or Chapter 3). Furthermore, the most common deposition technique for these

oxide structures, PLD, provides only a small area of uniform coverage. Attempts to

replicate the epitaxial LaAlO3/SrTiO3 interface been made using more scalable tech-

niques like sputtering failed to yield a conducting 2DEG [65, 66]. Our collaboration

has demonstrated the first conducting 2DEG fabricated by sputtering film deposition,

with similar transport properties and nanowriting capabilities to PLD grown LaAlO3 on

SrTiO3 (see Ref. [67] or Chapter 4).

In this brief background review we attempted to show the richness of the 2DEG at

the LaAlO3/SrTiO3 heterointerface in both physical properties and progress towards

its future applicability. We began by discussing the discovery of the system and the

initial observations, then we reviewed few structural, electric and magnetic properties

of the main components. We proceeded to summarize the proposed mechanisms for

the creation of the 2DEG, highlighting the still ongoing debate. Lastly, we reviewed the

experimental and theoretical studies, of the two-dimensional nature and band occupation

of the electron gas and overview the diverse efforts to develop the applicability of this

promising system.
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Chapter 3

Two-dimensional Electron Gas

Between LaAlO3 and SrTiO3 Thin

Films

Measurements of the 2DEG spatial extent indicate a dense sheet of carriers, 2–4 nm

thick, decaying into the SrTiO3 layer [43–45]. Carriers occupy the SrTiO3 Ti 3d bands

near the interface [43, 50], which are split by crystal field and structural distortions

[50]. The octahedral coordination of the Ti cation with the O atoms is responsible for

splitting the 3d band into a low energy triplet t2g (dxy, dyz and dxz subbands) and a

higher-energy doublet eg (dz2 and dx2−y2). The interface between LaAlO3 and SrTiO3

introduces a symmetry break along the z-direction, further splitting the t2g triplet into

a lower dxy subband and a higher dxz and dyz doublet [47, 50, 51].

The lowest conduction band of Ti 3d states is the dxy subband of the first TiO2 layer

[51], which has strong two-dimensional character, and hence is susceptible to disorder

driven localization. As more carriers are introduced to the system, they occupy dxy

subbands spread over several TiO2 layers away from the interface [51], making them less

susceptible to localization by interfacial disorder [47]. Carriers in the higher-energy dxz

and dyz bands are more prone to localization on the other hand, because of their large

effective mass in the xy plane. These three-dimensional subbands are occupied when
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the surface carrier density exceeds 1014 cm−2, as well as dxy bands in deeper TiO2 layers

[51].

A better understanding of these oxide 2DEGs can be achieved by controlling both

the LaAlO3 and SrTiO3 layer properties, through growth of all-thin-film LaAlO3/SrTiO3

heterostructures on bulk substrates. Substrate choice provides the opportunity to ma-

nipulate the interfacial 2DEG. Electron transport at the LaAlO3/SrTiO3 interface has

been reported for heterostructures grown on Si [63], (LaAlO3)0.3-(Sr2AlTaO3)0.7 (LSAT)

[64, 68] and NdGaO3 [64]. This approach can lead to several effects, including increased

interfacial disorder when growing on an additional interface, strain effects introduced by

substrate misfit, a different interfacial structure, and different Ti 3d band occupations.

Effects of disorder on transport in the LaAlO3/SrTiO3 interfacial system have been

reported previously. Charged dislocation cores were suggested to be responsible for

increased resistance and lower mobilities [69], and weak localization effects were identified

through magnetotransport measurements [56, 70]. A reduction of mobility in field effect

experiments was attributed to confinement of carriers closer to the disordered interface,

increasing scattering [55]. Moreover, a metal-insulator transition tuned by field effect

was suggested to arise from disorder-induced localization or strong Coulomb interactions

[58].

Misfit strain of SrTiO3 layers grown on different substrates can change its crystal-

lographic phase and band structure. Strain in thin film SrTiO3 has been preported to

increase mobility by 300% [71], attributed mainly to band structure changes. Variations

of carrier concentration in LaAlO3 on thin-film SrTiO3 structures have been attributed

to a strain-induced electric polarization in the SrTiO3 layer [64]. In addition, theory

predicts complex structural phases in strained thin film SrTiO3 [6], and indications of

these phases have been observed [72].
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We present a magnetotransport study of epitaxial thin-film LaAlO3/SrTiO3 on LSAT

substrates, demonstrating strongly localized transport at low temperatures on structures

with LaAlO3 layers grown at high (10−3 mbar) oxygen partial pressures (pO2). Increased

carrier concentration and metallic behavior is observed in samples where the LaAlO3

layer was grown at lower pO2 (10−4–10−6 mbar). This leads to the occupation of sub-

bands in Ti layers further from the LaAlO3/SrTiO3 interface that are less susceptible

to the strong interfacial disorder. We support this interpretation with low temperature

magnetoresistance measurements. This chapter follows closely our published results in

Ref. [29].

3.1 Growth and Characterization

Epitaxial LaAlO3 and SrTiO3 thin films were grown on (001) LSAT substrates by Pulsed

Laser Deposition (PLD) by C. W. Bark in C. B. Eom’s group. The low miscut (< 0.05◦)

LSAT substrates were treated by a modified buffered hydrofluoric acid etch and annealed

in oxygen to create atomically smooth surfaces with unit cell step. The substrates were

then attached to a resistive heater and positioned 5.0 ∼ 6.0 cm from the target. A

KrF excimer laser (248 nm) beam was focused on stoichiometric LaAlO3 and SrTiO3

single-crystal targets with an energy density of 2.0 ∼ 2.5 J/cm2 and pulsed at 3 ∼ 5

Hz. The PLD system is equipped with a high-pressure Reflection High-Energy Elec-

tron Diffraction (RHEED) system, which enabled in situ monitoring of atomic layer

controlled growth. The SrTiO3 layers of 50 unit cell (uc) thickness were grown at a

substrate temperature of 750◦C and an oxygen partial pressure of 1 atm, and then

etched using buffered hydrofluoric acid for 30 ∼ 90 s to maintain Ti-termination after

growth SrTiO3 layer. The three-dimensional strain state of the films was determined
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Figure 3.1: Atomic Force Microscopy image of the SrTiO3 film after buffered hydrofluoric
etching and annealing.

using high-resolution four-circle X-ray diffraction in a Bruker D8 Advance system. The

SrTiO3 layer was fully coherent and compressively strained by -0.96% [64]. Furthermore,

the 0.003◦ width of the thin-film SrTiO3 out-of-plane rocking curve was much narrower

than the 0.035◦ measured for the SrTiO3 substrate, suggesting superior crystal quality.

Film surfaces were imaged with an Atomic Force Microscopy (AFM) system by Veeco

and show atomically sharp terraces after the etching and annealing steps (Fig. 3.1).

The LaAlO3 films were grown on top of the SrTiO3 layers at 550◦C at oxygen pres-

sures of 10−3, 10−4, and 10−6 mbar. The heterostructures studied (schematically shown

in Fig. 3.2) have an overlayer of 15 to 20 unit cells (uc) of LaAlO3 on a 50 uc SrTiO3 thin

film on LSAT (001). After deposition, the samples cooled down to room temperature
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Figure 3.2: Schematic of the LaAlO3/SrTiO3/LSAT heterostructures.

in the same oxygen atmosphere. The RHEED patterns during growth of the two films

(Fig. 3.3) remained similar to that observed on the bare LSAT substrate indicating grown

films maintained the substrates crystallographic phase. The RHEED intensity during

growth of the LaAlO3 layer displays clear oscillations, as seen in Fig. 3.4, indicating

layer-by-layer controlled growth.
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a
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Figure 3.3: Reflection High-Energy Electron Diffraction patterns during the deposition
process. (a) Bare LSAT substrate. (b) After growth of SrTiO3 layer. (c) After growth
of LaAlO3 layer.
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Figure 3.4: Reflection High-Energy Electron Diffraction oscillations during deposition
of the LaAlO3 layer on the SrTiO3 thin film.
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We bonded aluminum wires directly at the sample corners and we determined sheet

resistance (Rs), Hall coefficient (RH), and magnetoresistance (MR) given by:

∆Rs(H)

Rs(0)
=
Rs(H)−Rs(0)

Rs(0)
(3.1)

using the van der Pauw technique [73]. Electrical transport was measured using a

Keithley 2400 Sourcemeter to source bias currents and measure potential drops, and

a Keithley 2700 Data Acquisition unit to automatically switch and connect between

the different configurations. We cooled the samples in an Oxford Instruments MagLab

2000 liquid helium, sample in flowing gas, cryostat with an integrated superconducting

magnet. The temperature range measured was between 300 and 3 K, with maximum

magnetic fields of µ0H = 8.3 T. The Hall voltages were linear as a function of magnetic

field indicating single band transport; thus the two-dimensional carrier concentrations

(ns) and Hall mobilities (µH) were calculated according to:

ns = − 1

eRH

(3.2)

µH =
1

ensRs

(3.3)

where e is the fundamental charge.
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3.2 Strong Localization in High-pressure Samples

The samples grown at 10−3 mbar (high-pressure samples) with LaAlO3 thicknesses of

20 and 15 uc showed metallic behavior at high temperatures and an upturn in Rs near

T = 100 K. At T = 3 K the samples reached values as high as 5 × 105 Ω/� in the

20 uc sample and 2 × 106 Ω/� in the 15 uc sample, as seen in Fig. 3.5. These low

temperature sheet resistances were much higher than the quantum of resistance h/e2 =

25.8 kΩ, suggesting strong localization and a hopping conduction mechanism as opposed

to semiclassical transport.

h/e
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Figure 3.5: Temperature dependence of Rs in LaAlO3/SrTiO3 films on LSAT substrates.
Dashed lines show fits for the Mott type VRH model.
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In order to identify the localization mechanism at work we plotted the logarithm

of the sheet conductivity of these samples as a function of three powers (α) of tem-

perature, as seen in Figures 3.6 and 3.7. The exponent α = −1/2 corresponds to the

Efros-Shklovski type variable range hopping (VRH) mechanism, with a characteristic

temperature dependence:

ρ = ρ0 exp
[
(T0/T )1/2

]
(3.4)

whereas the exponents α = −1/3 and α = −1/4 correspond to Mott type VRH [74]:

ρ = ρ0 exp
[
(T0/T )1/(d+1)

]
(3.5)

where d is the dimensionality of the system, thus corresponding to d = 2 and d = 3

respectively.
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Figure 3.6: Logarithm of conductivity of the 20 uc LaAlO3 thick high-pressure sample
as a function of three powers of temperature.
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Figure 3.7: Logarithm of conductivity of the 15 uc LaAlO3 thick high-pressure sample
as a function of three powers of temperature.
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Figure 3.8: Perpendicular field magnetoresistance for the high-pressure sample with
LaAlO3 thickness of 15 uc at T = 3.0, 5.3 and 10.0 K.

Both Mott-type VRH models (only the d = 2 fit is shown in Fig. 3.5)) were good fits

to the data, but Efros-Shklovskii VRH was not. Both thicknesses of LaAlO3 grown at this

pO2 show similar behavior. This suggests that the increasing sheet resistance arises from

a decreased available energy for hopping at lower temperature, which requires hopping

to spatially farther sites. However, we are not able to determine the dimensionality of

the system in this way.

