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2DEG Two-Dimensional Electron Gas

FPP First Positive Polarization
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LIGS Localized In-Gap States
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Rsheet Sheet Resistance

No Intrinsic sheet carrier density
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c Sheet conductivity

Ac Change in sheet conductivity
Ve Gate voltage

e Charge of electron
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Introduction and Outline

Introduction and Outline

Two-dimensional electron systems are the essential element of today’s semiconductor
technologies. The physical laws of ordinary matter are prone to be radically modified by
reducing the dimensionality, and completely new phenomena can manifest themselves. Many
Nobel Prizes have been awarded for research related to 2D systems in solids, starting from the
prize in 1985 to von Klitzing for the discovery of Quantum Hall Effect, to the 2010 prize to
Geim and Novoselov for the breakthrough of graphene. In between, Kroemer and Alferov won
the Nobel Prize in Physics for the invention of semiconductor heterostructures, which
revolutionized semiconductor technology and make up the basis of many modern electronic

devices.

Conventional electronics is based on silicon and on several I11-V groups elements. In the last
decades, another class of materials came into the spotlight of physicists, and remains nowadays
in the main stream of the research in the field of material science for electronics: the transition
metal (TM) oxides. TM oxides lie within the group of "correlated materials”. The research on
these oxides is boosted in the last 25 years by a number of successive discoveries, including high
temperature superconductivity, colossal magnetoresistance, record-high
dielectric/ferroelectric/piezoelectric  performances, resistive switching behavior, giant
thermoelectric effect etc. Such discoveries have attracted a large number of scientists from

different disciplines to this field.

In recent years, a vast realm of unexplored and ill-understood phenomena taking place at the
interface between different oxides has been disclosed to solid-state scientists. Interfaces are
under many aspects artificial systems that can be engineered in order to combine, in a single
device, the functionalities of their individual layers, or even to exploit a wide range of emergent
novel properties that can be surprisingly different from those of the single building blocks. Most
striking examples include the formation of a high-mobility two-dimensional electron gas (2DEG)
at the interface between two band insulator oxides (LaAlO3; and SrTiO3) [1]. This interface

exhibits unanticipated properties such as high electron mobility, interface magnetism and
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Introduction and Outline

superconductivity. Soon after the discovery of 2DEG at the LaAlO3/SrTiOs interface, it was
demonstrated that many other oxide heterostructures such as LaGaO3/SrTiO3, NdGaO3/SrTiOs3
and y-Al,O3/SrTiO3 exhibit similar properties. An increasing number of experiments have shown
that 2DEGs in oxides are extremely sensitive to two kinds of perturbation: light and electric
field. In both cases the response is non-trivial. The interfaces show giant photoconductivity that
is persistent in nature [2]. Furthermore, the electric field effect in the three terminal devices
based on LaAlOs/SrTiO3 also shows anomalous behavior [3], which goes beyond the simple
capacitor charge/discharge model that approximately explains the operation of field effect

transistors based on silicon.

Basically, the 2DEG at oxide interfaces is confined in a quantum well. Shining light or applying
a gate voltage enables to control the filling of the well and thus to modulate the 2DEG electronic
properties. By this tool it is possible to determine a metal to insulator transition [4], or to span the
phase diagram by changing the density of electric carriers. This exciting feature opens new
avenues for studying the electronic orders as well as for developing a next generation of oxide-
based electronics.

The present thesis investigates the electrical transport of LaAIO3/SrTiO5 heterostructures and of
the related systems such as LaGaO3/SrTiO3, NdGaO3/SrTiO; and y-Al,O3/SrTiO3 under the
combined effect of light and electric field. To this aim, the first part of the work was devoted to
the study of the photoresponse of amorphous and crystalline oxides interfaces under irradiation
of variable-wavelengths and intensities, with the aim of clarifying some details of the electronic
structure and of the distribution of defects. Comparing amorphous and crystalline structure is
interesting, because the crucial difference between the two systems consists in the amount of
oxygen vacancies that, acting as point defects, may play a key role in the photoresponse. In a
second moment the study was focused on the transport properties of three terminal devices
fabricated by adding a back-gate to the LaAlOs/SrTiOj interface. Finally, the interplay between
the action of light and gate voltage was considered.

Experimental findings include the observation and modeling of several effects, with particular
reference to persistent effects and to hysteretical behaviors. The experimental results provide
some insight in the fundamental properties of the oxide interfaces that host a 2DEG, and in

particular in the nature and role of defects in the optoelectronic response. Furthermore, they
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Introduction and Outline

allow to envisage the application of oxide interfaces as non-volatile memories with electro-

optical control.

The experiment result described in this thesis was carried out at the laboratories of Department

of Physics and CNR-SPIN, University of Naples "Federico 11" Naples, Italy.

This manuscript is organized as follow. The first part (Chapter 1) provides an overview of the
state-of-the-art of perovskite oxide heterostructures physics. The second part (Chapter 2-5),
covers the experimental work carried out during my PhD work. Chapter 2 deals with the
photoconductivity of oxide heterostructures. Chapter 3 discusses the transport properties of oxide
heterointerfaces under the modulation of a gate voltage and under the combined effect of light
and electric field. Chapter 4 reports the non-trivial behavior of the interfaces under the effect of
electric field at low temperature. Furthermore, the operation of interfaces as bi-stable system is
presented. Chapter 5 examines the origin and nature of the defects state, and evaluates their

effect on electron mobility. Finally, a summary and the conclusion are presented.



1. Introduction to the Physics of Oxide Interfaces

Chapter 1

Introduction to the Physics of Oxide
Interfaces

1.1 Semiconductor Heterostructures

In the last decades semiconductor heterostructures have become a cornerstone in fundamental
and applicative researches on condensed matter. The advancement in semiconductor processing
revolutionized the low-dimensional semiconductor systems resulting in sophisticated devices.
The interfacial phenomena exploited by these devices enable data processing, memory, and

electronic communications. Most of them rely on the technology of heterostructures.

Heterostructures are thin film structures that are made by at least two or more materials. The
motion of electrons and holes in the heterostructures can be controlled and modified by the
variation in composition of the constituent materials. Electrons and holes may also be
constrained by engineering the coupling of materials with specific alignments of the conduction

and valence bands.

By this tool it is also possible to limit the motion of the charge carriers in two or less dimension.
Electrons that are confined in a thin slab form a two-dimensional electron gas (2DEG) [5, 6].
To realize a 2DEG system in an experimental device, two conditions need to be met:

e There has to be a quantum well

e There have to be charge carriers (electrons and holes) within the quantum well

Quantum well is the most elementary segment of many heterostructures based devices. Most
popular example can be embedding a layer of GaAs in AlGaAs sandwich, where the quantum
well is built by the energy band bending as show in Figure 1.1. If the quantum well is thin

4



1. Introduction to the Physics of Oxide Interfaces

enough, discrete energy levels (subbands) can be observed for electron occupancy in the well.
The free carriers can be brought into the quantum well by standard semiconductor doping. In
case of n-type doping, 'excess' electrons are added to the conduction band and freely move
throughout the quantum well. The donor atoms, however, also form scattering centers which
limit the electron mobility, and for practical application this must be avoided. The GaAs-AlGaAs
system were born to overcome this problem by the so-called modulation doping, where the
carriers introduced by the dopants and the ionized impurities are spatially separated. Principally,
this is achieved by coupling a doped donor layer to an undoped channel layer, with a band
structure engineered in such a way to induce charge transfer through the interface and creating a
space charge region. Hence by the modulation doping of the engineered heterostructures, carriers
are spatially separated from the ionized impurities and their mobility is greatly enhanced. Both
the confinement and the electron density can be tuned in such a way that free carriers mostly

occupy one energy level of the quantum well. In this case a quasi-2DEG is obtained [7].

2DEG provided opportunities for research, such as integer and fractional quantum Hall effect
[8], and also led to the development of new applications such as quantum cascade laser [9],
optical devices and the high electron mobility transistor that used in cell phones and satellite

electronics.

AlGaAs GaAs AlGaAs
A
........................ — ZDEG
AlGaAs Enfra“sa
Energy gap SYEp
N

Figure 1.1 Schematic diagram of a GaAs/AlGaAs quantum well



1. Introduction to the Physics of Oxide Interfaces

1.2 Strongly Correlated Materials

Many of the materials that shape today’s technologies have properties that are comparatively
insensitive to the repulsive interactions between electrons. The electrical, mechanical, and
thermal properties of silicon, aluminum, diamond, may all be reasonably understood well by
dealing electrons as non-interacting entities. The electronic states in these materials are primarily
built from s and p orbitals. Because of the Pauli Exclusion Principle and the delocalized
character of their electronic states, the kinetic energy of the electrons dominates over the
electron-electron interaction [10]. It means that the electrons behave as a Landau liquid, i.e.

behave as a gas of fermions in a periodic potential.

On the other hand, there are materials in which electron-electron interactions play a central role
in determining the electronic, magnetic and optical properties. These are the materials with open
d and f electron shells, where electrons occupy narrow orbitals, with properties that are harder to
explain in terms of simple band picture. In transition metals, such as vanadium, iron, titanium
and their oxides, for example, electrons experience strong Columbic repulsion because of their
spatial confinement in those orbitals. Such strongly ‘correlated’ electrons cannot be described by

single band models. Instead, a quite complex quantum mechanical treatment is needed [11].

In general, the complex interplay between electron-electron interactions, lattice structure, kinetic
energy and magnetic degrees of freedom results in a very rich phase diagram of the material.
These phase can have surprising and useful properties, such as high temperature
superconductivity, ferromagnetism etc. Likewise, the transitions between such phases can have
technologically relevant features, such as orders-of-magnitude changes in electrical conductivity
(metal-insulator transitions), also tuned by magnetic field (colossal magnetoresistance). Owing to
these rich behaviors, strong correlations can act as a tool, through which small changes in
controllable parameters, such as temperature, pressure, or doping, can have dramatic

consequences on material properties [10].

1.3 Transition Metal Oxides

MOSFETs (Metal-Oxide-Semiconductor Field-Effect Transistors) have been for a long time the
key elements of modern electronics industry. But nowadays, due to the intrinsic restrictions, the

further scaling of MOSFET devices either encounters fundamental limits or demands for
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1. Introduction to the Physics of Oxide Interfaces

increasingly sophisticated and expensive engineering solutions. Alternative approaches and
device concepts are being currently designed both for purpose of a permanent integration
enhancement, and to improve the functionality and performance of electronic devices.
Electronics based on transition metal oxides (TMOs) is one such promising approach which

could enable and accelerate the development of information and computing technology [12].

TMOs are an exciting class of materials owning diverse range of physical properties such as
electrical, magnetic, structural or optical. The reason for these properties is that the oxides
contain transition metals cations which have a large number of electron states provided by the
open d shell. Therefore, it provides a large number of possible valence states, i.e. (most) TMOs
have more than one oxidation state. Many of the properties of TMOs strongly depend on
materials defects like vacancies and dislocations. Specifically, the electronic properties are
characterized by the nature of the oxygen-cation bonding, which usually involves multiple
orbitals, resulting in interplay between localized and migrant character for the electrons. The

defects affect local oxygen bonding and thereby the properties [13].

More conclusively, the rich behavior of transition metal oxides arises from the complex
interactions between their charges, orbital, spin, and lattice degrees of freedom. These
interactions can be modified at interfaces between different oxides through the effects of local
symmetry breaking, charge transfer, electrostatic coupling, strain, and frustration, leading to
fascinating new phenomena [14] as shown in Figure 1.2. Due to these functionalities oxides
exhibit the full spectrum of electronic, optical, and magnetic behavior: insulating,
semiconducting, metallic, superconducting, ferro/piezoelectric, ferromagnetic, and multiferroic

effects are all possessed by structurally compatible oxides.