The high-pressure samples displayed a large negative MR below 15 K that did not

saturate with increasing magnetic field. It magnitude of the MR became larger with

decreasing temperature and becoming more than -25% at T = 3 K and µ0H =8.3 T
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Figure 3.9: Temperature dependence of the perpendicular field magnetoresistance for
the high-pressure sample with LaAlO3 thickness of 15 uc at a field µ0H = 8.3 T.

without observed saturation either. (Fig. 3.8). The MR did not follow Kohler scaling

[75] which indicates that the classical orbital MR observed for out-of-plane field in high

mobility 2DEGs at LaAlO3-single crystal SrTiO3 interfaces [76, 77] is not dominant in

our system. The negative MR is consistent with the interference between different hop-

ping paths connecting two variable-range hopping sites [78]. This is further supported

by the divergent temperature dependence of MR (Fig. 3.9). In summary, the large neg-

ative out-of-plane MR, lack of Kohler scaling, high zero-field Rs at low temperature

and its VRH dependence all indicate strong localization [78] of interfacial carriers in the

high-pressure grown sample.
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3.3 Weak Localization in the Low-pressure Samples

The samples grown at pO2 = 10−4 and 10−6 mbar (low-pressure), both with 20 uc LaAlO3

thicknesses, showed transport properties qualitatively different from the high-pressure

samples. We observed metallic behavior down to T = 75 and 50 K respectively (Fig. 3.5),

and a small up turn in R2 down to T = 3 K. Furthermore, the low-pressure samples

displayed small positive MR with a maxima near µ0H = 7 T (Fig. 3.10). This MR does

not follow Kohler scaling (shown in Fig. 3.11 for the 10−6 mbar sample, the behavior of

the 10−4 mbar sample is similar). The downturn in MR near µ0H = 7 T is consistent

with weak localization [78] and it agrees with the Maekawa-Fukuyama formalism [79]

as characterized previously in LaAlO3/SrTiO3 [56]. The MR at µ0H = 8.3 T diverged

with decreasing temperature (Fig. 3.12), as suggested by Maekawa and Fukuyama [79].

Maekawa and Fukuyama extended the model of the MR behavior in the weakly

localized regime in order to include the effects of spin-orbit scattering and Zeeman

splitting [79]. Following this model we are able to qualitatively reproduce this behavior;

the change in conductivity in a magnetic field perpendicular to the 2DEG form is:

∆σ

σ0
= Ψ

(
H

Hi +Hso

)
+

1

2
√

1− γ2
Ψ

(
H

Hi +Hso(1 +
√

1− γ2)

)

− 1

2
√

1− γ2
Ψ

(
H

Hi +Hso(1−
√

1− γ2)

)

where σ0 = e2/πh is the conductance quantum, Ψ(x) = ln(x) + ψ
(

1
2

+ 1
x

)
, ψ is the

digamma function, Hso = ~/4eDτso, Hi = ~/4eDτi, γ = gµBH/4eDHso, D is the

diffusion constant, τso and τi are the spin-orbit and inelastic relaxation times respectively,

and g is the electron’s g-factor.
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Figure 3.10: Perpendicular field MR for the low-pressure samples at T = 3 K.
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Figure 3.11: Kohler plot of the 10−6 mbar grown sample.
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Figure 3.12: Temperature dependence of the perpendicular field magnetoresistance for
the 10−6 mbar grown sample at a field µ0H = 8.3 T.

The fits are shown in Figures 3.13 and 3.14 for the 10−6 and 10−4 mbar grown

samples respectively. The fitted field parameters for the 10−6 mbar grown sample were

µ0Hi = 0.27 T and µ0Hso = 2.95 T and for the 10−4 mbar grown sample µ0Hi = 0.36 T

and µ0Hso = 2.90 T, suggesting a stronger influence of the spin-orbit contribution to

weak localization. This results are in agreement with weak localization observed in

LaAlO3 on single crystal SrTiO3 in Ref. [56].



38

10-6 mbar

Maekawa-Fukuyama Fit
Δ

σ
/(

e
/π

 h
)

−0.6

−0.5

−0.4

−0.3

−0.2

−0.1

0

μ0H (T)
0 1 2 3 4 5 6 7 8 9

Figure 3.13: Magnetoconductance of the 10−6 mbar grown sample at T = 3 K.
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Figure 3.14: Magnetoconductance of the 10−4 mbar grown sample at T = 3 K.
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3.4 Analysis of Transport Properties

We attribute the different carrier concentrations and transport behavior of samples

grown at oxygen growth pressures to a different contribution of oxygen vacancies. The

low-pressure samples showed room temperature ns = 2–5×1014 cm−2 (Fig. 3.15), higher

than the polarization catastrophe prediction of half electron per unit cell or 3.3 ×

1014 cm−2; this is a clear indication of contribution of carrier from oxygen vacancies.

The high-pressure samples showed a room-temperature ns = 6.2 × 1013 cm−2, lower

than both the polarization catastrophe prediction and the calculated critical density at

which carriers begin to occupy dxz and dyz subbands [51]. As a check, we found that

100nm thick, oxygen deficient SrTiO3 thin films (grown in similar conditions as in the

low-pressure samples) on LSAT substrates without an LaAlO3 overlayer were insulating,

as also reported in the literature [80], indicating that the LaAlO3/SrTiO3 interface is

necessary in order to show conductivity in oxygen deficient SrTiO3 on LSAT.

The low-pressure samples displayed mobilities of order 1 cm2/ Vs at room temper-

ature and order 10 cm2/Vs at T = 3 K (Fig. 3.16). The Hall voltages were found to

be linear with magnetic field in the entire temperature range, suggesting single band

transport. Thus, the mobility is determined in terms of the carrier relaxation time by

µH =
eτ

m∗ (3.6)

where τ is the relaxation time and m∗ is the carrier’s effective mass. We can fit the

scattering time in a single band model to

1

τ
=

1

τ1
+

1

τ2
(3.7)
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Figure 3.15: Temperature dependence of ns in LaAlO3/SrTiO3 films on LSAT substrates.
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Figure 3.16: Temperature dependence of µH in LaAlO3/SrTiO3 films on LSAT sub-
strates.

where τ1 is a temperature-independent impurity scattering time, and τ2 is temperature-

dependent τ2 (T ) ∼
(
T/T̄

)α
, modeling contributions from lattice interactions.

We find α ∼ 2.1 and 2.4 for the 10−6 and 10−4 mbar samples, respectively, and in

general agreement with typical exponents α ∼ 2.0–2.7 reported for LaAlO3 on single

crystal SrTiO3 heterostructures [14, 24, 76]. Weak-localization effects are destroyed by

inelastic scattering in this temperature regime [81]. At low temperatures, the mobilities

saturate at values two orders of magnitude smaller than the highest observed at the

LaAlO3/single crystal SrTiO3 interface [3, 25, 26, 53]; but are consistent with recently

reported results obtained in a LaAlO3/SrTiO3 on LSAT heterostructure [68].
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3.5 Discussion

We argue that two factors dominantly contribute to the low-temperature mobility of

carriers at the LaAlO3/SrTiO3 interface: a change in spatial extent of carriers at the

interface and disorder at the interface. Varying mobilities in field effect experiments have

been discussed in terms of a changing spatial confinement of the electrons with applied

electric field, with carriers closer to the interface becoming more susceptible to scattering

and localization by interfacial disorder [55, 58]. LaAlO3 grown at lower pressures leads

to the occupation of bands further into the SrTiO3 layer, which are less susceptible to

interfacial localization.

In the high-pressure samples, the threshold for occupation of dxz and dyz bands has

not yet been reached. The carriers in the lower energy dxy bands in at most the first

three TiO2 layers close to the interface [51] become highly localized due to their xy

two-dimensional character. In the low-pressure samples the 1014 cm−2 is exceeded and

dxz and dyz become occupied, as well as dxy bands deeper into the SrTiO3 layer [51]. As

the dxy carrier close to the interface become strongly localized at low temperatures, as

indicated by the behavior of the high-pressure samples, the heavier effective mass dxz

and dyz carriers will likely be localized too. Thus, the deep dxy carriers will dominate

electrical transport measurements at low temperatures, and since they are farther from

the interface, only display weak localization. The possibility of two types of carriers is

further discarded in the low-pressure samples since the Hall voltages were found to be

linear with magnetic fields up to µ0H = 8.3 T.

Disorder at the interface appears to be greater in LaAlO3/SrTiO3 on LSAT substrates

than in the higher-mobility LaAlO3 on single crystal SrTiO3 heterostructures. A possible

cause for the increased disorder is the propagation of initial disorder after deposition of

the SrTiO3 layer on the LSAT substrate. Disorder from point defects, surface roughness
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or incomplete coverage at the SrTiO3/LSAT interface could be further propagated to

the next interface after the deposition of the LaAlO3 layer. It is the increased disorder

in these heterostructures that shows the dramatic difference in transport properties at

different carrier concentrations.

Strain in the SrTiO3 layer may also affect the interfacial mobility. Compressively

strained SrTiO3 has been reported to undergo transitions to more complex structural

phases than the tetragonal phase observed below T ∼ 110 K in unstrained SrTiO3

[71, 72]. In addition, a symmetry lowering transition has been reported at 150 K in

LSAT, with neutron diffraction strongly suggesting a tetragonal distortion [82]. These

may lead to a more complex LaAlO3/SrTiO3 interface structure than that of unstrained

SrTiO3 heterostructures, and possibly to higher levels of disorder, in addition to the

disorder discussed previously. It has also been reported that compressive strain in fully

coherent LaAlO3/SrTiO3 heterostructures on LSAT produces an internal polarization

that points away from the LaAlO3/SrTiO3 interface, reducing the carrier concentration

by the field-effect [64].
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3.6 Concluding Remarks

We have shown that the 2DEG at the LaAlO3/thin-film-SrTiO3 interface on LSAT

substrates grown at high pO2 shows strongly localized transport at low temperatures,

supported by both the temperature dependence of Rs and the MR. The low-pressure

grown samples displayed greater sheet carrier densities and weakly localized behavior

at low temperatures. We have argued that the additional carriers in the low-pressure

samples begin to occupy subbands in Ti layers further from the LaAlO3/SrTiO3 interface

that are less susceptible to interfacial disorder.

Additional work is necessary to fully understand the source of higher disorder and

lower mobility at the LaAlO3/SrTiO3 heterointerface on LSAT, but our measurements

suggest contributions from both intrinsic factors due to strain, and extrinsic factors due

to defect-induced disorder. The relative importance of these has not been determined,

but advances in interface control during growth may lead to substantially improve the

mobility. We also expect that the induced polarization in the complex phases of strained

SrTiO3 affects transport and carrier confinement at the interface.



45

Chapter 4

Two-dimensional Electron Gas on

Sputtered LaAlO3 on SrTiO3

Oxide heterostructures have vast potential to revolutionize electronic devices due to

their high degree of tunability and functionality [83]. The discovery of a two-dimensional

electron gas (2DEG) at the LaAlO3/SrTiO3 interface [3] brought innovative applications

in the area of nanoscale oxide devices [13, 84], providing a system with rich exploitable

phenomena such as a few-nanometer spatial depth 2DEG [43–45], superconductivity

[85], field-effect controlled conductivity [13, 54], among others.

Currently pulsed laser deposition (PLD) [3, 86] is the dominant fabrication technique

used for creating oxide interfacial heterostructures of LaAlO3 on SrTiO3 substrates, and

only more recently has molecular beam epitaxy [87, 88] been used to create a 2DEG at

this interface. In this chapter we explore a different deposition technique of oxide thin

films that are uniform over large wafers. 90◦ off-axis sputtering is a scalable process that

has been shown to create smooth, epitaxial films uniformly over large areas [89, 90],

essential for potential integration with the current silicon-based semiconductor industry

[63]. While several groups have grown LaAlO3/SrTiO3 heterostructures using sputter

deposition [65, 66], none have reported a conducting interfacial 2DEG. This task requires

finely tuned growth parameters that avoid reducing the bulk SrTiO3 substrate, which

could create unintentional conduction due to oxygen vacancies, while maintaining a
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2DEG at the interface with the LaAlO3 layer.

We present the creation of a conductive 2DEG by deposition of a high quality LaAlO3

thin film on a SrTiO3 substrate using 90◦ off-axis sputtering. The transport properties

and nanowriting capabilities are shown to be similar to those found in LaAlO3/SrTiO3

grown by PLD. The growth and structural characterization efforts were led by J. P.

Podkaminer in C.B. Eom’s group; the author (T.H.) performed magnetotransport char-

acterization and M. Huang in J. Levy’s group at the University of Pittsburgh demon-

strated the nano-writing capabilities. This chapter follows closely our published results

in Ref. [67].

4.1 Growth Procedure: 90◦ off-axis Sputtering

In order to create an oxide interfacial 2DEG, we use a different regime of growth con-

ditions that deviates from the previously reported 3:4 O2:Ar ratio [65, 91] and high

pressure (∼1 mbar) O2 sputter environments [66]. We aim at reproducing the growth

conditions widely used in PLD to create conducting LaAlO3/SrTiO3 interfaces. How-

ever, duplicating the 10−4–10−6 Torr [28, 30, 86] O2 partial pressures used in PLD can be

challenging in sputtering due to typically higher Ar gas pressure (i.e. 200 mTorr) used

for 90◦ off-axis sputtering. This three to five order of magnitude difference in partial

pressures can not be controlled accurately in this regime. We overcome this difficulty by

sputtering in a pure Ar atmosphere and relying on the sputtered single crystal LaAlO3

target to sustain a large enough background pressure of O2 and atomic oxygen to create

an environment similar to PLD. During sputtering of an oxide target material a rela-

tively large amount of O2 and, more importantly, atomic oxygen is produced. The high

activity of atomic oxygen compared with molecular oxygen [92] significantly increases
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the effective pO2 during sputter growth, creating an environment capable of producing

high quality 2DEGs [3, 86] during sputtering while mantaining a pure Ar atmosphere.

The growth system consists of a 2 inch RF magnetron sputter source in a 90◦ off-axis

geometry with reference to the sample heater. All films discussed here were grown on

TiO2-terminated (001) SrTiO3 substrates [93]. A LaAlO3/SrTiO3 control sample was

grown by PLD using conditions outlined in Park et al. [63]. The sputtered samples were

grown from a 2-inch single crystal LaAlO3 target mounted on a US Gun II sputter source

at an RF power of 50W. The sample temperature was 780◦C during growth, consistent

with previously reported works [86]. A partial pressure 200 mTorr of Ar was used, with

a minimum pre-sputter time of 15 minutes in order to stabilize a background partial

pressure of O2 (and atomic oxygen) produced from the target. Films grown without

this extended pre-sputtering were found to be insulating. We also grew samples in the

previously reported 3:4 of O2:Ar atmosphere [65], producing insulating films as well. We

subsequently annealed the sample for 1 hour in 300 Torr O2 at 600◦C to ensure that the

bulk substrate was fully oxidized [94].

Accurate control of the thickness of the LaAlO3 layer is necessary since the electronic

reconstruction in the polarization catastrophe scenario has an abrupt transition from an

insulating to a conducting state at 4 unit cells [12, 13]. While molecular beam epitaxy

and PLD take advantage of in-situ RHEED monitoring to control layer-by-layer growth

[95], sputtering has no comparable in-situ monitoring. Instead we used x-ray reflectivity

for thickness calibration. At the deposition conditions used, we are able to determine

the growth rate of LaAlO3 to be 1.65 Å/min by fitting x-ray reflectivity data [96] as

shown in Fig. 4.1. With this rate, we used deposition time as a control parameter to

grow samples with LaAlO3 film thicknesses corresponding to 2–6, 10, 15 and 16 unit

cells.
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Figure 4.1: X-ray reflectivity measurement of the LaAlO3/SrTiO3 heterostructure dis-
playing clear thickness plateaus closely matching the model. Reprinted with permission.
Accepted for publication in Applied Physics Letters. Copyright AIP Publishing LLC.
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4.2 Structural Analysis

High-resolution x-ray diffraction performed on a 40 nm thick LaAlO3 on SrTiO3 sample

(Figs. 4.2 and 4.3) show an out-of-plane lattice parameter of 3.74 Å (Fig. 4.2) and in-

plane lattice parameter of 3.89 Å, close to the in-plane lattice constant of bulk SrTiO3 of

3.905 Å. The LaAlO3 film thus displays 2.3% tensile strain when compared to the bulk

LaAlO3 lattice constant of 3.790 Å. This indicates that even at 40 nm the film is almost

fully strained. The phi scan in Fig. 4.3 shows 4-fold symmetry of the LaAlO3 film with

an in-plane (101) FWHM of 0.26◦ indicating a very small in-plane misalignment of the

film while the in-plane FWHM of the substrate is 0.01◦. A reciprocal space mapping

(RSM) around the Bragg peak of a SrTiO3 substrate on a 10 unit cell thick LaAlO3

sample (see Fig. 4.4) shows the film is fully coherent and of single phase. The ultra-thin

character of the LaAlO3 layer causes the elongation of the film peak. The out-of-plane

lattice constant obtained from the peak position of the film is 3.72 Å, which is in good

agreement with that measured from the θ–2θ scan on the thicker (40 nm) film. AFM

imaging (Fig. 4.5) shows the sputtered LaAlO3 film is atomically flat with an average

roughness of ∼0.14 nm. The clear step and terrace structures observed arise from those

of the underlying SrTiO3 substrate.
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Figure 4.2: Wide range 2θ–ω scan showing single crystal LaAlO3 grown a SrTiO3 sub-
strate. Reprinted with permission. Accepted for publication in Applied Physics Letters.
Copyright AIP Publishing LLC.
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Figure 4.3: In-plane (101) φ scan showing 4-fold symmetry. Reprinted with permission.
Accepted for publication in Applied Physics Letters. Copyright AIP Publishing LLC.
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Figure 4.4: Reciprocal Space Map of a 10 unit cell sample showing the LaAlO3 film
to be fully coherent. Reprinted with permission. Accepted for publication in Applied
Physics Letters. Copyright AIP Publishing LLC.
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Figure 4.5: Surface topographic image of a 10 unit cell LaAlO3 film showing smooth
steps following the SrTiO3 substrate. A plot of height versus distance along the line
showing clear unit cell high steps is overlaid on the image. Reprinted with permission.
Accepted for publication in Applied Physics Letters. Copyright AIP Publishing LLC.
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4.3 Transport Analysis

We show the existence of a critical thickness in sputtered LaAlO3/SrTiO3 by measuring

the carrier concentration (ns) as a function of film thickness. Samples were wire bonded

with Al wires in the four-point van der Pauw geometry [73] and electrical transport

was measured using a Keithley 2400 Sourcemeter to source bias currents and measure

potential drops, and a Keithley 2700 Data Acquisition unit. Measured Hall coefficients

were found to be linear as a function of applied magnetic field. Carrier concentration

measurements on samples with different LaAlO3 thicknesses (shown in Fig. 4.6) display

a clear transition from an insulating to a conducting state at 4 unit cells, consistent with

findings on PLD-grown films [13]. This is a clear indication that these LaAlO3/SrTiO3

samples produced by sputtering exhibit a 2DEG behavior as explained by electronic

reconstruction. We also observe a negligible dependence on thickness above 4 unit cells

of sputtered LaAlO3 not typical of PLD grown LaAlO3/SrTiO3.

Additionally, transport measurements were carried out as a function of temperature

on both sputtered and PLD samples with a 10 unit cell LaAlO3 film grown in similar

conditions. Temperature dependence measurements were performed in two cryogenic

systems. In the temperature range 300–20 K we used a closed-cycle helium gas cryostat

model 261265A by APD with compressor model HC-4 by APD mounted on an electro-

magnet with a maximum field of µ0H = 0.7 T at the required pole spacing. Below 20 K

we used an Oxford Instruments MagLab 2000 liquid helium, sample in flowing gas cryo-

stat with an integrated superconducting magnet with a maximum field of µ0H = 8.3 T.

Even though the carrier density in the sputtered sample at room temperature was

about six times smaller than the PLD-grown counterpart (see Table 4.1), it had a weaker

dependence on temperature (Fig. 4.7). Both samples reach similar carrier concentrations

at T = 3 K (see Table 4.2). The dependence of the Hall mobility (µH) on temperature
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Figure 4.6: Carrier concentration dependence on LaAlO3 thickness in sputtered LaAlO3

on SrTiO3. Reprinted with permission. Accepted for publication in Applied Physics
Letters. Copyright AIP Publishing LLC.

is similar for both samples above T = 75 K, where they obey a power law behavior

of T−α, with α = 2.3 and 2.4 for the sputtered and PLD grown samples respectively

(Fig. 4.8), consistent with reported behaviors of PLD grown LaAlO3/SrTiO3 [14, 24].

At low temperatures the mobility in the sputtered sample has a maximum at T = 20 K

of 323 cm2/Vs followed by a small downturn. This downturn is accompanied by a small

upturn in carrier density and upturn in sheet resistance (see Fig. 4.9). On the other

hand, the PLD sample displays metallic behavior in the 300–3 K range (see Fig. 4.9).

A similar transport behavior to our 10 unit cell sputtered LaAlO3 is observed in

oxygen reduced SrTiO3−δ thin films grown at pO2 = 10−5 Torr (1.33× 10−5 mbar) [35].