1. Introduction to the Physics of Oxide Interfaces

Charge transfer

Strain

Frustration

Lattice

Symmetry
breaking

Electrostatic
coupling

Figure 1.2 Spectacular properties of many oxides arise from the complex interactions between
their charge, orbital, spin, and lattice degrees of freedom, (re-printed with permission from

[14]).

Some specific examples of electronic properties are mentioned here. Al,O3 and SrTiO;z are
closed shell compounds with strong ionic character of the bonds and therefore they are insulators
with large band gaps. In the TMOs having closed outermost shell but with relatively high
electro-negativity, the more covalent nature of bonding yields semiconductors with relatively
high carrier mobilities. ZnO and SnO, represent the example of semiconductors oxides. Oxides
containing metal cations with a tendency to form mixed valence compounds can yield Mott

insulators (LaMnQ3), metals like SrRuQ3, or high-temperature superconductors Y Ba,Cuz0;.

The matchless variety of physical properties of oxides holds remarkable promise for electronic
applications. Some of these applications are already commercially grown-up, like transparent
electronics for flat panel displays (using (In,Sn)O3; or ZnQO) or in a very advanced research stage,
like ZnO laser optics or bolometers for gas sensors application using manganese oxides.
Analogous to today's semiconductor device structures, many device concepts utilizing oxides

will likely use alternately layered structures where dimensions are minute enough to observe

8



1. Introduction to the Physics of Oxide Interfaces

quantum size effects (nanometer scale thicknesses). With advancement in the fabrication
techniques it is now possible to epitaxially grow oxides thin films with atomic level precision
and structural control similar to what is achieved in today's most advanced semiconductor

structures [15].

The discovery of 2DEGs at well-defined interfaces between complex oxides provides an
opportunity for a new generation of oxide electronics. Particularly, the 2DEG at the interface
between two perovskite insulators, represented by the formula ABOg3, has attracted significant
attention. The high-mobility 2DEGs at complex oxide interfaces are expected to provide a wealth
of opportunities to study condensed matter physics with strongly correlated electrons confined in
nanostructures. Moreover, they also show promise for oxide devices with functionalities much

richer than those found in the conventional semiconductor devices.

This thesis deals with the transport properties of interfacial conductivity that arises between the
thin films of LaAlO3, LaGaO3, NdGaOs, spinel/perovskite y-Al,0O3 and SrTiOj3 substrate.

1.4 Strontium Titanate

1.4.1 Introduction

Strontium titanate (SrTiO3) belongs to the class of perovskite oxides of significant importance
for a variety of scientific and technological applications. One reason for this interest is the wide
use of SrTiO3 as a standard substrate for oxides thin film deposition. It includes the growth of
high-T. superconductors [16], colossal magnetoresistance oxides or ferroelectrics due to the
similarities in crystal structure and good lattice constant matching. Moreover, SrTiO;z is
chemically inert and in many cases it does not react with the deposited materials. The scope of
SrTiO3 has been further enhanced by the capability to chemically process its (001) surface to
obtain a 100 % TiO, termination SrTiOs. This is done by the chemical etching in NH4;F-HF

buffer solution in combination with thermal treatment [17, 18]

1.4.2 Crystal Structure

At room temperature, SrTiO3 has the simplest and highest symmetry in form of ABO3 perovskite
cubic structure with lattice parameter of 3.905 A and Pm3m as crystallographic space group. The

crystal structure of SrTiOj is sketched in Figure 1.3 (a). The Ti*" ions are six fold coordinated by

9



1. Introduction to the Physics of Oxide Interfaces

O? ions, while each of the Sr** ions is surrounded by four TiOg octahedra with perfect 90°
angles. Around 105 K, neighboring TiOg octahedra are slightly rotated in opposite directions and
SrTiO3z undergoes a structural transition from cubic to tetragonal (space group 14/mcm) [19] at

lower temperatures as depicted in Figure 1.3 (b).

(b)

4 Unoki and Sakudo

{ present

3.905A Foj, Tq=103°21°K

Figure 1.3 (a) Atomic structure of SrTiO3; at room temperature (b) Tetragonal rotation angle in
SrTiO3z as a function of temperature indicating a structural transition around 105 K, Figure
adopted from [19]

1.4.3 Electronic Structure

As discussed in the last section, SrTiOs in its chemical form consists of A-site cations, Sr**, B-
site cation, Ti**, and oxygen anions (O%). In a Ti** cation the energies of the d orbitals are
affected by an octahedral arrangement of six oxygen anions. An isolated ion has no energy
splitting and therefore the d orbitals are initially degenerate. If we distribute oxygen anions
uniformly over the surface of a sphere, the d orbitals remain degenerate, but their energy will be
higher due to columbic repulsion between the spherical shell of negative charge and the electrons
in the d orbitals. Instead, the oxygen anions at the vertices of an octahedron will lift the
degeneracy: the d orbitals split into two groups, namely tyy and ey, separated by an energy
difference Ao, known as crystal field splitting, as shown in Figure 1.4 (a). The energies of the

orbitals depend on their orientations. The orbitals 3dX2.y2 and 3d,? that point directly toward the

10



1. Introduction to the Physics of Oxide Interfaces

six O ions (Figure 1.4 (b-c) have higher energy. The other three orbitals (3dyy, 3dy, and 3dy,)
laying between the O% ions (Figure 1.4 (d-f) have lower energy [20].

In a perfectly symmetric Ti** system like cubic SrTiOs both the 3 different tyq States and the 2
different ey states are degenerate. However, a deviation from the cubic symmetry, for example,
by a tetragonal distortion, causes an energy splitting of the toy and ey states due to the interface
symmetry breaking as depicted in Figure 1.4 (a) [21].

4 z
()
(a) y
X
AN
dz? dz2- dyz
e
!,1—’ z z £
E d states ,,/" @) (e ®
W, - ¥ " % b Y
e
29 : = & NN X
Spherical Cubic Tetragonel d,, dy. d,.

Figure 1.4 (a) Crystal field splitting in the oxygen octahedral of SrTiO3; (b-f) Graphical
representation of different orientation of 3d orbitals.

In terms of band diagram, SrTiOj3 is constituted by completely filled O 2p and empty Ti 3d band,
hence under the fundamental band gap concept yielding a band insulator. The density of states
(DOS) profile in of Figure 1.5 (b) shows the shape of valance and conduction bands with Fermi
level below the conduction band. Ti 3d-states might have some character overlap in valance
band. The band structure of SrTiO3 shows that the 3d band has two degenerated minima at I" and
X, while the 2p valence band has three maxima at R, M and I" (Figure 1.5 a), yielding an indirect
band gap which has been experimentally reported to be 3.2-3.3 eV and a direct band gap about
3.6-3.8 eV [22, 23].

11
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Figure 1.5 (a) representation of band structure calculated ab initio in the local density
approximation, direct and indirect gaps respectively corresponds to I' — I" and R — I" (re-printed
with permission from [23]) (b) DOS profile of valance and conduction band of SrTiO3, shaded
areas represent the projected DOS for Ti 3d-states (re-printed with permission [24]). Note that
the absolute value of the gap is hardly captured by this computational technique.

1.4.4 Dielectric Properties

The dielectric properties of SrTiO3 are qualitatively similar to those of the paraelectric phase of
typical perovskite ferroelectrics like BaTiOs. In these materials there is a soft transverse optical
mode whose frequency approaches zero when the material is cooled [25, 26]. This mechanism
leads to an increase in the dielectric constant of SrTiO3; with decreasing temperature [27] (see
Figure 1.6 a). Along with temperature, the dielectric constant (g) of SrTiOs; also strongly
depends on electric field. This dependence has been numerically represented by the following

mathematical expression [28]
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S (ET) - 2D
a(T)-E?

Here, a(T) and b(T) are temperature-dependent parameters. The simulated ¢, (E) based on above

equation is shown in Figure 1.6 (b).

The temperature dependence of the dielectric constant obeys the Curie-Weiss law with a Curie
temperature near 40 K [29]. However, SrTiO3; does not undergo a ferroelectric transition,
because quantum fluctuations in SrTiO3 at low temperature suppress the ferroelectric transition.
Therefore SrTiOz is sometimes called a quantum paraelectric [27]. However this state is very
sensitive to perturbations of the lattice [30]. In fact, while in its pure and unstressed form SrTiO3
is an incipient ferroelectric [27], a ferroelectric transition can take place under the effect of strain
[31]. The Ferroelectric transition can also be induced in SrTiO3; by doping it with other cations
such as Ca or Bi [30]. Furthermore, Fuchs et.al. showed ferroelectricity below 90 K in an

epitaxially grown SrTiOj3 thin films [32].
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Figure 1.6 (a) Experimental dielectric constant of SrTiO3 as a function of temperature (re-printed
with permission from [27]); (b) simulated [28] dielectric constant of SrTiO3z as a function of
electric field at 20 K.
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The high dielectric constant of SrTiO3; (~300) at room temperature, its strong temperature and
electric field dependence together with the good dielectric breakdown properties of single
crystals, make it very useful as gate insulator for electric field effect experiments with perovskite
thin films. The high dielectric constant of SrTiO3, as gate insulator, anticipates large charging
and discharging capacity. In this work SrTiO3; has been utilized as gate insulator in the field

effect experiments (chapter 3 and 4).

1.4.5 Defects-induced Transport Properties

In its pure form, SrTiOs; is an insulator with very low leakage. However, it shows a
semiconducting or metallic behavior when doped. It is even a conventional superconductor with
critical temperature ~350 mK [33] if doped with carrier densities above 10'° cm™. Metallic
conduction and superconductivity can also be induced, without chemical doping, by electric
field-effect alone [34].

Both p and n-type doping is possible in SrTiO3. The p-type doping [35] has been achieved by
substituting trivalent metal ions (e.g., In**, AI**, Fe**, and Sc**) for Ti**, while on the other hand
n-type conduction [36] has been achieved by substitution of La®* for Sr** (i.e., Sri_«LasTiO3),
Nb>* for Ti** (i.e., SrTi;_,Nb,03), etc., or by reduction to SrTiOss. In the latter case, each
oxygen vacancy generates two doped electrons [37]. The conductivity induced by oxygen
vacancies can be enhanced by annealing in vacuum, while annealing under oxygen-rich
conditions leads a decrease in conductivity [38, 39]. Many studies [40] reveal that the oxygen
vacancy in SrTiO3 possesses a double donor nature. One electron (out of one of oxygen vacancy)
is easily ionized to the conduction band, showing the shallow donor nature. The other electron is
self trapped near the vacancy in the form of a small polaron; it is this electron state that gives rise
to the deep-level behavior and the below-gap blue luminescence [40].

There are many studies dealing with the transport properties of doped SrTiO; [41]. As an
example, Ubate and Chapman [42] showed that niobium-doped and reduced (oxygen deficient)
SrTiO3 samples exhibit metallic behavior down to 2 K as shown in Figure 1.7 (a,b). For all the
samples, regardless of the doping type and level, the electron mobility in the temperature range
150-300 K approximately follows a power law of the form g oc T* cm? V7s?, with o ~ 2.7, in

agreement with data from [41]. The mobility shows a strong dependence on the electron
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concentration for T < 150 K, and it becomes nearly independent of temperature at low
temperature. Qualitatively the transport properties of doped SrTiOgz are similar to LaAlO3/SrTiO;

interfaces that are introduced in section 1.5.
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Figure 1.7 Temperature dependence of (a) resistivity (b) Hall mobility in doped SrTiO3 (re-
printed with permission from [42])

1.4.6 2DEG at SrTiO3 Surface

Recent works demonstrated the formation of a two-dimensional electron gas (2DEG) on the
surface of in situ cleaved SrTiO3; [43]. Oxygen vacancies, created in the crystal fracturing or
triggered by exposure to ultraviolet light, were indicated as the origin of the formation and

confinement of the 2DEG. The work by Santander-Syro et al. [43] demonstrated this property by
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careful angle resolved photoemission spectroscopy (ARPES) on vacuum cleaved SrTiO3 single
crystals. The measurements reveal that the surface states possess several subbands that cross the
Fermi energy, originated from the Ti 3d orbitals in the system. In the bulk SrTiOs, the bottoms of
the bands are at the same energy and therefore are degenerate (Figure 1.8 a). At the surface the
degeneracy is lifted due to the strong electric field and the band splits into multiple subbands
(Figure 1.8 b,c) .