On the other hand, dependence on growth pO2 during PLD of LaAlO3 has been attributed

create different regimes of conductivity which in turn produce different Rs behavior with

temperature [28, 86]. The most similar Rs behavior to our sputtered LaAlO3/SrTiO3 is
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Table 4.1: Transport Properties of Sputtered and PLD grown 10 unit cell LaAlO3 on
SrTiO3 at Room Temperature

Property Sputtered PLD

Rs (Ω/�) 1.08×105 1.28×104

ns (cm−2) 1.48×1013 8.69×1013

µH (cm2/Vs) 3.92 5.62

Table 4.2: Transport Properties of Sputtered and PLD grown 10 unit cell LaAlO3 on
SrTiO3 at T = 3 K

Property Sputtered PLD

Rs (Ω/�) 2.16×103 9.37×101

ns (cm−2) 1.16×1013 1.81×1013

µH (cm2/Vs) 250 3670

seen in samples grown at pO2 = 1× 104 mbar in Ref. [28], where they attribute the Rs

upturn to scattering from magnetic impurities. In Chapter 3 and Ref. [29] we observed

a small upturn in Rs and positive magnetoresistance in low-pressure (10−4–10−6 torr),

PLD grown LaAlO3 on thin-film SrTiO3, which we attributed to weak localization caused

by interfacial disorder. A further low temperature high-field magnetoresistance study

will elucidate whether the upturn in Rs is caused by weak localization due to disorder or

magnetic impurity scattering. Regardless, it is clear that oxygen deficiencies are source

of these reduced magnetotransport properties. This comes to no surprise since no pO2

is applied during the sputtering process and full oxidation of the LaAlO3 film relies on

the unmonitored oxygen released from the stoichiometric targets during the pre-sputter

step.
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Figure 4.7: Temperature dependence of ns of sputtered and PLD grown 10 unit cells
of LaAlO3 on SrTiO3. Reprinted with permission. Accepted for publication in Applied
Physics Letters. Copyright AIP Publishing LLC.
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Figure 4.8: Temperature dependence of µH of sputtered and PLD grown 10 unit cells
of LaAlO3 on SrTiO3. Reprinted with permission. Accepted for publication in Applied
Physics Letters. Copyright AIP Publishing LLC.
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Figure 4.9: Temperature dependence of Rs of sputtered and PLD grown 10 unit cells
of LaAlO3 on SrTiO3. Reprinted with permission. Accepted for publication in Applied
Physics Letters. Copyright AIP Publishing LLC.
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4.4 AFM Nano-writing Capabilities

We also demonstrate room-temperature conductive-AFM (c-AFM) switching of 2DEG

nanostructures formed at LaAlO3/SrTiO3 heterointerfaces grown by 90◦ off-axis sput-

tering. The ability to write and erase nanostructures in these samples has been observed

at a range of thicknesses between 3 and 3.7 unit cells. The c-AFM tip acts as a local

field-effect actuator, applying a voltage at the top of the LaAlO3 layers that creates a

persistent conducting state of the LaAlO3/SrTiO3 2DEG [62].

Vwrite 

I(t) 

V(t) 

x

y

Figure 4.10: Schematic diagram of the conductive-AFM writing process of sputtered
LaAlO3/SrTiO3. AFM tip is +10V biased. Reprinted with permission. Accepted for
publication in Applied Physics Letters. Copyright AIP Publishing LLC.

After 90◦ off-axis sputtering growth, electrically conducting contacts to the interface

are defined by optical lithography. Trenches 25 nm deep are created by Ar-ion milling

through the LaAlO3 layer, and are then filled by sputtering 4 nm of Ti and 25 nm

of Au to form bilayer electrodes. Within the 30 µm × 30 µm canvas defined by the
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electrical contacts, nanostructures are written and erased at the interface using c-AFM

lithography at room temperature. The conductance between two electrical contacts is

continuously monitored by a lock-in amplifier (Figs. 4.10 and 4.11).

V(t) I(t) 

Verase 

x 
y

Figure 4.11: Schematic diagram of the conductive-AFM erasing process. AFM tip is -
10V biased and moving perpendicularly across the nanowire. Reprinted with permission.
Accepted for publication in Applied Physics Letters. Copyright AIP Publishing LLC.

The c-AFM writing process (Fig. 4.10) on a 3.4 unit cell LaAlO3/SrTiO3 sample

begins by ‘writing’ two rectangular pads by raster scanning a Vwrite= +10 V biased

AFM tip to form better contacts to the Au electrodes. Then a conductive nanowire is

created by the +10 V biased AFM tip scanning from one electrode to the other at a

speed of 300 nm/s (Fig. 4.10) When the tip reaches the other electrode, a pronounced and

abrupt conductance jump is observed (Fig. 4.12). The observed maximum conductance

change and non-exponential decay in atmosphere conditions are comparable with the

3.4 unit cell LaAlO3/SrTiO3 samples grown by PLD [62].

After writing the nanowire, the AFM tip is repositioned and biased at Verase= -10 V,
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Figure 4.12: Conductance between the two electrodes during the writing process. When
the tip reaches the second electrode, conductance increases abruptly. Reprinted with
permission. Accepted for publication in Applied Physics Letters. Copyright AIP Pub-
lishing LLC.

and then moved perpendicularly across the nanowire at 10 nm/s speed (Fig. 4.11). The

conductance decreases abruptly to zero when the tip reaches the nanowire (Fig. 4.13).

The nanowire width can be quantified by fitting the conductance drop curve with the

function [62]:

G(x) = G0 −G1 tanh

(
x

h

)
(4.1)

The best fit is shown as the red curve in Fig. 4.13 and we can determine a nanowire width

of 9.2 nm. The ability to create conductive nanostructures is important for technological

applications, but it also serves as a sensitive probe of the uniformity of the 2DEG. A

single insulating patch along the nanowire is sufficient to prevent conductivity.
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Figure 4.13: Conductance between the two electrodes during the erasing process. As the
tip scans across the nanowire, conductance decreases to zero. The red curve shows the
best fit indicating a nanowire thickness of 9.2 nm. Reprinted with permission. Accepted
for publication in Applied Physics Letters. Copyright AIP Publishing LLC.
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4.5 Concluding Remarks

Sputtering is a thin film growth technique capable of the uniform large area deposition

required for scaling. In this work we demonstrated that sputtering is a viable technique

to grow high quality epitaxial LaAlO3 films with excellent surface quality on TiO2-

terminated SrTiO3 substrates. Growth conditions were chosen to mimic those known to

form a 2DEG at the interface by pulsed laser deposition. We showed that these sam-

ples have comparable electronic transport properties to heterostructures grown by PLD

and demonstrated room-temperature conductive-AFM nano-writing, demonstrating the

capability to make devices on these oxide films. In summary, we have created another

avenue of exploration for the study of the 2DEG at the LaAlO3/SrTiO3 interface by

developing a growth process using sputter deposition.
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Chapter 5

Polar-Polar LaAlO3/SrTiO3

Heterointerface

The fabrication of interfacial systems in [111]-oriented perovskite oxides provides a chal-

lenge in the area of complex oxide thin films. The polar character of perovskites in

(111) layers is typically greater than in the conventional [001]-oriented crystals. Larger

polarity of the layers and the discontinuity faced at interfaces drives more strongly

mechanisms to achieve charge neutral surfaces, for example: chemical phase separation,

defect formation, atomic displacements, intermixing, reconstructions or crystallographic

faceting, chemical bond (re)hybridization or chemisorption of foreign atoms [97]. Nev-

ertheless, topologically protected electronic states are predicted by theory to exist at

(111) perovskite interfaces of different materials, mainly attributed to the honeycomb

lattice in this orientation [98–100]. The heterointerface between LaAlO3 and SrTiO3 is

perhaps one of the most studied interfacial systems between two perovskite oxides and

hasn’t been until recently that the creation of a two-dimensional electron gas has been

demonstrated in interfaces other than the (001) [101]. Herranz et al. were the first to

demonstrate high-mobility electron systems at the interfaces between epitaxially grown

LaAlO3 on SrTiO3 (110) and (111) [101].

In this chapter we look deeper at the (111) interface between LaAlO3 and SrTiO3

by incorporating multiple techniques to gain insight about the structural and electronic
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effects at play in this exotic interface. We find that the bare surface of a SrTiO3 (111)

substrate is initially reconstructed and that upon epitaxial deposition of LaAlO3 the

two-dimensional conducting system forms with n-type carriers and that the structures

is structurally coherent This project was of a complexity that required the collaboration

of multiple groups. The growth of the heterostructures was led by S. Ryu in C.B.

Eom’s group at the Materials Science and Engineering Department at the University

of Wisconsin-Madison. Surface x-ray diffraction and COherent Bragg Rod Analysis

(COBRA) was performed by Hua Zhou and D.D. Fong at Argonne National Laboratory.

The author (T.H.) and M. S. Rzchowski performed magnetotransport studies. TEM was

performed in X.Q. Pan’s group at the University of Michigan and DFT calculations were

performed by E.Y. Tsymbal’s group at the University of Nebraska.

5.1 Geometrical Considerations for the (111)

Interface

Let us revisit the conventional unit cell of the perovskite structure ABO3 shown in

Fig. 5.1. It is constituted of a basic cubic cell with the A-sites at the edges of the cube,

the O-sites at the center of the face and the B site at the center of the cubic cell. The

lattice parameter is a. The cell encloses 1
8

of an A-type atom per corner, 1
2

of an O atom

per face and the entire B atom at its center; thus, this cell contains one A type and one

B type atoms and 3 O-atoms, in agreement with the chemical formula.

The equilateral triangle with edges at the points (1,0,0), (0,1,0) and (0,0,1) (seen as

the yellow shaded triangle in Fig. 5.1) lies on the (111) plane of the perovskite lattice.

Its side length is
√

2a, it has an area of (
√

3/2)a2 and the distance between this plane

and (0,0,0) along the [111] direction is a/
√

3. This triangle has an A site at each edge
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Figure 5.1: Conventional unit cell of an ABO3 perovskite. Blue, yellow and red circles
correspond to the A, B and O atoms respectively. The yellow shaded triangle shows an
example of an AO3 layer.
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Figure 5.2: Conventional unit cell of an ABO3 perovskite viewed from the [111] direction.
Blue and red circles correspond to the A and O atoms respectively, the B atom is behind
the central top A atom. The yellow shaded triangle shows an example of an AO3 layer.
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Figure 5.3: (a) Cubic lattice formed by the A-sites in an ABO3 perovskite. Blue and
green circles represent the A-sites in the first and second (111) planes respectively. (b)
Hexagonal coordination of the AO3 (111) plane and definition of a new cell, shown in
shaded blue. Blue and red circles correspond to A and O atoms respectively.

and an O site at the midpoint of each of its sides; therefore the triangle cell contains 1
6

A-type ions per edge and 1
2

O atoms per side, which gives a total of 1
2

A-type ions and 3
2

O atoms per cell. The next triangle with A and O atoms on the subsequent (111) plane,

for example the triangle with edges at the points (1,1,0), (1,0,1) and (0,1,1), lies at a

distance of a/
√

3 from the (1,1,1) point. Since the distance of the diagonal across the

cube, connecting the points (0,0,0) and (1,1,1) is
√

3a, the distance in between these two

AO3 planes is
√

3a− a/
√

3− a/
√

3 = a/
√

3. The B cation lies at the center of the cubic

cell, a distance (
√

3/2)a (along the [111] direciton) from the point (0,0,0) and therefore

a distance (
√

3/2)a− a/
√

3 = (
√

3/6)a from the AO3 planes.