Spin-orbit + tetra + ortho + ...

&F

Eyd g,

E(dey)

Figure 1.8 Electronic structure of SrTiO3 and effects of electron confinement proposed by
Santander-Syro et al. (a) bulk band structure of SrTiO3; with degenerate Ti 3dxy, 3dx, and 3d,.
bands (b) subbands resulting from the confinement of electrons near the surface of SrTiO3z. The
inset shows a wedge-like potential created by an electric field of strength F at the surface (c)
additional subband splitting due to spin-orbit interactions and structural distortions in the
material, (re-printed with permission from [43]).

Figure 1.9 shows the density of electrons for the un-doped sample as obtained by ARPES,
displayed as a function of the electron binding energy and momentum (E, k). It has been
observed that even for the non-doped sample, for which no bulk bands at Ef are expected, the
cleaved surface yields intense, strongly dispersive bands across the Fermi level. These data show
free-electron-like parabolas (E~k?) quantized in two levels by the 2D confinement. As the bands
are occupied up to the Fermi level (Eg), the 2DEG is metallic. The 2DEG arises because a

quantum well is formed at the interface between the surface SrTiO3; and vacuum. The metallic
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surface indicates that the quantum well is filled with electrons that are presumably coming from

inner donor states that are present in the SrTiO3 bulk.
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Figure 1.9 Universal electronic structure at the surface of SrTiOj studied using ARPES.
Corresponding energy—momentum intensity maps close to the I" point. The strongly dispersive
bands across the Fermi level correspond to a large density of mobile carriers (re-printed with
permission from [43]).

Di Capua et al. [44] also showed that the SrTiO3 surface can exhibit 2D conductivity after a
suitable annealing procedure in vacuum. In this worked the electronic properties of samples were
probed by scanning tunneling microscope (STM) and scanning tunneling spectroscopy (STS)
joined to x-ray photoemission spectroscopy (XPS). Signature of the 2DEG is the non-zero
conductance at zero bias (Figure 1.10 a) and the presence of Ti** states at the sample surface
(Figure 1.10 b).
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Figure 1.10 (a) differential conductance (dl/dV) plot on various samples obtained by STS (b)
XPS spectra on different samples around the binding energy range of the Ti 2p doublet states (re-
printed with permission from [44]).

1.5 LaAlO;/SrTiOzand other similar Hetero-interfaces

1.5.1 Overview

LaAlO3; and SrTiO3 are band insulators with large band gaps of 5.6 and 3.2 eV respectively.
Surprisingly, in 2004, Ohtomo and Hwang [1] discovered a conducting interface between these
two insulators when LaAlO; is epitaxially grown on (001) oriented SrTiOs. Typically, such
samples show resistance vs. temperature plots with metallic behavior. The Hall measurements
show that the electrical transport is due to electronic conductivity [1]. However, a small p-type
contribution has also been observed [45]. Recently, it was demonstrated that the interfacial
conductivity also arises at the LaAlOs/SrTiO; (110) and (111) interfaces. The transport
properties of these interfaces are anisotropic [46]. Finally, Chen, Y. et al. [47] showed

conductivity in the amorphous LaAlO3; grown on epitaxial SrTiOs.

Recently, other materials than LaAlO3; were considered as overlayers in conducting interfaces.
The small lattice mismatches (< 3 %) (Table 1.1) of other perovskites such as DyScOj3;, LaGaOs
and NdGaOs3 with SrTiO3 allow the possibility for the growth of both crystalline and amorphous
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structures [48]. It is also possible to grow spinel/perovskite y-Al,03 on SrTiO3 [49], in spite of

the difference at crystal structures. The spinel structure is shown in Figure 1.11.

A site-Metal cation with four
nearest neighbor oxygen's.
tetrahedral site

B site-Metal cation with six
nearest neighbor oxygen's.
octahedral site

Figure 1.11 Crystallographic representation of spinel structure. The spinel structure has the
generic formula AB,O4, where A is a cation with +2 charge and B is a cation with +3 [50]. The
cubic spinel unit cell with stoichiometry AB,0O, is made up of 32 oxygen anions in a cubic close-
packed arrangement and 24 cations, of which the 16 B cations are placed in octahedral and the 8
A cations in tetrahedral interstices. To satisfy the y-Al,O3 stoichiometry, deviating from the
chemical formula of a spinel, Al ions adopt the A and B cation sites of the spinel structure, the
Al atomic are missing from the structure and vacancies are distributed over both the tetrahedral

and octahedral sites 8 A and 16 B.
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The question whether the broad range of exotic properties of LaAlO3/SrTiO; can also be
demonstrated in these similar oxide structures was properly addressed [48, 49]. It is found that
several interface between oxides on SrTiO3 share the same properties as LaAlO3/SrTiOs, such as,
threshold critical thickness (> 3 uc) of the overlayer for conductivity [4, 48], superconductivity

[51], photoconductivity [2, 48], sensitivity to oxygen environment [52].

Table 1.1: Comparison of some properties of the oxides that are used in this study [1, 48, 49].
Values are taken at room temperature.

Material Crystal structure  Lattice constant (A)  Bandgap (eV) Dielectric constant
LaAlO; perovskite 3.790 5.6 25
LaGaO3 3.874 4.4 27
NdGaOs 3.860 3.8 20
SrTiOs 3.905 3.2 300
v-Al,O3 spinel 7.911 8 11

1.5.2 Basic Properties

After having introduced other interfaces in the previous section 1.5.1, here the focus is on the
basic properties of LaAlO3/SrTiO3 interfaces. Conducting interfaces are obtained for the growth
of LaAlO3 on TiO,-terminated SrTiO3; substrates denoted as n-type interface, while when
LaAIlO3is grown on SrO-terminated SrTiO3 substrates the interface show insulating behavior (p-
type) [1, 53]. Figure 1.12 (a,b) shows the two possible configurations of the LaAlO3/SrTiO;
heterostructures with respect to surface termination of SrTiOz and Figure 1.12 (c) shows the
corresponding dramatic difference in the transport properties. The LaAlO3/SrTiOs interface
shows an immediate transition from insulating to metallic behavior when the LaAlO3 layer
thickness exceeds a critical value of three unit cells [4, 48]. Abrupt electronic rearrangements at
the LaAlOs/SrTiOz interface with increasing LaAlOs3 layer thickness have been observed also by
second harmonic generation spectroscopy [54]. The LaAlOs/SrTiOs interface triggered further
scientific interest by the observation of a transition into a superconducting state below 200 mK
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[51] and a proposed ferromagnetic ordering [55]. The spectroscopic signature of Ti** by various
X-ray spectroscopy methods [56] and by high resolution electron microscopy/spectroscopy [57]
in the vicinity of the LaAlO3/SrTiO3 interface confirms the n-type character of the conduction.
The conducting sheet is considered to be located in the SrTiO; matrix close to the
LaAlO4/SrTiOj3 interface.
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Figure 1.12 lllustration of the two possible atomic stackings for the abrupt LaAlO3/SrTiO3
heterointerface. a) TiO,/LaO interface b) SrO/AlQ; interface. (c) Temperature dependence of the
resistance for TiO,/LaO interface and SrO/AlO interface, (re-printed with permission from

[53]).

The 2DEG at LaAlO3/SrTiOs interface generally behaves as a Fermi liquid with electron
mobility p o« 1/T? above ~100 K [58]. At room temperature, psgox ~ 6 cm? Vs The low
temperature value is related to sample quality. Values as high as pu ~1000 cm® V's™ at 5 K have

been reported. Great efforts have been dedicated to enhance the mobility in LaAlO3/SrTiO3z and
similar systems [49, 59].

More recently [59], a mobility enhancement by more than two orders of magnitude (exceeding
70,000 cm? Vst at 2 K) in amorphous LaAlO4/SrTiOs was achieved by introducing a single
unit cell buffer layer of manganite, La;,x SryMnO3; (x = 0, 1/8 and 1/3), at the interface of
LaAIO3/SrTiO;. Besides, Chen. Y. Z. et al. [49] demonstrated that the interface between
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spinel/perovskite epitaxial alumina (Al,O3) films and SrTiO3 single crystal can show electron

Hall mobilities as large as 1.4x10° cm?* Vst at 2 K.

The electron density varies widely with fabrication parameters, such as substrate termination
[53], oxygen pressure during deposition [60], thickness of LaAlO3 layer [4] and capping of the
LaAlO3 [61]. In LaAlO4/SrTiOs electron densities in the range 10™-10" cm?, 0.015-0.15
electron per unit cell at room temperature are often reported. Interestingly, almost all data

converge to a value around 2x10" cm™ at low temperatures [61, 62].

Most likely the transport behavior follows from thermal activation of carriers at higher
temperatures. The defects form a band of impurity states ~ 6 meV below the Fermi level [58].
When the temperature is high enough these electrons can use the thermal energy to be excited to
the Fermi level [63] and hence can contribute to the conductivity.

1.6 Proposed Conduction Mechanisms

Several physical mechanisms which may cause a conducting interface between the polar LaAlO;
film and the non-polar SrTiO3 substrate have been proposed, including purely electronic charge
transfer into the interface, the formation of defects in the vicinity of the LaAIO3/SrTiOs interface

and the catoin intermixing. An overview of these conduction mechanisms is presented below.

1.6.1 Polar Catastrophe Model

The origin of the 2DEG s to this day still highly debated. One popular explanation has its roots
in a phenomenon known as the “polar catastrophe” [57]. SrTiO; and LaAlO3 are similar
materials in many ways, but there is one fundamental difference. The individual layers that make
up SrTiO; (Sr0° and TiO%) have zero electrical charge, whereas as LaAlO; has alternating
layers of charge +1. The charged LaAlOsz layers on TiO, terminated SrTiOz generate
contributions to the internal potential as shown on the right side of Figure 1.13 (a). It is evident
that an infinitely thick LaAlO3 layer would generate an infinite potential. This is of course a very
unfavorable situation which in reality will always be somehow avoided. One possible way to do
this is the so-called “electronic reconstruction”. In this reconstruction, 1/2 electrons per areal
unit cell are transferred from the surface of the LaAlOj3 layer into the SrTiO3 conduction band
within the topmost TiO layer at the interface [57]. As a result, the Ti valence state changes from
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4+ to 3.5+, which induces (n-type) conductivity. The transfer of electrons as result of electronic
reconstruction reduces the potential build-up as seen on the right side of Figure 1.13 (b). In this
model, an interfacial sheet carrier density of ns = 3.2 x 10* cm is expected. In the case of SrO
terminated SrTiOs, a p-doped layer should be expected, but the very low mobility of holes in
SrTiOz would likely yield an insulating layer. Furthermore, the electron transfer takes place if the
built-up potential is close enough, and this is only true in the case of LaAlOj3 thickness exceeding
3-4 unit cells (Figure 1.14 a).
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Figure 1.13: illustration of Polar catastrophe model in (a) unreconstructed case and (b) re-
constructed case, where half an electron is transferred into the TiO, layer, (re-printed with
permission from [57]).
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Figure 1.14 Sketch of the band structure of a) crystalline LaAlO3/SrTiOz and b) amorphous
LaAIO3/SrTiO3, (re-produced with permission from [64]).