Viewed from the [111]-direction (see Fig. 5.2), the AO3 triangles of the perovskite

crystal form a hexagonal lattice on the (111) plane. We define a two-dimensional cell on

this plane that includes two triangles on the (111) plane as seen in the Fig. 5.3; thus,
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Figure 5.4: (a) One bilayer seen along the [111] direction in an ABO3 perovskite. Blue,
yellow and red circles represent the A, B and O atoms respectively. The newly defined
cell consists of the blue shaded triangle of AO3 and its corresponding B atom above it.
Extra atoms are shown to illustrate the hexagonal coordination. (b) Stacking of three
AO3-B bilayers in an fcc closed packed-like manner to reproduce the full perovskite
crystal symmetry.

each cell of AO3 planes contains one A-type ion and three O atoms. To each double-

triangle cell on the AO3 plane corresponds a single B-type atom located a distance

(
√

3/6)a above the center of the top triangle. The B-sites also form a hexagonal lattice,

and are stacked above the AO3 lattice as shown in Fig. 5.4a, where only one B-layer

above the AO3 plane is shown. The full periodicity of the ABO3 perovskite structure

is thus achieved by stacking three AO3-B bilayers in a face centered cubic (fcc) closed

packed-like manner (see Fig. 5.4b), with periodicity of a/
√

3. In the case of SrTiO3 with

a lattice parameter a = 3.905 Å, the bilayer spacing is predicted to be 2.255 Å.

The elemental oxidation states in SrTiO3 and LaAlO3 are Sr2+, Ti4+, La3+, Al3+ and

O2−. Therefore, the charge per cell in a SrO3 layer is −4e and its surface charge density

is σ = −4e/
√

3a2. In a similar fashion we can obtain the net charge per cell and surface
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Table 5.1: Net charge per cell and surface charge densities of (111) layers in SrTiO3 and
LaAlO3

Layer
Charge per

cell (e)
σ (e/a2)

SrO3 −4 −4/
√

3

Ti +4 +4/
√

3

LaO3 −3 −3/
√

3

Al +3 +3/
√

3

charge densities of each of the layers, shown in Table 5.1. In this way, [111]-oriented

LaAlO3/SrTiO3 heterostructures provide a system in which both oxides are conformed

of polar layers, in contrast with the commonly studied [001]-oriented LaAlO3/SrTiO3

polar/non-polar interface.

Furthermore, it is important to note that two consecutive B layers form a buckled

honeycomb lattice as seen in Fig. 5.5. Electrons occupying open d shells in B sites of

conducting transition metal oxides LaNiO3 [98, 100] or LaAuO3 [99] embedded on a

band insulator perovskite, like LaAlO3, are predicted to create topologically protected

states. In the LaAlO3/SrTiO3 system, the electrons occupy the Ti 3d bands of the

first few layers, which are then capped by band insulator LaAlO3. Even though, the

mechanism of conduction in the top layers of SrTiO3 is polarization and dopant driven,

the LaAlO3/SrTiO3 (111) interface will provide the same structural considerations as in

the theoretical predictions of Refs. [98–100].
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B

B

Figure 5.5: Two consecutive metallic B layers displaying the buckled honeycomb lattice.
Blue and green dashed lines indicate the hexagonal lattice in two different (111) planes.
Solid black lines indicate the buckled honeycomb lattice.
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5.2 Methods

5.2.1 Sample Fabrication

We fabricated epitaxial LaAlO3/SrTiO3 heterostructures by growing LaAlO3 on SrTiO3

(111) with atomic layer controlled pulsed laser deposition (PLD). Processing methods

that include chemical etching and thermal annealing of SrTiO3 (111) single crystal sub-

strates were reported to create atomically smooth surfaces with metallic Ti termination

[102]. Before deposition, SrTiO3 substrates were soaked in de-ionized water for 10 min-

utes and chemically etched with buffered HF solution for 1 minute, and then annealed

at 1050◦C for 3–6 hours in oxygen flow. All LaAlO3 films were grown at 550◦C and

pO2 = 10−3 mbar with no post-growth annealing. The LaAlO3 thickness and crys-

tallinity were monitored by in-situ reflection high-energy electron diffraction (RHEED).

Intensity oscillations of the specular spot as a function of time shown in Fig. 5.6 confirm

the LaAlO3 layer-by-layer growth. The RHEED pattern after 20 RHEED oscillations

remains similar to that of the bare SrTiO3 substrate, indicative of epitaxial coherent

growth of LaAlO3. Atomic force microscopy (AFM) images were taken of the treated

SrTiO3 substrates and the deposited LaAlO3 layer (Fig. 5.7) showing equivalent clear

steps and terraces. The measured step height was of 2.23 and 2.21 Å respectively, similar

to the predicted spacing between bilayers along the [111]-direction of 2.255 Å.
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Figure 5.6: Reflection High-Energy Electron Diffraction oscillations during deposition
of the LaAlO3 layer.
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Figure 5.7: AFM images of the SrTiO3 bare substrate and the deposited LaAlO3 layer
along the [111] direction.
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5.2.2 Transport Measurements

For the majority of the samples, we directly bonded wires directly onto the samples

to exclude the effect of polar adsorbates Immediately after growth, we mounted the

heterostructures on ceramic chip carriers and bonded aluminum wires with a West Bond

wedge ultrasonic bonder in the four corner van der Pauw configuration. Upon loading

the chip carriers in the cryostats, we let the samples stabilize in the dark environment

before performing magnetotransport measurements to prevent artifacts due to photo-

induced carriers, a step crucial in particular for higher resistive samples. We used two

different cryogenic system to measure temperature dependence of electroc properties.

For the temperature range 300–20 K we used a closed-cycle helium gas cryostat model

261265A by APD with compressor model HC-4 by APD mounted on an electromagnet

to with a maximum magnetic field of µ0H = 0.7 T at the required pole spacing. Below

T = 20 K we used an Oxford Instruments MagLab 2000 liquid helium, sample in flowing

gas cryostat with an integrated superconducting magnet with a maximum field of µ0H =

8.3 T. On select samples, we performed additional transport characterization using a

custom-designed L-shaped Hall-bar pattern (shown in Fig. 5.8) that restricts the current

paths and allows for precise measurement of Rxx and Rxy on two perpendicular current

directions to probe for anisotropy across the sample surface.
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Figure 5.8: L-shaped pattern containing two perpendicular measurement arrangements
for measurement of Rxx and Rxy.
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5.2.3 Surface X-ray Diffraction and COBRA

The atomic structure of LaAlO3/SrTiO3 (111) heterostructures was investigated at

beamline 12-ID-D of the Advanced Photon Source at Argonne National Laboratory by

measuring the diffraction intensities along the substrate-defined symmetry non-equivalent

crystal truncation rods (CTRs). The measurements were conducted on a six-circle Hu-

ber goniometer, using an x-ray energy of 16 KeV (λ = 0.7749 Å). The x-ray beam with

a profile of 40 µm (vertical) × 500 µm (horizontal) has a flux of 1×1012 photons per

second. The two-dimensional scattering images of CTRs at each step in the reciprocal

lattice unit were recorded with a pixel array area detector (Dectris PILATUS 100 K).

The L-scans along the specular CTRs were obtained by properly removing the back-

ground scattering contributions using the area detector images. Subsequently, COBRA

was used to extract the three-dimensional electron density profile along the [111] direc-

tion. COBRA is an x-ray phase-retrieval method which uses the fact that the complex

structure factors (CSFs) vary continuously along the CTR to determine the diffraction

phases from the measured diffraction intensities. The CSFs are then Fourier transformed

into real space to obtain the electron density profile of the film and substrate with sub-

angstrom resolution. It is the most effective technique to determine layer resolved atomic

structures on epitaxial thin films. The samples analyzed with this technique were a bare,

treated SrTiO3 substrate and LaAlO3 films on SrTiO3 (111) with thicknesses of 3 and

20 bilayers.
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5.2.4 Theoretical Modeling

Density functional theory (DFT) is used to perform calculations from first-principles,

as implemented within the Vienna ab initio simulation package (VASP) [103]. The pro-

jected augmented wave (PAW) method is used to approximate the electron-ion potential,

and the local density approximation (LDA) is used to include exchange and correlation

effects. LaAlO3/SrTiO3 (111) interfaces are constructed using a supercell geometry

where a n-bilayer LaAlO3 (n = 5, 6, 8, 9 and 16) is placed on top of a m-bilayer SrTiO3

(m = 3), both stacked in the [111] direction, and a 1.5 nm vacuum layer separates the

LaAlO3/SrTiO3 structure. We assume that the interface is LaO3/Ti terminated as fol-

lows from our COBRA data. The constructed stoichiometric supercell contains a polar

bottom surface of a (SrO3)
4− atomic layer and thus produces an electric field in SrTiO3.

To eliminate this unphysical field we remove an O atom to form a (SrO2)
2− atomic

layer and thus a non-polar bottom surface of SrTiO3. To preserve stoichiometry of the

system we put this atom at the top layer of LaAlO3 to create an AlO2 atomic layer of

the surface. The resulting stacking sequence of the system is:

AlO/LaO3/Al/LaO3/. . . /Al/LaO3/Ti/SrO2/Ti/SrO3/. . . /Ti/SrO2

The in-plane lattice constant of the superlattice is fixed to the calculated bulk lattice

constant of SrTiO3, i.e. a = 3.905 Å. To avoid an unphysical electric field in vacuum due

to periodic boundary conditions of the supercell, a dipole layer is introduced in vacuum

to cancel this field. In the calculation, we use a kinetic energy cutoff of 340 eV for the

plane wave expansion of the PAWs and an equally spaced mesh of 4× 3× 1 k points in

the [11̄0], [112̄], and [001] directions, respectively, for Brillouin zone integration. All the

ionic positions are relaxed until the atomic forces are less than 0.01 eV/Å.
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5.3 Structure of the Top (111) Surface in a Bare

SrTiO3 Substrate

Surface x-ray diffraction and COBRA of a treated Ti-terminated SrTiO3 substrate shows

non-trivial CTR intensity variations (Fig. 5.9) in the mid-zones between substrate de-

fined Bragg peaks [(003), (006) and (009)]. Such variations would not appear if the

substrate is perfect and has no surface modifications (e.g. lattice distortion, surface

off-stoichiometry, or charged adsorbates). The electron density profile of the SrTiO3

(111) surface can only be determined with a model that designates Ti as the top most

layer, (using a SrO3 termination yields a bad fit) and is shown in Fig. 5.10. The elec-

tron density variations of the layers near the surface is indicative of modifications of

the surface. The chemical composition of each atomic layer is extracted based on the

integrated intensities of corresponding peaks in the density profile. We observe a signif-

icant change in stoichiometry of subsurface SrO3 and Ti layers, accompanied by a small

amount of lattice distortions, both of which alleviate the diverging surface electrostatic

energy (dashed line in Fig. 5.11).
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Figure 5.9: Specular CTR (00L) of a treated SrTiO3 bare substrate.