Theoretical calculations based on Density-Functional Theory (DFT) show in fact a critical

thickness typically around 4 unit cells [65].

As already described, experimentally ~ 0.15 electrons per unit cell area are transferred at room
temperature. This is far below the nominal 1/2 electron per unit cell area transferred in the purely
ionic model (about 3x10™ cm™). One reason for this discrepancy might be that the electrons are
distributed over different sub-bands, of which only some contribute to the free electron density
which can be determine from Hall measurements [66]. However, X-ray photoelectron
spectroscopy (XPS) detects both free and bound electrons and the densities observed with XPS
are close to those obtained from Hall measurements [67] perhaps indicate that other mechanism

as well might be at play.

Similarly to LaAlO3;, LaGaO3; and NdGaOg3 are constituted by alternate stack of positively
charged A-planes and negatively charged B-planes, resulting in a polar discontinuity when

epitaxially grown on SrTiOs.
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On the other hand, the band diagram for amorphous LaAlO3/SrTiO3 as shown in Figure 1.14 (b),
is fundamentally different from crystalline. Due to the fact that LaAlO3 is not epitaxially grown,
there is no band bending on LaAlO; side so, that no electron reconstruction is expected [47].
Nevertheless, there are shallow donor states residing in the vicinity of the Fermi level on both
sides of triangular quantum well. Presumably, the electrons from these donor states can populate

the quantum well and can induce conductivity in amorphous LaAIO3/SrTiOs.

1.6.2 Oxygen Vacancies

LaAIO3/SrTiO; interfaces are very sensitive to the oxygen pressure in which they are grown. A
low oxygen pressure during growth leads to samples with much lower sheet resistance. During
the low pressure growth some oxygen vacancies are first created in LaAlOs, but due to the
chemical potential gradient oxygen escape from SrTiOs to fill the vacancies in LaAlO; and
leaves SrTiO3 depleted [38].

The original paper by Ohtomo and Hwang [1] considered the possibility that the high carrier
density in LaAlOs/SrTiO3 is due to oxygen vacancies acting as donors. This issue has been
subsequently explored [52, 68] showing a strong influence of the deposition conditions on the
interface transport properties. From the Brinkiman, et al. paper [52] it can be clearly seen that at
increasing the oxygen pressure during the deposition of the LaAlO3 layer the sheet resistance
increases (Figure 1.15 a). Sheet resistance as low as ~ 10 Q/['] can be obtained for LaAlO3z grown
at 1.0x10°® mbar of oxygen partial pressure (O-). There is a large jump, more than four order of
magnitude in sheet resistance on going from 1x10° to 3.0x10° mbar O,. By further increasing
the growth pressure the system reaches a state where a normal interfacial conducting state, a
superconducting state or a magnetically active state can be present due to factors other than
oxygen contents. The transport properties of low-pressure grown LaAlO3/SrTiO; samples are

also very similar to doped SrTiOs.
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Figure 1.15 Sheet resistance versus temperature for samples grown by pulsed laser deposition
under several oxygen pressures as indicated, (re-printed with permission from [52]).
Temperature dependence of Hall mobility for SrTiOs/LaAlO3/SrTiO3 heterostructures, (re-
printed with permission from [58]).

The temperature dependence of the Hall mobility s usually show a T power-law dependence
above 80 K (Figure 1.15 b). High mobility LaAlOs/SrTiOs samples grown at 1.0x10° mbar of
O, exhibit Shubnikov-de Haas oscillations [38] and blue light luminescence [69] similar to
doped SrTiO3 [39]. It is very difficult to disentangle the vacancy-dominated regime and the
interface related regime: electron energy loss spectroscopy (EELS) measurements clearly show
the presence of Ti** for samples at both 1.0x10° and 1.0x10" mbar of O, [70], but it is difficult

to explain the 4 orders of magnitude jump in the sheet resistance from the observed Ti** signal.

1.7 Quantum Confinement

The charge carriers are confined in a region of ~ 5-10 nm close to the heterointerface [68]. The
oxygen partial pressure and the annealing process influence not only the gas properties (see

section 1.6.2) but also its spatial extension. In the low partial pressure of oxygen grown samples
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(10 mbar and not annealed), the gas spreads over 10-100 um in SrTiOs; exhibiting a 3D
character [38]. On the other hand, Bastelic et al. [71] showed, via cross-section conductive tip
atomic force microscopy measurements, that annealing the samples changes the spatial extent to
a few nanometers: the gas is confined at the interface and has a 2D character. Basically, the
2DEG in this case shares most properties with 2DEG at the interface of SrTiO3 with vacuum, see

e.g. section 1.4.6.

The simplest model for the confinement potential is a triangular potential well with Airy wave
functions (Figure 1.8 b, upper part, and 1.16, zoom in-part). The confinement potential at
heterointerface results in a complex subband structure [72]. The subband dispersion calculated
for some particular electric field strength extends into the SrTiOs. The potential on SrTiOj3 side is
constant and match the conduction band minima (~ 300 meV). It reduces fairly quickly when
approaching the interface forming a triangular quantum well. On the other hand, the potential has

an infinite barrier on the LaAIlO; side.
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Figure 1.16 Confinement potentials a) triangular potential well with Airy wave functions, (re-
produced with permission from [72])
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It is worth mentioning here that for semiconducting heterostructures such as GaAs-AlGaAs
hosting 2DEG, calculations have been done to model this potential well [73]. But this model
cannot be directly applied to the LaAlOs/SrTiOs interface for various reasons. First, the
fundamental bulk band structure of LaAlO3/SrTiO3 includes several bands that geometrically
differ the one from each other [72], while GaAs-AlGaAs has a single band. Second, the dielectric
constant is constant across the GaAs-AlGaAs interface, while in the case of LaAIO3/SrTiO; it is
highly discontinuous. Furthermore, the dielectric constant of SrTiOj itself is strongly electric-
field and temperature dependent [28]. These complexities make the confinement in the
LaAIO3/SrTiOz system harder to model than in the GaAs-AlGaAs system.

1.8 External Doping Mechanism

The transport properties at complex oxide interfaces can be tuned by modulating its carrier
density by some external agents. This has been successfully done by light illumination [48], or

by electric field effect [4]. Both of these doping mechanisms are discussed below.

1.8.1 Photo-doping

Light illumination is a tool that is widely used in semiconductors to generate extra carriers by
exciting trapped electrons [74]. The main contribution to photoconductivity is captured by the

following simple equation:

Aoc=Ane u

where Ac is the change in sheet conductivity due to light illumination and An is the number of
photo-excited carrier. The case might be complicated if the mobility () also changes [48]. If
we neglect the possibility that a large number of holes are formed (i.e. An <<n, where nis the
total sheet density in conduction band after excitation), then the optical excitation is represented

by the following simple rate equation:
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where @ is the incident photons flux, n, is the sheet carrier density such that n=n_, +An. The

last term in equation accounts for the recombination rate with some characteristic time z .

Photoconductivity may be due to intrinsic or extrinsic excitations [75]. By extrinsic
photoconductivity we mean the effect of defects (or trap states) ionization. These ionization
energies can be measured and thus provide a spectroscopic technique to get the in-gap defect
levels as demonstrated for GaN heterostructures [76] and CdSe alloys [77]. The intrinsic
mechanism instead regards the direct promotion of electron from the valance band to the
conduction band [78]. In several cases the hole conductivity sum up to the electrons conductivity

but for SrTiO; it was proved that holes are trapped [33].

After the first report of photoconductivity in LaAlIO3/SrTiO3 by Tebano et.al [2] several research
groups deeply investigated this phenomenon [48, 79, 80]. For example, Di Gennaro [48] et al.
studied the photoconductivity in LaGaO3/SrTiO; and NdGaOs/SrTiO3 interfaces. Chan et al. [80]
enhanced the photoresponse by using Pd nanoparticles. Irvin et al. have investigated the

photoresponse on the nanoscale and developed the rewritable oxide photodetectors [79].

Many studies [2, 48] reveal that the conductivity in these kinds of interfaces is persistent in
nature, i.e. there is still some photoconductivity even after the cessation of optical excitation. The
persistent photoconductivity is interpreted in terms of a separation of the electron-hole pairs in
real space by an intense built-in electric field. Such separation hinders the recombination process
and leads to very long lifetimes of the photoexcited states. Lu et al. [81] have found that the
insulating state of the interface can be converted to metallic state by the light illumination and

made the LaAlO3/SrTiOj3 interface as a promising nonvolatile memory.

1.8.2 Electrostatic Doping

The electron density in 2DEGs at oxide interfaces can be very effectively modulated by the
electric field [4]. Such possibility has been successfully exploited to tune the properties of the
LaAIO3/SrTiO3 system, e.g. spanning the superconducting phase diagram [51] or tuning the spin-

orbit coupling [82]. This technique can be so effective for insulating samples (i.e. with LaAlO3
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thickness below the threshold) that it can drive the samples to the conducting state [4] (Figure
1.17 b).
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Figure 1.17 (a) Schematic of the back gated LaAlO3/SrTiO3 (b) metal to insulator transition of 3
unit cells thick LaAlO; film at 300 K as function of gate bias, (re-printed with permission from

[4])

Typically, the voltage is applied by back-gating to the SrTiO3 substrate (Figure 1.17 a). For Vg >
0, electrons are added to the 2DEG and the conductivity increases. In the opposite case (V¢ < 0)

the conductivity decreases.

A gated LaAlO3/SrTiO;3 structure can be modeled as a simple parallel plate capacitor [83]. This
model takes into account the device geometry and the dielectric constant of the material (). The
capacitance of a system relates an accumulated charge on a capacitor to the voltage drop across

that capacitor. For a parallel plate capacitor, the expression reads
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where A is the sample area and d is the substrate thickness. As already discussed in section 1.4.4,
the dielectric constant of SrTiOs is strongly temperature and electric field depend [27]. Presently

limiting the analysis to the case of small signals, we have

:ﬁ zgogrv
e ed

An

This expression shows that the density of the 2DEG can be increased (decreased) by the

application of a positive (negative) gate voltage to the sample (Figure 1.17 a).

However, literature reveals that the LaAIO3/SrTiO3; cannot be simply interpreted in terms of such
simplified model due to a quite complex response of the transport properties of the 2DEG to the
solicitation of gate voltage. Bell et al. [84] and more recently Biscaras et al. [3] demonstrated
that very anomalous effects occur during and after the application of a positive backgate voltage.
Very recent study [85] showed the combined effect of light and electric field on LaAIO3/SrTiOs,
demonstrating some unexpected interplay between the two effects.
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Chapter 2

Photoconductivity of Oxides Interface

Abstract

The first part of chapter 2 presents the fabrication procedure of samples,
transport characterization via Van der Pauw and Hall Method, and the
photoconductivity setup. In the second part, the study of photoconductivity
of different oxide interfaces under illumination of variable wavelengths and
intensities is presented. A model based on the band diagram is introduced to
describe the results. The data allow some considerations on the nature and
distribution of defects that are excited by the light.

2.1 Sample Fabrication

The samples investigated in this work have been fabricated at the MODA (Modular facility for
Oxide Deposition and Analysis) deposition system at the CNR-SPIN institute, Department of
Physics, University of Napoli "Federico 11", Italy. The MODA system mainly consists of two
major parts: i) thin film growth chamber and ii) the analysis chamber (Figure 2.1). The thin films
are grown by Reflection high-energy electrons diffraction-RHEED assisted pulsed laser
deposition (PLD).

Even though the fabrication process is not the core of this work, it is worthwhile mentioning a
few details of the PLD fabrication because it strongly affects the transport properties of the
interfaces. More details about PLD can be found in Ref. [86, 87].
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Figure 2.1 MODA Laboratory in Naples, Italy.

2.1.1 Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a powerful deposition technique which is widely used to
transfer the complex stoichiometry of multi-component target materials into thin films. During
PLD, the desired film material is ablated from a target under specific vacuum conditions by high
energetic nanosecond laser pulses. If the laser energy density is sufficient for ablation of the
source target, the material evaporates, perpendicular to the target surface, forming a gas plasma
with a characteristic shape called plume. The plume consists of a mixture of atoms, molecules,
ions and clusters. During its expansion, internal thermal and ionization energies are converted
into the kinetic energy of the ablated particles. The processes in the plume during transport are
influenced by the background gas parameters, and, as a result, characterize the kinetic energy of
the particles arriving at the substrate. The kinetic energy can be varied from high energy (~100
eV) in vacuum to low energy (~1 eV) at large ambient pressures and can be used to modify the
thin film growth [88, 89].
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The substrate material is glued usually by silver paste on a heater placed in the center of the
plasma plume in a typical distance of several centimeters from the target. The incident plasma

particles nucleate on the surface of the substrate and start to form a film.

The stoichiometry of the deposited films is a result of the complex interplay between laser
ablation process and plasma kinetics during the deposition [90]. Thus, the tuning of the process
parameters is a crucial prerequisite to obtain high quality epitaxial oxide thin films and
heterostructures. Moreover, the controlled variation of the parameters can be used to fine-tune

the stoichiometry of the deposited films.

The most important parameters for the PLD of oxide thin films are the laser fluence, the oxygen
background pressure, and the substrate temperature. The laser fluence determines the material
ablation process. The oxygen background pressure influences the plasma expansion, the kinetic
energy of the ad-atoms and their oxidation state. Oxide thin films grown in low background
pressure of oxygen have usually high level of defects in the form oxygen vacancies. These
defects can be avoided by growing films in high oxygen pressure or by post annealing treatment
in oxygen environment [53]. The substrate temperature determines the mobility of the ad-atoms
on the surface of the growing film [90]. In order to provide an epitaxial growth of the film, the
substrates are heated up to temperatures between 550 °C and 850 °C. At these deposition
temperatures, the ad-atoms are able to move on to energetically favored positions on the surface,
which leads to a well ordered growth. On the other hand, the films grown at room temperature
are highly disorder polycrystalline or even amorphous [47].

The thin films investigated in this work were typically grown by PLD technique on TiO,-
terminated (001) SrTiOj3 single crystal substrates having dimensions (length x width x trickiness,
5 x 5 x 0.5 mm®), resorting to a KrF excimer laser beam ( 248 nm) with a fluence in the range of
1.3-1.5 J/cm? on target and a repetition rate of 1-2 Hz. The crystalline samples were grown at
high temperatures range between 600 °C and 800 °C in oxygen partial pressure of 10™-107
mbar. After the deposition, the samples were cooled in 1 h to room temperature in the same
pressure condition. The amorphous samples were grown at room temperature in oxygen partial

pressure of 10#-102 mbar.
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2.2 Transport Properties

The electrical transport measurements were performed in standard four-probe Van der Pauw
configuration [91] , discussed below in section 2.2.1. The resistance was measured in DC mode,
by biasing the samples with a current source and measuring the voltage drop with a nano-
voltmeter. All the samples were contacted by ultrasonically bonded aluminum wires. To compute
the resistance of the samples, unless otherwise stated, a 10 pA current was fed and the
consequent voltage drop was measured. The closed cycle refrigerator system, combined with the
Lakeshore temperature controller model 331 was used to investigate the transport properties of
materials in a temperature range 300-10 K. The details about closed cycle refrigerator system can
be found in Ref. [87]

2.2.1 Van der Pauw Method

Generally, in resistivity measurements, it is often difficult to determine accurately the geometry
of the sample, limiting the accuracy of the calculated resistivity. In such a case, one often uses
the technique of van der Pauw to determine the resistivity of the sample. This technique is
applicable for samples of uniform thickness, and of homogeneous and isotropic electrical
properties. Additionally, contacts must be taken at the edges of the sample, and their size must be
much smaller than the sample size. Figure 2.2 shows a generic four-point van der Pauw
configuration. By sourcing a current | through contacts 1 and 2, and measuring the voltage drop
AV through contacts 3 and 4, the resistance is given by

Vi,

R12,34 = |_

12
According to the reciprocity theorem of network analysis: Riz3s =Rs412. By switching the
polarity of the current source, and the voltage meter, one can determine averaged values for R, =
(Ri2:3a+ R2143)/2, and Ry = (Ra3 41t R3214)/2. In turn, van der Pauw derived the following relation

for an arbitrary shaped sample
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T T
exp| — R, +exp| — R =1
Xp( RsheetJ : Xp( Rsheet] g

where Rqheet IS the sheet resistance define as

_P
sheet t

with p resistivity and “t” thickness of the conducting layer (i.e. the resistivity of the two-
dimensional electron gas (2DEG) residing in the quantum well of thickness t). In general, the van
der Pauw formula cannot be rearranged to give the sheet resistance Rgheet in terms of known
functions. The most notable exception to this is when the sample is isotropic square sample i.e.

Ra = R = Ry; in this scenario the sheet resistance is given by

T

R.,.=R
sheet |n(2)

The sheet resistance of 2DEG is generally measured in ohms per square (or €2/0).

w ol

Figure 2.2 Van der Pauw configuration for resistance measurement. The arrow indicates the
direction of the magnetic field B that is applied in Hall measurements.
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2.2.2 Hall Measurement

Electrical measurements as a function of magnetic field allows for variety of transport properties
such as electron density and mobility to be determined through well know Hall Effect [92]. The
Hall data for this study were collected by using RH 2010 Hall measurement system in the
Fondazione Bruno Kessler (FBK) laboratory in Trento. Some measurements were also
performed by a setup in CNR-SPIN laboratory in Naples. A simple description of the technique

is given below.

The electric current that flows through a conductor in a magnetic field experiences a transverse
force on the moving charge carriers which tends to push them to one side of the conductor. A
buildup of charge at the sides of the conductors will balance this magnetic influence, producing a

measurable voltage, known as Hall voltage (Vy), between the two sides of the conductor.

In order to perform Hall measurements in the Van der Pauw configuration, the current I is fed
across terminal 1,3 and the Hall voltage is read across 2,4, or vice versa (Figure 2.2). As known
the Hall voltage Vy is by

VH:RTHIB

where t is the sample thickness and B is the intensity of the applied magnetic field. The
parameter Ry is called the Hall coefficient. Once R, /t is experimentally determined as a

proportionality factor between Vi and (I B), one promptly gets the sheet carrier density n as

1t
n=-—
e R,
hence the mobility is found as
_1t
“ ne R,

Note that (R,, /t) must be determined by linear regression on the V-1 curves in order to get rid of

possible offsets due to emf (electromotive force). Furthermore if the contacts that are used to
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probe Vy are not exactly aligned in a direction perpendicular to the current flow, Vy is affected
by a spurious ohmic voltage drop. This is eliminated by averaging with measurements performed

at opposite B values, as automatically done.

2.3 Photoconductivity Setup

The schematic of the photoconductivity setup used in this study is shown in Figure 2.3. This set-
up was developed for electrical and photoconductivity measurements in direct current (DC)
mode. The set-up mainly consists of two parts, cryogenic and optical. The sample inside the
cryogenic system is separated from the environment by metallic/silver cap having transparent
quartz window that allow the light to illuminate the sample directly. A calibrated Si photodiode
(Thorlabs-FDS100) was used to measure the light intensity. From the responsivity and voltage
drop across the photodiode, the power density was measured which was converted to photon flux
counted as number of photons s cm™. The photodiode was installed very close to the sample so
that the illuminated spot from the light source exposes uniformly and homogenously both the
sample and the photodiode. The illuminating sources consist of the following lines:

e UV light, with A =365 + 10 nm (hv = 3.40 eV)

e Blue light, with A = 445 + 10 nm (hv = 2.70 eV)
e Green light, with A =540 + 10 nm (hv = 2.30 eV)
e Red light, with L =625 + 10 nm (hv = 1.98 eV)

Some measurements were also performed by different illuminating sources. The monochromatic
radiation was obtained by using a Xenon lamp and band-pass interference filters (FWHM 10 + 2

nm). The selected wavelengths in this case are given below:

e A =500=£10nm (hv=2.48¢eV)
e A =400+£10nm (hv=3.10eV)
e A =255+10nm (hv =4.88¢eV)

The light intensity was attenuated by means of neutral optical density filters in order to obtain
fixed photon flux at each wavelength. The optical part further consists of two bi-convex lenses,

having diameter 2" each, and with focal lengths 75 and 60 mm mimicking a conventional
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telescope. A proper arrangement was done to isolate and shield the photoconductivity setup from

the ambient light.

Lens1 Lens 2

photodiodo

Temperature
Sensor

Optical window

Sample

Figure 2.3 Schematic of the photoconductivity set-up

2.4 Transport Properties of Interfaces

Several 2DEGs formed at oxide heterostructures, including crystalline and amorphous
LaAlO3/SrTiO3, y-Al,03/SrTiO; and LaGaOs/SrTiO; were analyzed in this study. Comparing
crystalline and amorphous systems is potentially interesting, because the crucial difference
between the two systems consists in the amount of oxygen vacancies that, acting as point defects,
may play a role in the conductance and in the photoresponse. The thickness of the overlayer in
crystalline samples was ~ 20 nm each, while for the amorphous samples the overlays thicknesses
were between 2.4-4 nm. The summary of the fabrication and transport properties of the samples

is reported in Table 2.1.

Figure 2.4 shows a comparison of sheet resistance vs. temperature curves for some of the
investigated samples. All the hetero-interfaces showed metallic behavior down to 10 K. However

a-LaAIlO3/SrTiO; at times shows small resistance upturn at low temperatures, probably due to
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localization effects [93]. The Rgneet (T) curves of y-Al,03/SrTiOs is also qualitatively similar to
that of c-LaAlO3/SrTiOs.

Rsheet at room temperature ranges between ~ 5-100 /[ (see Table 1.2). The room temperature
mobilities in these hetero-interfaces are almost constant at value ~ 5 cm*V*.s™, indicating that

the room temperature sheet resistance is mainly determined by the sheet carrier density.
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Figure 2.4 Rgsneet (T) curves for crystalline and amorphous LaAlO3/SrTiOs, y-Al,O3/SrTiO3
collected in dark

Table 2.1: Summary of the fabrication and room temperature transport properties of some
samples investigated in this study.

System Thickness PO, Rsheet N2p H 300K
(uc) (mbar) Qn) (cm?) (cm? Vst
c-LaAlO4/SrTiO; 50 3 x107 20.4 5.5 x10% 5.3
c-LaGa0s/SrTiOs 50 3 x10? 5.80 1.7 x10* 6.2
y-ALOS/SITiIO; 50 1x10™ 41.2 27x10" 5.0
a-LaGaO3/SrTiO3 10 1 x10™ 67.8 2.0 x10%3 48
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2.5 Scope of Photoconductivity

A general procedure was adopted for all photoconductivity measurements. The light sources
were pre-heated for 20 minutes to get a stable light. The samples were kept in dark for at least 12
hours before the first measurement in order to suppress the photoconductivity effect due to
previous exposure or ambient light. In order to provide uniform experimental conditions, all the
measurements were collected at 300 K (thermodynamically controlled) in vacuum (10 mbar).
The samples were illuminated for 20 minutes followed by a recovery of 1 hour.