Figure 5.10: Experimentally determined electron density profile of the treated bare
SrTiO3 (111) surface.
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Figure 5.11: Schematic of the charge distribution and electrostatic potential, plane-by-
plane near the surface of SrTiO3 (111). Possible surface reconstruction (top Ti layer) and
sub-surface off-stoichiometry (SrO3 and Ti layer deficiency) alleviate a polar catastrophe,
as illustrated by the dashed line, of the intrinsically polar (111) system.
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5.4 Structural Analysis of the (111) LaAlO3/SrTiO3

Interface

COBRA of the high energy surface x-ray diffraction is used to determine the electron

density distribution close to the surface of LaAlO3/SrTiO3 (111) heterostructures. The

two-dimensional electron density maps around Ti ions of the two top most layers of

SrTiO3 (Fig. 5.12) shows the honeycomb coordination discussed in Section 5.1. The

projection of three-dimensional electron density isosurface maps along [111] direction

for SrTiO3 (111) system is shown in Fig. 5.13, where one SrO3 atomic layer together

with two adjacent Ti atomic layers are overlaid. The bigger isosurface blue blob in the

center of a honeycomb lattice represents an Sr atom and the smaller blue blob at the

middle of the edge of a honeycomb lattice represents an O atom.

Figure 5.12: Two dimensional electron density maps at the Ti peak positions obtained
by COBRA. Maps of the two Ti layers closest to the interface are overlaid, the yellow and
red dotted triangles correspond to Ti layers above and below the SrO3 plane, respectively.
The black hexagons are guides to highlight the honeycomb-like coordination.
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Figure 5.13: Three dimensional electron density isosurface maps of consecutive Ti-SrO3-
Ti layers.
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Figure 5.14: High-resolution cross-section TEM image of the coherent interface. Blue,
navy, red and yellow circles are Sr, La, Ti and Al, respectively. Dashed line is the guide
for each plane. The average bilayer spacing is 2.15 Å.
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During PLD growth of LaAlO3 films on SrTiO3 (001) substrates, one complete

RHEED oscillation corresponds to the deposition of an individual LaAlO3 unit cell with

constant surface roughness [3, 86]. However, as suggested by the step height observed

in AFM, this is likely not the case depositions along the [111]-direciton.

The high-resolution cross-sectional TEM of a LaAlO3 film on SrTiO3 (111) for 20

RHEED oscillations (Fig. 5.14) shows 20 rows of heavy La atoms (bright spots) above

the interface. This indicates that one RHEED oscillation during PLD corresponds to

the deposition of a single LaO3-Al bilayer with an average bilayer spacing of 2.15 Å.
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5.5 Pre-reconstructed Interface

Let the equivalent surface charge density be the charge density required to produce

the same internal electrostatic potential at the top and bottom of a layer of the same

material In a polarization catastrophe scenario, the equivalent surface charge densities

would be non-zero, increasing the potential difference between the interface and top

layer with increasing LaAlO3 thickness. Assuming the bare SrTiO3 (111) substrate has

undergone a reconstruction at its surface (as indicated by COBRA, see section 5.3), we

can conceive an electrostatic scenario in which the substrate does not contribute to the

internal fields at the interface (similar to the one done in Ref. [12]); such fields would

have been previously alleviated. A schematic of this model is shown in Fig. 5.15, where

σtop and σint are the equivalent surface charge densities at the top and bottom of the

LaAl3 layer. The surface charge densities of each layer have already been calculated and

are shown in Table 5.1. The electric field between an Al3+-(LaO3)
3− bilayer is then:

E =
σ

ε
=

3√
3

e

εa2
(5.1)

and points towards the interface. The arrows in Fig. 5.15 show the internal electric fields

in units of (e/
√

3εa2). Let m be the number of Al-LaO3 bilayers and d be the bilayer

spacing, the potential difference between the interface and the top of the film is:

∆V = −
∫
c

E · dl = E · 1

2
· d ·m =

1.5e√
3εa2

· d ·m (5.2)

An equivalent electrostatic potential is created by equivalent surface charge densities

−σeq at the interface and +σeq top layer given by:

Veq =
σeq
ε
· d ·m (5.3)
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Figure 5.15: Schematic of the layers of LaAlO3/SrTiO3 (111) structure in the case when
the top layer of SrTiO3 is reconstructed and non-polar.

Setting both potentials (Eq. 5.2 and 5.4) equal we obtain:

σeq =
1.5e√

3a2
(5.4)

Therefore, a diverging electrostatic potential will accumulate with increasing LaAlO3

layer thickness unless a positive charge is transferred to the interface from the top in

order to balance σint, and creating a p-type conducting channel.
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5.6 Evidence of an n-type Conducting Channel

We characterized temperature dependent magnetotransport of both [111]- and [001]-

oriented heterostructures for comparison. We used both the four corner van der Pauw

technique, and the L-shaped Hall-bar pattern in Fig 5.8, yielding consistent results.

Contrary to the reconstruction scenario discussed in Section 5.5, we found all conducting

samples to have Hall coefficients consistent with n-type carriers. Anisotropy due to

uneven coverage of the LaAlO3 film was not observed in the two directions and positions

of the Hall bars.

Transport measurements in [111]-oriented heterostructures with varying LaAlO3 thick-

ness show a non-abrupt transition from an insulating to a conducting state, in contrast

with the transition seen in [001]-oriented films (see Fig. 5.16). In our LaAlO3/SrTiO3

(001) heterostructures, the transition is abrupt in sheet resistance and sheet carrier den-

sity at a critical thickness of 4 bilayers (also reported in [13]). On the other hand, the

transition is broad in the (111) structure, showing an insulating state below 6 bilayers

and saturation at Rs ∼ 104 Ω/� and ns ∼ 1014 cm−2 above 15 bilayers. Such satu-

ration of transport with increasing thickness was not observed on previously reported

LaAlO3/SrTiO3 (111) [101]. Herranz et al. report quick degradation of conductivity

with increasing LaAlO3 layer deposited along the [111]-direction, with resistances of or-

der ∼ 106 Ω for 22 bilayer samples [101]. The transport properties in our samples had

low reproducibility in the LaAlO3 thickness transition range, as indicated by the error

bars in Fig. 5.16. A possible cause for this can be incomplete coverage found in our x-ray

measurements and COBRA (see Fig. 5.17), where intensity drops of the electron density

profiles near the top surface of the LaAlO3 overlayer indicate variability in the coverage

of the deposited film from the nominal thickness reported from the number of RHEED

oscillations. The integrated electron numbers can be determined for each atomic layer
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and are shown in Fig. 5.18. Tails of electron number at the top most atomic layers also

point to partial coverage of the LaAlO3 film. The interface widths are estimated to be

0.7 nm and 1 nm, or about 3 and 5 bilayers in the [111]-direction. Similar measurements

from surface x-ray diffraction experiments on LaAlO3/SrTiO3 (001) have found similar

rough interfaces with widths of a few unit cells, attributing them to cation intermix-

ing [36, 104]. Therefore we can not rule out intermixing effects in our (111) interface.

After saturation on thickness has been reached, the conducting (111) interfaces have

higher carrier densities than that of similarly prepared LaAlO3/SrTiO3 (001) as shown

in Fig. 5.16b.
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Figure 5.16: Room temperature (a) sheet resistance and (b) sheet carrier density as a
function of the number of deposited LaAlO3 bilayers on SrTiO3 (111).
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Figure 5.17: Electron density profiles of the (a) 3 and (b) 20 bilayer thick LaAlO3, as a
function of Z height, measured from the interface.
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Figure 5.18: Integrated electron number profiles of the (a) 3 and (b) 20 bilayer thick
LaAlO3, as a function of atomic layer.
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Table 5.2: Transport Properties of (001) and (111) LaAlO3/SrTiO3 Interfaces at Room
Temperature

Interface ns (cm−2) µH (cm2/Vs)

(111) 1.7×1014 3.2

(001) 8.8×1013 5.3

Table 5.3: Transport Properties of (001) and (111) LaAlO3/SrTiO3 Interfaces at T = 3 K

Interface ns cm−2) µH (cm2/Vs)

(111) 1.9×1013 725

(001) 1.8×1013 3500

We measured the temperature dependence of transport properties of 20 bilayer

LaAlO3 (111) sample, a thickness well beyond the conductor transition, and is com-

pared to a (001) sample with the same bilayer thickness (see Fig. 5.19). Values of

transport properties at room temperature and T = 3 K are shown in Tables 5.2 and

5.3, respectively. Our (111) sample shows metallic behavior in the temperature range 3–

300 K, in contrast with an upturn in resistance previously reported for LaAlO3/SrTiO3

(111) samples with comparable LaAlO3 thickness [101]. The room temperature ns of

the (111) sample was almost twice as the (001) counterpart whereas µH was smaller

in the (111) interface (see Table 5.2). The low temperature ns saturates at an almost

identical value for both types of interfaces but µH is a factor of ∼ 5 smaller in the (111)

sample. This reduced mobility can be explained in terms of increased scattering at the

rough interface observed, but since there is a lack of understanding on the specific band

occupation of the carriers in this (111) system, it is difficult to determine if this effect is

due effective mass or relaxation times.
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sheet carrier density and (c) Hall mobility of 20 bilayer thick LaAlO3 on SrTiO3 (111)
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interfaces, respectively.
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5.7 Polarization Driven Reconstruction

The transport measurements show that the interface hosts an n-type carriers contra-

dicts our prediction in Section 5.5, and indicate an internal electric field in the LaAlO3

layer that points away from the interface. We propose that the LaAlO3/SrTiO3 het-

erostructure is qualitatively different than reconstructed SrTiO3, and that polar issues

in both LaAlO3 and SrTiO3 are resolved by an electronic reconstruction well above the

thickness transition into a conducting interface. We performed DFT calculations using

the model in Fig. 5.20, assuming a LaO3/Ti termination (for details see Section 5.2.4).

The layer-resolved density of states in Fig. 5.21 shows the transition from insulator at 6

bilayers of LaAlO3 to conductor at 8 bilayers, which is only in partial agreement with the

transport measurements in Section 5.6. This is evident from the Fermi energy lying in

the band gap for the 6 bilayers heterostructure (Fig. 5.21a) and in the Ti 3d conduction

band for the 8 bilayers heterostructure (Fig. 5.21b). Even though DFT calculations of

this idealized interface do not model the case of the non-abrupt transition measured, it

does provide an insight of the internal fields and reconstruction that lead to an n-type

interface. The red dashed line in Fig. 5.21 traces the valence band edge across the in-

terface. In the SrTiO3 layers the edge remains constant in energy, indicating constant

electric potentials and no internal field. On the other hand, the slant of the trace of

the band edge in the LaAlO3 layer shows a change electrostatic potential, which in turn

indicates an internal electric field.
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Figure 5.20: Schematic of the layers of LaAlO3/SrTiO3 (111) structure in the case of a
perfect interface.
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Figure 5.22: Charge density of a plane slice of a 3 bilayer LaAlO3/SrTiO3 heterostructure
in the same crystallographic direction as Fig. 5.14 measured by COBRA x-ray diffraction.

An internal field in the LaAlO3 layer is also observed by structural results from CO-

BRA, where the three-dimensional atomic positions above and below the (111) interface

are determined for samples with 3 and 20 bilayers of LaAlO3. A slice of through the

three-dimensional charge density map perpendicular to the interface for the 3 bilayer

samples is shown in Fig. 5.22. The positively charged Ti layer is not centered between

the negatively charged LaO3 layers, but is rather offset away from the interface, indicat-

ing atomic rumpling due to a polar field in the LaAlO3 layer [105].