Qualitatively, the samples show a significant increase of the conductivity when exposed to the
light of suitable wavelengths. The common feature of the investigated interfaces is that the
photoconductivity is persistent in nature, i.e. the samples do not recover the initial state after

light exposure has been turn off.

As an example, Figure 2.5 shows the photo-response of amorphous LaGaOs/SrTiO3; which is
exposed to a monochromatic ultraviolet (UV) radiation of photon flux ® = 8 x 10* s* cm?,
provided by a light emitting diode source. The UV light has energy 3.4 eV (A = 365 + 10 nm),
larger than SrTiOgz in direct band gap (~3.2 eV). The sheet photoconductivity opn(t) is defined as
the difference between the sheet conductivity o(t), measured at time t during the light
illumination, and the sheet conductivity in dark conditions before the illumination, c,. The
photoresponse dynamics shows a sharp increase with response time < 1 s, followed by a slower
temporal behavior. The sheet conductivity is increased by more than 30 % with respect to initial
dark sheet conductivity (oco) in the light illumination session of 20 minutes. The decay was
followed for 1 hour, showing that even after the light has been turned off, it still preserves ~17 %

of the photoconductivity.

The investigation of samples (Table 2.1) at different wavelength and illumination intensities
reveal that the recovery time can vary from 1 hour to more than 24 hours. For red/green and blue
light, recovery time is about 1 and 3 hours respectively. For photons at 365 nm, it took more than

a day for the samples to restore the initial dark state.
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Figure 2.5 Normalized photoconductance rise and subsequent decay collected on a-
LaGaO3/SrTiO3 sample

2.6 The Linear Regime of Photoresponse

A set of measurements was specifically deviated to the assessment of the conditions that give a
linear regime of photoresponse. For this purpose 445 nm radiation was varied in the range of
photon flux from @ = 2 x 10" to ® = 2.2 x 10"° s cm™. Figure 2.6 (a) shows the photoresponse

dynamics induced by this blue light at various photon flux for one c-LaAlIO3/SrTiOs.

The photoresponse shown in Figure 2.6 (a) can be considered as typical. It shows a relatively
sharp increase in photoconductance, followed by a slow dynamical behavior. The photoresponse
is characterized by the quantity o,nGo, Where o, is the dark sheet conductivity. As evident from
the Figure 2.6 (@), the photoresponse scales with photon flux up to ® = 8 x 10* s* cm?, i.e. it
increased from ~ 0.01 to ~ 0.025. Above ® = 8 x 10* s cm™ no increase in sheet conductivity
is seen indicating a saturated regime. It is anticipated that photons at 445 nm mainly excite the
in-gap states related to impurities. The observation of saturation is then reasonably due to

substantial promotion of most available electrons from the trap states to the conduction band.
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The final values of the opno, after 20 minutes of light exposure at different photon flux endorse
crossover from linear to saturated regime at increasing intensities (Figure 2.6 b). The range for
linear regime was also checked for other wavelengths. The measurements that are reported in the
following section were performed in the low photon flux, linear regime. The linear and saturated

regimes are discussed in section 2.8.
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Figure 2.6 (a) Comparison of normalized photo conductance for c-LaAlO3/SrTiO3 at 445 nm at
different photon flux (b) final value of photoconductance after 20 minutes of illumination as a
function of photon flux indicating linear and saturation regime.

2.7 Dependence of Photoresponse on Wavelength

In order to get an insight of the photo promotion mechanism in different hetro-interfaces several
wavelengths were considered to perform photoconductivity measurements. Along with the UV,
particularly the wavelengths whose corresponding energies are smaller than the indirect band gap
of SrTiO3 (~ 3.2 eV) has been chosen. This choice is very interesting for the mid-gap promotion
of the carriers. All the measurements were carried out at the same photon flux @ = 4 x 10 s

cm?, i.e. in the linear regime.

Qualitatively the results from the investigated samples are similar. Figure 2.7 shows the time
evolution of the photo-conductance induced by four different wavelengths for c-LaAlO3/SrTiOs.

The photo-response dynamics shows a relatively steep increase of photo-conductance, followed
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by a slower transient behavior. The time evolution of the photo-conductance further shows that,

during the exposition, samples exhibit a distinct response for the light of different wavelengths.

The response to the incident light radiation is directly related to the number An of electrons

promoted into the conduction band.

Basically, high energy photons can excite electrons from valance band to conduction band, while
low energy photons can only excite electrons from in-gap trap states. As a result, the
photoresponse becomes lower and lower at increasing wavelength; it decreased nearly by one
(two) order of magnitude for blue (green/red) light. Since the measurements were conducted by
the same photon flux at all wavelengths, and considering that each process of photo-excitation
generates one free carrier, it follows that the variation of photo-conductance with wavelength just

reflects the variation of photo-generation efficiency.
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Figure 2.7 Comparison of photo-conductance at different wavelengths and at fixed photon flux ®
=4 x 10* s cm™ for c-LaAlO4/SrTiOs
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The conductivity increase after light is tuned on always characterized by a steep onset followed
by a slower transient. The single exponential function cannot describe this process very well. In
principle, several functional expressions may be adopted to describe this behavior, including
double exponential [48, 64] or stretched exponential functions [94]. In this study the fittings were

made by using the following function

op(t) =0, {A [1-ep(-t/7)]+1-A) [1-ep(-t/z,)] 21

where t; and t; are two characteristic times indicating, respectively, the recombination times of
fast and slow processes and o, is the saturation value of sheet photo-conductance. Furthermore,

Aand 1- A are the relative weight of the fast and slow components, respectively. The fits were
made for all of the investigated samples, but here the fits are only shown for c-LaAlO3/SrTiO;
(Figure 2.8 a-d). The fitting parameters obtained for some samples from the photoresponse of

four wavelengths are reported in Table 2.2.
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Figure 2.8 Sheet photoconductance of c-LaAlO5/SrTiO3 at (a) 365 nm (ultraviolet), (b) 445 nm
(blue), (c) 540 nm (green) and (d) 625 nm (red). The solid lines are fit curves.

The parameters and particularlyo, , t; and A, vary with wavelength approximately in the same
way for all the samples. For instance, t; decreased from ~ 72 s at 625 nm to ~ 0.4 at 365 nm for
c-LaAlO3/SrTiO; (Table 2.2). However the slow characteristic time t,, probably also due to the

limited statistical weight of this parameter, resulting in a large error after the fit, shows quite
scattered values.

In the photoresponse investigation different kind of interfaces was considered. Since
qualitatively they share the same behavior therefore for simplicity only the comparison between

crystalline and amorphous LaAIO5/SrTiOj3 is presented below.

The full photoresponse is parameterized by o./c,®, mainly representing the quantum

photogeneration efficiency. In Figure 2.9, c., /c,® is plotted vs. photon energy for two samples,
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i.e. crystalline and amorphous LaAlIO3/SrTiOs. In both cases the full photoresponse increases
exponentially with energy. However, the photoresponse is much higher for the amorphous

sample.
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Figure 2.9 Full photoresponse vs. energy for amorphous and crystalline LaAlO3/SrTiO3 samples
collected at photon flux @ = 4x 10'* s cm™. Dash lines are guides for the eye.

The full photoresponse can be split in two contributions, related to the fast and to the slow

characteristics times, by introducing the following two parameters:

An_
fast component = =
®n,
(L-A)n,
slow component = =-——"=
@ n,

The fast component of the signal shows for all samples an exponential growth with energy
(Figure 2.10 a), similar to previous crystalline samples [48, 64]. The fast component increased
from ~ 1.7 x10™8 s cm? at 1.98 eV to ~ 3.0 x10™° s cm? at 3.4 eV for c-LaAlO#/SrTiOs. The plot

indicates that in all samples the fast channel is almost suppressed at low photons energy, so that
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the signal rise becomes slow. The slow component also increases with increasing energy (Figure
2.10 b). It was found that the fast component shows very similar overall behavior in all samples,
while the slow component has a large spread (see discussion in section 2.8). This observation
seems to suggest that the former component depends on intrinsic properties of the interfaces,

while the later may be mainly due to defects.
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Figure 2.10 (a) fast component and (b) slow component of photoresponse vs. energy for
amorphous and crystalline LaAlOs/SrTiO3 samples collected at photon flux @ = 4x 10 s™* cm™.
Dash lines are guides for the eye.
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2. Photoconductivity of Oxide Interfaces

Table 2.2 fitting parameters for the four different illumination wavelengths

sample A(nm) 0w (uS) A 71 (S) 72(S)

c-LaAlIO; 625 2.45 0.03 73 18287
540 0.40 0.24 36 430
445 2.79 0.22 33 1384
365 24.6 0.49 0.4 594

a- LaAlO; 625 7.02 0.011 163 7970
540 21.3 0.012 143 3797
445 22.5 0.078 71 439
365 102 0.425 0.2 513

c-LaGaO3 625 0.004 0.01 0.35 31
540 0.079 0.06 97 4212
445 6.48 0.03 94 3550
365 27.8 0.45 0.6 1344
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2. Photoconductivity of Oxide Interfaces

2.8 Discussion

The slow dynamics of recovery after light has been turned off is ascribed to the persistent nature
of photoconductivity in LaAlO3/SrTiO3 and related interfaces, and attributed to the spatial
separation of the electron-hole pair under the effect of the local electric field [2, 64, 94]. This
phenomenon was characterized in previous works [2, 87] and will not be discussed here.

Therefore, the discussion is confined to the raise of photoconductivity after the light is turned on.

In principle, both the variation of mobility and of carrier number can contribute to the change of

conductivity. However, the mobility is only marginally affected and this effect will be

considered as negligible. Therefore, it will be assumed that the simple relation holds: L

To discuss the basis for the linear and saturated photoresponse (described in section 2.6),
consider for simplicity that a single channel of promotion and recombination is at play. Figure
2.11 shows a photon of energy hv exciting one defect states and promoting an electron to the
conduction band (CB). After a characteristic time, the excited state decays along some path (that

can also be very complex, but that will not be discussed here).

hv

o

VB

Figure 2.11 The promotion and recombination of electrons from defect states when exited by
photon of energy hv.
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2. Photoconductivity of Oxide Interfaces

Be N, the total number of defects and p are the number of holes left after excitation. The rate

equation can be read as

on
_:ao
ot

(N, ~p)-2

the last term in equation account for the recombination rate with some characteristic time z . In
the steady state, the rate of recombination is equal to the rate of excitation i.e. dp/dt=0, leading to

the following expression:

_ % PN,
a, d+y

where y=7"". In the low photon flux regime p oc @, i.e. the response is linear. On the other

hand, if o, ® >>y, the equation point to a constant value N,, independently from photon flux.

The naive 1-channel model thus allows to understand the mechanism of saturation, but it is of
course too rude to allow a satisfactory description of the dynamics. The simplest model to
explain the results is reported in Figure 2.12. The right panel (Figure 2.12 a) shows the diagrams
for crystalline samples [64, 95]; the left panel (Figure 2.12 b) describes instead amorphous
samples.

As explained in section 1.6.1 of chapter 1, the right sides of the band diagrams for crystalline and
amorphous heterostructures are deeply different the one from each other. For crystalline
heterostructures, according to the standard electron reconstruction model, the bands of overlayer
are bent upwards by the macroscopic electric field. The upturn of the bands is so sharp, that the
valance band edge is already lifted by a fraction of eV close to the interface. On the other hand,
all the valance band edge states of the overlayer share the same energy in amorphous structures.
Nevertheless, defect states that extend very much within the gap of the overlayer may be very

important in amorphous structures [59].

Both for crystalline and amorphous structures, the quantum well that is formed at the interface

within SrTiOs, confine the mobile electrons in the 2DEG. The point defects, which is mainly
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2. Photoconductivity of Oxide Interfaces

identify with oxygen vacancies, add to the bands a distribution of trap states, forming a broad in-
gap band. Such states are mainly localized in a region close to the interface. The in-gap states are
very crucial for analyzing photoresponse for photon energy smaller than the SrTiO3; gap. Due to
the different fabrication procedure, the density of vacancies is expected to be higher in

amorphous samples.

There could be many possibilities for photo-promotion dynamics but for simplicity only two
channels are considered. These are denoted as “sc” (slow channel) or “fc” (fast channel) to
indicate slow and fast dynamics, respectively. The main channel of fast excitation is a direct
promotion from the valance band on the SrTiOj3 side to the conduction band. The slow process is
here identified with the promotion of electrons from the donor states overlayer side the
conduction band of SrTiOs. The oxygen vacancies in amorphous interfaces and the overlayer

band bending in crystalline structures reduced the optical gap respectively.

Crystalline Amorphous (b)

srTio, Film SrTiO, Film

Figure 2.12 Schematic of the band structure of a) crystalline and b) amorphous. The grey dotted
region represents the band of in-gap states. The slow (sc) and fast channels (fc) of
photogeneration are represented by arrows.
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2. Photoconductivity of Oxide Interfaces

In order to discuss the relation between the sketches (Figure 2.12) and the fitting function
(equation 2.1) integrated density of states of the full interface region is introduced in Figure 2.13.
Consider a generic scenario that takes into account, along with the valance band (VB), the
presence of in-trap states and two characteristic times. Mainly, the idea is that two separate
channels of excitation contribute simultaneously (Figure 2.13 a). The promotion rate of each
channel is proportional to the flux of impinging photons @ (measured in s* cm™) and to the
quantum efficiency of photoemission, that is “a”, (“B) for the first (second) channel. The
channel 1 is the direct excitation from SrTiO3; VB to the conduction band (CB). Each excitation
leaves a hole in the VB and the number of such holes is “p”. Let “P” be the total number of states
that can be excited by a photon with energy E. The channel 2 is the excitation from a reservoir of
trap states. Each excitation leaves an empty trap state and the number of such states is “q”. At
each photon energy, only the states that are close enough to the CB can be excited. Let “Q” be

the total number of states that can be excited at energy E.

(a) (b)

n=ny,+ An

An=p+q g CB

£ % / \
7\ /I \
d/ C)o
@ @ Decay rate @

Pro_:;motion rate Promotion rate 24 Decay rate
PP (Q-q) a (P -p) 71 P
O
VB VB

Figure 2.13 Schematic of two independent channels that contribute at the same time (a)
promotion of electrons in the valence band (red arrow) and the defect states in the gap (blue
arrow) (b) recombination process in the valence band (red arrow) and the defect states in the gap
(blue arrow).
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Now consider the reverse processes of recombination (Figure 2.13 b). Each such process is
proportional to the number of empty states in the recombination band, which is “p” and “q”,

respectively. Furthermore, it is proportional to the total number of electrons in the CB.

The rate equation which takes into account the promotion and recombination processes for both
channels read:

d d
d—f=a® (P—p)- [inp d—?=a<1> (Q-q)- Tynq

The total number of excited electrons is An = p + g, hence the total number of electrons in CB is
n = ny+An, where n, is the equilibrium sheet carrier density. However, when conducting samples

are considered, the CB already contains many electrons before the excitation.
An<<n, = n=n,

Furthermore, in the linear regime the following assumptions hold
p<<P = (P-p)~P
4<<Q = (Q-9)~Q

Asserting the above discussion, the following rate equations are given for the first and the second
channel.

9_spo- 9 ®_pop- P

dt 7, dt 7
The solution of above equations has exponential of the form p=p, [1- exp(-t/ 7, )] and

q=0,[1-exp(-t/ 7, )] , yielding
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An=p,[1-exp(-t/ 7, )]+, [1-exp(-t/ 7, )] 2.2

Equation 2.2 gives a basis for the fitting function (equation 2.1) used to analyze the

photoresponse.

Comparison with data

The outcome of the model can be compared with the data. In crystalline structure, the excitation
by low energy photons is a slow process that promotes electrons to the quantum well from the
overlayer VB; the fast process, instead, is accomplished by high energy photons, from the
SrTiO3 VB states (Figure 2.9 and 2.12 a ). This observation is consistent with Ref. [64]. For the
set of amorphous samples investigated in this work still the excitation by low energy photons is a
slow process, promoting to the quantum well electrons from the overlayer VB and the fast
process requires high energy photons (Figure 2.9 and 2.12 b ). The latter case of amorphous
structure assumed that the in-gap states in overlayer side are at higher energy than in SrTiO3 side
(Figure 2.12 b). This is the reason why the “sc” is dominated by low energy photons.
Furthermore as described in section 2.7, the fast component exhibits more vibrant trend while the
slow component shows strong variability from sample to sample. The latter is mainly attributed
to the defect states in a given sample. It is known that depending on the growth conditions, the
distribution of defects can be greatly changed in samples [60]. This explains why the slow

component shows a more variated behavior in different samples.

It was shown in Figure 2.9 that the photoresponse behavior grows exponentially with increasing
energy of the incident radiation up to the direct band gap of SrTiOs. In order to discuss this
behavior, the following toy model is presented.

Consider the Figure 2.14 which shows the density of states (DOS) verses energy profile for
SrTiOs. E, and E. are the valance and conduction band edges that are separated by direct band-
gap, A (~3.6 eV). Arbitrarily, E, = 0 is assumed. The recent photoemissions spectroscopy
measurements [96] reveal that, unlike conduction band, the valance band is not sharp i.e. it has a
tail that extends exponentially in the band gap (Figure 2.14). This exponential profile emerges
because of the in-gap states that are particularly relevant in photoconductivity. The present

model also takes into account this tail. The final results of the model are discussed.
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0 A
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A~3.6eV E
> /‘
Ey=

DOS

Figure 2.14 Density of states (DOS) vs. energy profile of c-LaAlO3/SrTiO3, A is the direct band-
gap of SrTiO;

Mainly the following two cases can be considered,;
1) In case the energy of incident photon is smaller than the gap i.e. A—hv>0=A>hv,

the transition involves initial state in the exponential tail then T_, oc exp(hv/e, ), where

g IS a characteristic energy. This expression anticipates that the signal will grow
exponentially as a function of incident photon energy.

2) In case the photon energy is greater than the gap i.e. A—ho<0= A<huv, the optical

rateisI,_; «<ho.

The solid lines (Figure 2.15) based on this model describes in a reasonable way the experimental
data.
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Figure 2.15 Photoresponse vs. energy for c-LaAlOs/SrTiOs collect at photon flux @ = 4x 10 s
cm™. The solid lines are fit curves according to the model, dotted line indicates, A, the direct
band-gap of SrTiOs.

3.9 Summary

In summary, this chapter presented the time-resolved photoconductance of amorphous and
crystalline LaAlO3/SrTiOs, and other similar interfaces irradiated by light of wavelengths in the
range 365-625 nm. Both kind of interfaces exhibit a photoconductance that is persistent in
nature. The experimental results show that both for the crystalline and amorphous interfaces, the
photoresponse increases exponentially with incident photon energy up to the direct gap of
SrTiOs.
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Chapter 3

Transport Properties of Oxide Interfaces
under the Effect of Electric Field and Light

Abstract

Chapter 3 presents the transport properties of different oxide
heterointerfaces under the effect of the electric field, and under the
combined effect of light in the VIS-UV range and electric field. The low
temperature gate cycles show strong hysteretic behavior. A model is
introduced to calculate the charge density modulated by the electric field.

3.1 Experimental Setup

The electrical transport measurements under the electric field effect were performed in the
temperature range 10-300 K in dark condition in a closed cycle refrigerator. The resistance of the
samples was measured by standard van der Pauw method. A three terminal devices were realized
by placing a metallic sheet on the back of the substrate (back gate configuration). To this aim, a
silver paste film was used. The two-dimensional electron gas (2DEG) acts as a channel
modulated by the gate voltage (V). In the most experiments, the gate potential was applied by
using a Keithley picoammeter 6487 as schematically shown in Figure 3.1. According to Figure
3.1, for a positive gate voltage the interface is negatively charged and for negative gate voltages
it is positively charged. The resistance of the 2DEG was determined by injecting 10 pA current.

In all the cases, the gate current (<10 nA) was much lower than the channel current, 10 pA.
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2-DEG

metallic gate

.
-

V

Figure 3.1 Schematic of gated LaAlO3/SrTiO3 with silver paste as a metallic back gate.

3.2 Transport Properties of Interfaces

In this chapter the transport properties of different samples under the effect of gate voltages are
presented. These samples include “standard” (001) oriented LaAlO3/SrTiO3 and an amorphous
LaGaO3/SrTiOz samples.

Figure 3.2 shows a comparison of Rgneet (T) curves for some of the investigated samples. All the

samples showed metallic behavior down to low temperature. Nevertheless, their transport
parameters show a large variation. The room temperature sheet resistance ranges between 10 and
68 kQ/[1. The sheet carrier density, as determined by Hall effect measurements, ranges between
~2.06 x 10" and ~1.10 x 10* cm™. The resistive ratio Ragx/R1ox ranges between 18 and 168. A
summary including growth conditions, thickness and transport properties of the samples is
reported in Table 3.1.
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Figure 3.2 Rsneet (T) curves for crystalline LaAlIO3/SrTiO3 and amorphous LaGaOs3/SrTiOs.

Table 3.1: Summary of the fabrication and room temperature transport properties of some
samples investigated in this study

System Thickness P02 RSheet Rzg()K/ RlOK n
(nm) (mbar) (kQO) (cm?)
c-LaAa03/SrTiO; 4 1 x10° 10 18 1.10 x10%*
c-LaAlO/SITiO; 4 1 x107? 14 25 8.20 x10™
a-LaGa03/SrTiOq 4 1 x107? 68 168 2.06 x10*°
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3.3 Scope of Electric Field Effect

The back gated LaAlO3/SrTiO3 (Figure 3.1) can be compared to conventional field effect device,
e.g. a MOSFET. In a conventional MOSFET device, SiO; is employed as (dielectric) barrier
between the channel and the gate. The barrier height is about 3.2 eV. Typical electric fields in the
nm-thick barrier can exceed 10® V/m. The loss current through the barrier is mainly due to

tunnelling effect [74], and it is very low.

In a back-gated oxide 2DEG, the situation is largely different. Direct tunnelling to the back-gate
is impossible due to the thickness of the barrier (0.5 mm). Only low fields of the order of 10°
V/m are applied. The back-gate metal/SrTiO;3 interface is characterized by an energy difference
between the Fermi level of the metallic electrode and the SrTiOs; conduction band and is
typically of the order of 1eV (Figure 3.3) [97].The interface bending of the SrTiO3; conduction
band below the Fermi level virtually defines a border. The barrier height on the 2DEG side is

extremely low and can be estimated of the order of 10™ eV [72].

The application of a back-gate voltage can largely modify the energy landscape in the proximity
of the 2DEG, both because of the Fermi level tuning and because of changes of the conduction

band profile, and thus of the quantum well profile.