We determined the B-site off-center displacements, defined as the difference between

half distance between of two AO3 layers and the distance between a B and an AO3 layer,

and the spacing between bilayers from COBRA for the 3 and 20 bilayer LaAlO3 samples.

These parameters were also calculated from DFT assuming the perfect interface, as

discussed in Section 5.2.4 and the same LaAlO3 thicknesses. Figure 5.23 summarizes

the comparison between the measured and theoretically predicted parameters. The

bulk values for SrTiO3 (111) and LaAlO3 (111) are indicated in red and brown dashed
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lines, respectively, and the elastic limit of the deformation for the LaAlO3 layer under

triaxial strain is calculated from Poisson’s ratio and shown as the pink dashed line. The

measured off-center displacements of the insulating 3 bilayer thick sample are larger

than the theoretical prediction from the ideal interface (see Fig. 5.23a), whereas in the

20 bilayer samples show displacement distributed around the center (see Fig. 5.23b).

This is caused by reduced atomic rumpling due to internal fields in the LaAlO3 layer

becoming resolved by a reconstruction in the 20 bilayer sample.

Moreover, the bilayer lattice spacing of the insulating, 3 bilayer LaAlO3 film is the

same as to the spacing in the SrTiO3 layer (see Fig. 5.23c), which is not in the elastic

limit of LaAlO3 nor agrees with the theoretical prediction. On the other hand, the

20 bilayer film shows (see Fig. 5.23d) a gradual decrease in the LaAlO3 bilayer lattice

spacing approaching the elastic limit. This expansion along the [111] direction in the

insulating sample can be attributed the electrostrictive effect caused by the internal field

in LaAlO3, similar to the one observed in LaAlO3/SrTiO3 (001) [106]. The 20 bilayer

thick sample, showing saturated transport properties above the thickness transition, has

undergone an electronic reconstruction that alleviated the internal fields and displays

less atomic rumpling and electrostrictive effects.
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5.8 Concluding Remarks

Surface x-ray diffraction and COBRA of an etched and annealed SrTiO3 (111) sur-

face indicate a surface reconstruction and off-stoichiometry that eliminates the internal

SrTiO3 electric field in the [111]-direction. A polarization catastrophe scenario consid-

ering a SrTiO3 (111) substrate with its internal fields resolved predicts the existence

of a p-type conducting channel. This is contradicted by direct transport measurements

of n-type carriers; furthermore, we observe a broad insulator-to-metal transition with

increasing LaAlO3 layer thickness. Incomplete or impartial film coverage or a rough,

non-atomically sharp interface are possible causes for this non-abrupt thickness tran-

sition. Theoretical DFT calculations that assume a perfect LaO3-Ti interface predict

n-type charge carriers and internal polar fields in the LaAlO3 layer. COBRA struc-

tural parameters from an insulating and a conducting heterostructure further indicate

a polar field driven reconstruction. The LaAlO3/SrTiO3 (111) interface proves to be a

challenging system, where atomically sharp interfaces are hard to create due to the ini-

tially reconstructed (111) surfaces of the polar substrate. We show an interplay between

structural and electronic reconstructions at this interface and a polar-driven mechanism

that creates an n-type two-dimensional electron system well above the broad transition

with film thickness. Future work includes improving atomic sharpness at the interface,

by preventing reconstruction at the polar substrate and studying the dimensionality

and band occupation of this n-type conducting channel, for example high-field magne-

totransport measurements would show quantum oscillations if the confinement of the

electron gas is two-dimensional.
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Chapter 6

Final Remarks

To summarize our findings, we identified two conduction regimes in an all thin-film

LaAlO3/SrTiO3 system. The effect of oxygen partial pressure during growth directly af-

fects the carrier density of the system. In the lower carrier density regime (∼ 1013 cm−2)

we found a metallic to insulating temperature dependence and strong localization by

disorder, whereas in the higher regime (> 1014 cm−2) we find metallic dependence with

signs of weak localization. This is understood in the occupation of Ti 3d bands farther

from the interface as carrier density is increased. All thin-film LaAlO3/SrTiO3 2DEGs

relieve the size constrain of the commercially available single crystal SrTiO3 substrates,

typically of dimensions 10 × 10 mm. Our work in the electronic properties of all-thin-

film LaAlO3/SrTiO3 pioneers the understanding and implementations of this 2DEG

to harness the richness of this oxide interface and its integration to industry standard

substrates.

Furthermore, we showed the first conducting LaAlO3/SrTiO3 two-dimensional sys-

tem grown by the physical vapor deposition technique: 90◦ off-axis sputtering. Films

grown with this scalable technique have excellent crystalline quality and transport char-

acteristics similar to those grown by the (mostly research employed) pulsed laser depo-

sition technique. Writing of circuits on the nanoscale using the conducting-tip atomic

force microscopy technique is demonstrated in sputtered LaAlO3 on SrTiO3, opening

the doors to nanoelectronic application of this novel interfacial system.
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We are among the first groups in the world to demonstrate conducting [111]-oriented

LaAlO3/SrTiO3 heterostructures, a crystallographic orientation that proves to be chal-

lenging due to the large polar nature of perovskite oxides in this stacking direction.

An interplay between structural and electronic reconstructions is at work to resolve the

polarization divergence. This drives the LaAlO3/SrTiO3 (111) system from insulating

to conducting with increasing LaAlO3 thickness, displaying a broader transition than

the conventional (001) system and a similar n-type conducting channel. The (111) in-

terface between conducting and band-insulating perovskite oxides is suspected to host

topologically protected electronic states due to the buckled honeycomb coordination of

the metallic ions. Here we showed a conducting interfacial system between two band

insulators that can serve as the starting point to investigate topological insulators at

complex oxide interfaces.

Nine years after the discovery of the conducting state at the LaAlO3/SrTiO3 het-

erointerface, it has proven to be a rich multifunctional system with many novel electronic,

magnetic and field-tunable properties. The research presented in this dissertation fur-

ther expands the understanding and applicability of this system, facilitating modern

technological implementations of this two-dimensional electron gas.
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Appendix A

Photo-induced Mobility

Enhancement of Conducting

LaAlO3/SrTiO3 Interfaces

The two-dimensional electron gas (2DEG) at the LaAlO3/SrTiO3 interface provides

many interesting electronic, magnetic and superconducting properties, but until re-

cently, the electronic response to light has not been a focus of study in this system.

The detection of photo-induced currents in nanoscale written devices by conducting-tip

atomic force microscopy (c-AFM) methods was one of the first such studies [107]. It is

important to note that in order to ‘write’ circuits with c-AFM, the starting system is an

insulating LaAlO3/SrTiO3 interface, typically below the critical thickness of four unit

cells. The result should not be surprising, since in a scanning tunneling spectroscopy

and microscopy study on insulating, 2 unit cell thick LaAlO3/SrTiO3 was made con-

ducting by inducing carriers to the interface from exposition to visible light [108]. This

photo-induced conductivity was associated to promotion of carriers to in-gap trapped

states [108].

Further studies focused on the macroscopic photoconductive response of highly resis-

tive LaAlO3/SrTiO3 films exposed to UV light [109]. The characterized photoresponse

to UV light followed a stretched exponential model with time of the form:
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∆R(t)

R0

∼ exp

[
− (t/τ)β

]
(A.1)

Persistent conductivity enhancement of three orders of magnitude with exposure to UV

(395 nm) and visible light was observed in highly resistive LaAlO3/SrTiO3, with recovery

times on the order of days and full recovery only achieved after high temperature thermal

cycling [110]. A different study found a resistance reduction of 50% on 10 nm thick

LaAlO3 on SrTiO3 at T = 4.2 K when illuminating with light of energy 3.65 eV (339 nm),

higher than the SrTiO3 bandgap of 3.2 eV [111]. Before illumination, their structure

has low mobility (3 cm2/Vs) and report high mobility after illumination (1200 cm2/Vs),

attributed to multi-band transport of two different types of carriers. Unfortunately they

do not report any transport properties at room temperature [111].

The SrTiO3 bandgap is 3.2 eV (which corresponds to a wavelength of 387.5 nm)

and illumination with photons of energies close to, or higher than this value will probe

trapped interfacial states close to the valence or conducting bands or direct photo-

induced promotion from the valence to the conducting band. Indeed, photo-luminescence

experiments prove the existence of defect states created by oxygen vacancies on Ar+-

irradiated single crystal SrTiO3. These trapped states occur 0.4 eV below the Ti 3d

conduction band or 0.4 eV above O 2p valence band [112]. Furthermore, similar pho-

toemission experiments have been used to show the existence of oxygen vacancies in

LaAlO3/SrTiO3 and their role as the main conduction mechanism [24]. The light source

used for excitation in these reports (Refs. [112] and [24]) was 325 nm and 350 nm,

respectively.

While measurements of photoresistance with applied light show real-time switching,

comprehensive studies of the Hall coefficient also with applied light are limited. In

this appendixc we present a study to measure the response of transport properties as a
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function of light exposition. We perform a wavelength response of the photoresistance

using a spectrometer and then use 405 nm and 635 nm light from laser diodes to shine

the sample and measure magnetotransport. At T = 30 K we observe clear reduced

resistance after exposing the sample to light of these wavelengths; on the other hand,

the Hall coefficient remains constant between samples shine with either light or in the

dark. We thus attribute this to a mobility enhancement, estimated to be around 5% and

9% for the 635 nm and 405 nm, respectively. The samples used in this experiments were

grown by S. Ryu in C. B. Eom’s lab, the spectrometry measurements were performed

by the author (T. H.) in M. Winokur’s laboratory and temperature and light dependent

transport was measured by the author (T. H.) in M. S. Rzchowski’s laboratory.

A.1 Growth and Characterization

Layers of 10 unit cell thick LaAlO3 were deposited by PLD on TiO2 terminated SrTiO3

with in-situ RHEED monitoring. In order to create a low resistance (∼ 104 Ω/� at

room temperature) 2DEG at the interfaces, the substrates were heated to a growth

temperature of 550◦C and the LaAlO3 films were deposited at pO2 = 10−3 mbar, with

no subsequent annealing. Intensity oscillations of the specular spot from RHEED show

layer-by-layer controlled growth (see Fig. A.1) and the RHEED pattern after deposition

of the LaAlO3 layer is similar to the one of the bare SrTiO3 substrate indicating epitaxial

growth (see Fig. A.2).
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Figure A.1: Reflection High-Energy Electron Diffraction oscillations during deposition
of the LaAlO3 layer on SrTiO3.
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Figure A.2: Reflection High-Energy Electron Diffraction patterns of (a) the surface of
the SrTiO3 substrate and (b) after deposition of 10 unit cells of LaAlO3.
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Aluminum wires were ultrasonically bonded directly into the four corners of the sam-

ples and electronic transport was measured using the van der Pauw technique with a

Keithley 2400 Sourcemeter and a Keithley 2700 Data Acquisition unit as previously de-

scribed. To measure temperature dependent transport in a ‘dark’ environment over the

temperature range 300–20 K we used a closed-cycle helium gas cryostat model 261265A

by APD with compressor model HC-4 by APD mounted on a electromagnet with a

maximum field of µ0H = 0.7 T at the required spacing. The room temperature sheet

resistance (Rs) was 1.2 × 104 Ω/�, which lies in the lower range for LaAlO3/SrTiO3

2DEGs. We measured the behavior of Rs with temperature by a slow temperature ramp

and by stabilizing the temperature at certain values of temperature, shown as the con-

tinuous red line and black circles in Fig. A.3 respectively. The samples showed metallic

behavior down to T = 20 K. The room temperature sheet carrier density (ns) was of

order 1.1 × 1014 cm−2 and the Hall mobility (µH) was 4.74 cm2/Vs. All Hall voltages

were linear with applied magnetic field in the measured range (0–0.7 T) indicating single

band transport. The temperature dependence of ns and µH is typical to that observed

in conventional LaAlO3/SrTiO3 heterostructures (see Fig. A.4). We do not observe sat-

uration of µH down to T = 20 K, where it reaches a value of 351 cm2/Vs, suggesting a

high-mobility electron gas at lower temperatures. The carrier density shows a downturn

starting at T = 100 K, which is commonly observed in high-mobility LaAlO3/SrTiO3

(for example see Refs. [14, 63]).
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LaAlO3/SrTiO3.

A.2 Wavelength Response

We determiined the wavelength dependent response at room temperature by shining

light from a JY HT20 Monochrometer with a 50 W Xe-Hg arc lamp source with quartz

collimating optics and an incident intensity of 1–3 µW/cm2. We monitored the resistance

in a single van der Pauw configuration in real time. Light of different wavelengths

was shone for 2.5 min and the sample was allowed to relax for another 2.5 min (see

Fig. A.6). We fitted stretched exponentials as in Equation A.1 for the recovery periods,

the time constants and exponentials obtained as a function of wavelength are shown in
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Fig. A.5. From Fig. A.6 we can see a weak response in the λ =500–600 nm range, which

yielded poor fits and fitting parameters. In the rest of the wavelength range, response

times and exponentials are similar to reported in previos LaAlO3/SrTiO3 photoresistance

experiments [109]. We select two wavelengths, 405 nm and 635 nm, that show good

response in the spectrometry experiment and are both of less energy than the SrTiO3

band gap to prevent direct promotion of carriers across the gap.
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A.3 Mobility Enhancement from Sub-gap

Photoexcitation

For temperature dependent transport with incident light we used a Cryo Industries He-

flow cryostat mounted on an electromagnet with adjustable pole spacing, reaching a

maximum of µ0H = 0.6 T at the pole spacing required for this cryostat. The samples

were irradiated with 405 nm and 635 nm wavelength light generated by two optical-fiber

coupled laser diodes by Thorlabs (models LP405-SF10 and LPS-635-FC respectively)

and collimated by a Thorlabs CFC-11X-A adjustable collimator with a focal length of

11.0 mm and anti-reflective coating for 350–700 nm light. The beam was wide enough

to illuminate a majority of the sample surface (5×5 mm). The light was shone from the

outside through the cryostat optical access. We tuned the excitation current to obtain

an incident intensity of 2 mW/cm2 for both laser diodes, compensating for attenuation

due to the window of the cryostat.

A summary of the transport properties with light irradiation at room temperature is

shown in Table A.1. The photoresistance only decreased with illumination from 405 nm

light as seen Fig. A.7. The effect was associated with a +3.4% increased in carrier density

and a -1% decreased in Hall mobility, which can be caused by promotion of carriers to

trapped states that are then accessible to the conduction band by thermal activation.

We could not obtain a reproducible effect when illuminating the sample with 635 nm,

likely due to the weakness of the effect.
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Figure A.7: Time dependent response of resistance to 405 nm light at T = 295 K. The
shaded area indicates when sample was exposed to laser light.

Table A.1: Photo-sensitivity of Transport Properties at T = 295 K

Light
Rs

(kΩ/�)
∆Rs (%)

ns
(1013 cm2) ∆ns (%)

µH
(cm2/Vs) ∆µH (%)

none 12.00 - 10.97 - 4.74 -

635 nm 12.07 +0.6 10.97 0 4.71 +1

405 nm 11.75 −2.1 11.34 +3.4 4.69 −1
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We attempted the same set of measurements at liquid He temperature (4.2 K),

however, the thermal coupling between the sample and cold finger prevented the sample

from reaching T = 4.2 K, as observed from the sample’s sheet resistance. The sample,

an LaAlO3 film on an insulating SrTiO3 substrate is mounted on a ceramic chip carrier

that in turn is connected on an extended stage of the cold finger (see Fig. A.8). The

cold finger was further thermally coupled by a thick Cu braid to the metallic back plate

of the chip carrier, which is in direct contact with the back of the sample. Despite these

efforts, a reliable coupling was not achieved, and the lowest temperature reached in the

sample was 30 K, as determined by the Rs versus T curve in Fig A.3.

At T = 30 K the samples showed a significant decrease in resistance with light

of both wavelengths. Figures A.9 and A.10 show the real-time resistance switching

with applied light. The shaded area shows the time when light was being shone on the

samples and the fitted parameters to stretched exponentials are shown in Table A.3. The

characteristic times (τ) are in agreement with the one measured at room temperature

but the exponent (β) at T = 30 K is lower than any seen at room temperature. The

changes in resistance were of −4.6% and −8.1% for 635 nm and 405 nm light respectively.

A summary of the transport properties is shown in Table A.10. The direct measurement

of Hall coefficients, long after exposure, was the same for the dark, 635 nm and 405 nm

light. An example of Hall voltages measured as a function of magnetic fields is shown in

Fig. A.11, where the signals have been intentionally offset. This suggests the decrease in

resistance observed is associated with a direct improvement of mobility of +5.41% and

+8.85% for the 635 nm and 405 nm light, respectively.
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Figure A.8: Extended stage of the cold finger in the Cryo Industries He Flow crysotat,
shown with a mounted chip carrier and sample.

Table A.2: Photo-sensitivity of Transport Properties at T = 30 K

Light Rs (Ω/�) ∆Rs (%)
ns

(1013 cm2) ∆ns (%)
µH

(cm2/Vs) ∆µH (%)

none 573 - 3.10 - 351 -

635 nm 547 −4.6 3.08 −0.6 370 +5.41

405 nm 526 −8.1 3.10 0 383 +8.85
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Figure A.9: Time dependent response of resistance to 635 nm light at T = 30 K. The
shaded area indicates when sample was exposed to laser light. The green dashed lines
indicate the fits to stretched exponentials.

Table A.3: Fitting parameters of a stretched exponential response for 405 nm and 635 nm
light on LaAlO3/SrTiO3 at T = 30 K

Light τ (s) β

405 nm 133.5 0.458

6355 nm 102.4 0.506
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Figure A.10: Time dependent response of resistance to 405 nm light at T = 30 K. The
shaded area indicates when sample was exposed to laser light. The green dashed lines
indicate the fits to stretched exponentials.
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Figure A.11: Hall voltage signals as a function of applied magnetic field for
LaAlO3/SrTiO3 under 635 nm and 405 nm irradiation and in a dark environment. The
signals have been artificially offset.
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A.4 Future Work

This preliminary result of mobility enhancement was not been previously reported for

LaAlO3/SrTiO3 heterostructures, where most of the studies on the photo sensitivity of

this interface found the promotion of carriers. This is in agreement with the commonly

used light sources in the UV range, which have photon energies higher than the SrTiO3

band gap. In order to rule out the possibility of two types of carriers, measurements at

high magnetic fields need to be performed under illumination. A non-linearity of the

transverse resistance with magentic field is typically indicative of multi-band transport

at play, as it was found in Ref. [111]. Furthermore, the mobility enhancement effect

manifests more strongly at T = 30 K than at room temperature; however, the Hall

mobility has not saturated yet at this temperature. Mangetotransport characterization

at T = 4.2 K will determine if the sample has a high-mobility two-dimensional electron

gas (∼ 104 cm2/Vs) and if the mobility enhancement still occurs after saturation due to

phonon freeze out. Intensity or photon number dependent studies could further elucidate

the absorption mechanism at play.
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D. Martoccia, S. Paetel, J. Mannhart, and P. R. Willmott, Phys. Rev. Lett. 106,

036101 (2011).



133

[106] C. Cancellieri, D. Fontaine, S. Gariglio, N. Reyren, A. D. Caviglia, A. Fête, S. J.

Leake, S. A. Pauli, P. R. Willmott, M. Stengel, P. Ghosez, and J.-M. Triscone,

Phys. Rev. Lett. 107 (2011).

[107] P. Irvin, Y. Ma, D. F. Bogorin, C. Cen, C. W. Bark, C. M. Folkman, C.-B. Eom,

and J. Levy, Nat. Photonics 4, 849 (2010).

[108] Z. Ristic, R. Di Capua, F. Chiarella, G. De Luca, I. Maggio-Aprile, M. Radovic,

and M. Salluzzo, Phys. Rev. B 86, 045127 (2012).

[109] A. Rastogi and R. C. Budhani, Opt. Lett. 37, 317 (2012).

[110] A. Tebano, E. Fabbri, D. Pergolesi, G. Balestrino, and E. Traversa, ACS Nano.

6, 1278 (2012).

[111] V. K. Guduru, A. Granados del Aguila, S. Wenderich, M. K. Kruize, A. McCollam,

P. C. M. Christianen, U. Zeitler, A. Brinkman, G. Rijnders, H. Hilgenkamp, and

J. C. Maan, Appl. Phys. Lett. 102, 051604 (2013).

[112] D. Kan, T. Terashima, R. Kanda, A. Masuno, K. Tanaka, S. Chu, H. Kan,

A. Ishizumi, Y. Kanemitsu, Y. Shimakawa, and M. Takano, Nat. Mat. 4, 816

(2005).


	Abstract
	Acknowledgements
	Introduction
	Background
	The LaAlO3/SrTiO3 (001) Interface
	The Components: SrTiO3 and LaAlO3
	Creation of the Conducting Channel
	Two-dimensional Character
	Potential for Applications

	Two-dimensional Electron Gas Between LaAlO3 and SrTiO3 Thin Films
	Growth and Characterization
	Strong Localization in High-pressure Samples
	Weak Localization in the Low-pressure Samples
	Analysis of Transport Properties
	Discussion
	Concluding Remarks

	Two-dimensional Electron Gas on Sputtered LaAlO3 on SrTiO3
	Growth Procedure: 90 off-axis Sputtering
	Structural Analysis
	Transport Analysis
	AFM Nano-writing Capabilities
	Concluding Remarks

	Polar-Polar LaAlO3/SrTiO3 Heterointerface
	Geometrical Considerations for the (111) Interface
	Methods
	Sample Fabrication
	Transport Measurements
	Surface X-ray Diffraction and COBRA
	Theoretical Modeling

	Structure of the Top (111) Surface in a Bare SrTiO3 Substrate
	Structural Analysis of the (111) LaAlO3/SrTiO3 Interface
	Pre-reconstructed Interface
	Evidence of an n-type Conducting Channel
	Polarization Driven Reconstruction
	Concluding Remarks

	Final Remarks
	Photo-induced Mobility Enhancement of Conducting LaAlO3/SrTiO3 Interfaces
	Growth and Characterization
	Wavelength Response
	Mobility Enhancement from Sub-gap Photoexcitation
	Future Work