........... STO CB edge

ot

e

Figure 3.3 Energy band diagram for gated oxide interface. At Vg = 0 the Fermi levels are
aligned. Due to the difference between the conduction band (CB) edge level on both sides, a
band bending of SrTiO3 results.
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In our experimental configuration the 2DEG is grounded. The chemical potential of the 2DEG
and the gate are identical at zero gate bias (Figure 4.3 b). At Vs > 0, the Fermi level of gate and
the bottom of the well goes down (Figure 3.4 a). This is due to the charge transfer to the quantum
well by the external generator hence the resistance of the system is expected decrease. On the
contrary, in the case of negative gate voltage the carriers are removed from the quantum well

because the Fermi level moves up (Figure 3.4 ¢) and an increase in resistance is expected.

This situation is largely similar to that of a simple parallel plate capacitor separated by a
dielectric material. Depending on the direction of the polarity, one plate of the capacitor is
charged or discharged. The amount of charge, eAn ( An is the variation in sheet carrier density),

that is transfer by the voltage (V) is given by the expression

eAn=¢,,E=¢,¢V/d

where ¢, is the permittivity of the free space and &, is relative permittivity (dielectric constant)

0
of the dielectric layer of thickness d. Note that if the mobility remains fixed, then the added
(subtracted) charge to the plate/channel will decrease (increase) the resistance. At constant bias,
the amount of charge scales with the dielectric constant. It is well known that the dielectric
constant of SrTiO; is strongly temperature depends [27]; it increases from ~ 300 at room
temperature to ~ 24000 at 4 K (see section 1.4.4 in chapter 1). This dependence anticipates that
at fixed V¢ a larger variation in resistance will occur at low temperature in comparison to room

temperature.
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Figure 3.4 Energy band diagram for back-gated oxide interface with Fermi level at U = 0, for (a)
accumulation mode, Vs > 0 (b) equilibrium, Vs = 0 and (c) depletion mode, Vs < 0. Note that
gray part is so thick that the barrier shape is not (strictly) represented.

3.4 The Effect of Temperature

Figure 3.5 (a,b) compares the change in sheet resistance for 4 nm thick c-LaAlO3/SrTiO3; as
function of gate voltage (V) at low (10 K) and room temperatures. The gate voltage between 0
and + 200 V (AE = 4 kV/cm) for one minute each step was applied as shown in the lower panel
of Figure 3.5 (a,b). The samples response is basically characterized by the variation in sheet
resistance as function of Vg. The sheet resistance decrease from ~ 15 to 4.8 kQ/[] in the
enhancement mode (+200 V) (Figure 3.5 a). On the other hand, in the carrier depletion mode (-
200 V) it increase from ~ 15 to 15.2 kQ/[l. The total variation in sheet resistance at room
temperature (ARi200v) With respect to Ry (Vg = 0) is ~ 2.5 %. At 10 K (Figure 3.5 b) this
variation is more than 100 % for the same gate potential due to high dielectric constant of SrTiO3
at low 10 K.
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It is worthwhile noting that the field effect modulation at room temperature exhibits quite
conventional behavior, there is no hysteresis corresponding to Vg = 0 (which is present at low
temperature, see section 3.5). Furthermore, the first positive polarization (FPP) at low
temperatures persistently changes the sheet resistance of the samples, as discussed at length in
chapter 4. In this section the attention is confined to the behavior that is observed after few

starting cycles and that repeats always identically by further cycling.

15,2 T T T T : 20{y = T TTTI=TH
(a) (b) ™ \ \
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= < 12 ™ ]
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012345678 91011121314 101234567 8 91011121314
time (min) Time (min)

Figure 3.5 Comparison of variation in sheet resistance in c-LaAlOs/SrTiO3 as function of gate
bias at (a) 300 K (b) 10 K.

At room temperature the samples response to the gate voltage was also tested on the long time
scale of hour. For example, Figure 3.6 shows the behavior of the sheet resistance as a function of
time, while the gate voltage is changed. Initially the gate voltage is off and sheet resistance stays
nearly constant around 50 kQ/[1. By applying Ve = +200 V the sheet resistance drops to 31.3
kQ/[] over 60 minutes. After switching off Vg the sample sheet resistance during 60 minutes
increases only to 33.7 kQ/[1 and do not restored to its initial state showing some memory effect
(see section 3.7 for discussion). By applying the opposite polarity (V¢ = -200 V) charge carriers
are effectively withdrawn from the interface and the sheet resistance increases anomalously to

577 kQ/17 in less than an hour exhibiting a high resistive state. At this point the sheet resistances

64



3. Transport Properties under the Effect of Electric Field

reached to the instrumental compliance limit. It is expected that the +200 V can bring it back to

low resistive state.

T=300K
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Figure 3.6 Sheet resistance variations as function of gate modulation for c-LaAlIO3/SrTiO; at
room temperature on long time scale.

Rsheet-T curves under different gate biases on many samples were also collected. Figure 3.7
shows the Rsneet-T plots for 4 nm thick c-LAO/STO collected in 0 and + 200 V gate bias. As
expected, up to 100 K the dielectric constant of SrTiO3increase marginally, the variation in sheet
resistance for +200 and -200 V are largely indistinguishable from zero bias curve. Below 100 K
in enhancement mode (+200 V) the sheet resistance dropped more quickly than unbiased mode.

Similarly for -200 V there is conductivity lose by a factor one with respect to zero bias curve.
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Figure 3.7 Rsneet-T cooling plots for c-LaAlO3/SrTiOs at fixed Vg = 0, +200 and -200 V.

3.5 Hysteretic Behavior

In the gate bias measurements especially at low temperatures, the resistance exhibits hysteretic
behavior. The hysteretic behavior arises from the difference in the resistance at V¢ = 0 after each
positive and subsequent negative gate pulse. Figure 3.8 (a,b) shows a typical hysteretic behavior,
it compares the normalized change in resistance (AR/ R,, where R, is the initial resistance at V¢
= 0) as function of gate bias for c-LaAlO3/SrTiO3 at two different temperatures, 10 and 100 K.
The gate bias was applied in sequence 0, +200V, 0, -200V, 0. The resistance mismatch at Vg =10
after positive and negative gate pulse, parameterized by 6R/ R,, is more than 14 % (indicated by
double-headed arrow in Figure 3.8 a). The magnitude of the hysteretic behavior become smaller

with increase in temperature, it reduces to < 1 % at 100 K (Figure 3.8 b).
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AR/R

Figure 3.8 Vg modulation of normalized resistance at (a) 10 K (b) 100 K showing hysteretic
behavior, the arrows and numbers indicates the order in which the gate bias was applied. Solid
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To further clarify the hysteretic behavior the data for the same temperatures are plotted in
different scheme where the change in resistance is recorded as a function of gate modulation
(Figure 3.9 a,b). The resistance of the sample stays higher than the previous Vg = 0 after the
depletion mode (-200 V) as enclosed by the cycle (Figure 3.9 a). On the other hand after the

enhancement mode (+200 V) the resistance stays lower. The same observation comparatively

100 K |

-200

smaller in magnitude was observed for 100 K (Figure 3.9 b).

Figure 3.9 Hysteretic behavior corresponds to Vs = 0 indicated by circle at (a) 10 K (b) 100 K,
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Since the response after positive or negative is not very flat but shows some transient behavior,
one may suspect that the time allowed was not enough to relax the system. To examine this
possibility, the measurements on relatively long time scale were also performed but still the
hysteretic value 8R/ R, remains. As an example, Figure 3.10 (a) shows the gate modulated
resistance at 105 K after waiting 15 minutes each step. It is clear that on the time scale of
minutes, the difference in resistance at V¢ = 0, which is parameterized by 6R/ Ry, is still present
(Figure 3.10 b). The same was also checked at low temperature (12 K), where the transient
response was found to be faster, and still a giant hysteretic behavior was demonstrated. From
Figure 3.9, it is clear that SR/ R, do not scale with AR/ Ry, this suggests that we are not trivially

observing the effect of ¢, vs. temperature.
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Figure 3.10 (a) Hysteretic behavior corresponds to Vg = 0 at 105 K on time scale of 15 minutes,
enlarge view of the hysteretic behavior (quantified by 6R/ R,).

The hysteretic behavior as a function of temperature was thoroughly investigated. The samples
were first cooling down to 10 K then the gate voltage measurements at different temperatures
during the heating from 20 to 240 K were collected. Measurements during the cooling from 240
to 20 K were also performed. This was done by first cooling the sample down to 10 K, then
performing the gate voltage step at 20 K to irreversible change the state of the sample (see
chapter 4, section 4.1). The samples were then heated to 300 K. Finally, the gate cycle
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measurements were collected while cooling from 240 to 20 K. The extracted data for the
hysteretic behavior as a function of temperature during cooling and heating is depicted in Figure
3.11.

Quantitatively, the hysteretic behavior is high in the low temperature regime, it is really
significant only for T < 70 K but then sharply drops for T > 70 K. It is important to note that a
minute hysteretic behavior still exists at 240 K (i.e. R/ R, # 0). In the temperature range 25-50
K the value of 6R/ R, changes depending whether the measurements were collected during
cooling (from 240 to 20 K) or during heating (from 20 to 240 K). This is indicated by the arrow
in Figures 3.11.

0-200 T T T T T T T T T T
—a— Cooling (240-20K) ]
—e— Heating (20-240K)
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Figure 3.11 Hysterical behavior, which is parameterized by 6R/ R,, as a function of temperature
during cooling and heating for c-LaAlO3/SrTiOs. Solid lines are guides for the eye.
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3.6 Carrier’s Density Estimation

Figure 3.12 (a,b) shows the change in sheet conductance (Ac) at 10 and 100 K when the gate
bias is sweep between 0 and = 200 V in steps of 20 V. In such measurements, Vg is kept constant

at each step value for At = 20 s.

As already described in section 3.3, the gated LaAlO3/SrTiO;z in the steady state works like a
parallel plate capacitor with dielectric insulator between them. The areal charge density (e4n),
that is induced at a given gate voltage V¢ applied across an insulator of thickness d (0.5 mm for
SrTiOsin the present study) is given by

Y 3.1
eAn = jgogr —av :
d

0

where &, is the permittivity of the free space and &, is relative permittivity. The above equation

also takes into account the dependence of &, on temperature and strength of electric field. Once

An is computed, it is possible to plot Ac vs. 4n (Figure 3.12 c,d). At 90 K, the curve is almost
linear with electron density 4n in the range ~ 3x10% to -3x10 cm™ for Vg sweep from +200 to
-200 V (Figure 3.12 c). At 10 K, at the same strength of electric field, due to high dielectric
constant at low temperature, the density increases by one order of magnitude. Furthermore, the
plot at 10 K is highly non-linear and is characterized by two slopes (Figure 3.12 d). These distant

slopes have physical meaning in terms of band filling and are discussed in section 3.7.
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Figure 3.12 Sheet conductivity change for c-LaAlOs/SrTiO3 as a function of gate modulation at
(@) 90 K (b) 10 K. Estimated field induced sheet carrier density at (c) 90 K (d) 10 K, the blue
dotted line shows different slopes. Solid lines are guides for the eye.

3.7 Discussion

The (same) memory effect and resistive switching described in section 3.4 (Figure 3.6) were
previously reported for crystalline LaAlO3/SrTiO; [98] and amorphous LaAlOs/SrTiO; [99].
These behaviors in the interfaces at room temperature can be possibly ascribed to two reasons, i)
electromigration of oxygen vacancies [100] or ii) trapping and de-trapping of electrons in SrTiO3
[101].

In the case of electromigration of oxygen vacancies, a positive back-gate potential attracts the

negatively charged oxygen-ions and gathers oxygen vacancies at the interface. These vacancies
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change the electrical properties of the interface exhibiting a low resistive state. On the contrary, a

high resistive state occurs at negative gate bias [99].

In the latter case, vacant trapping states limit the electronic flow and lead to high resistive states.
Accumulation of electrons at the interface occurs at a positive back-gate potential which fills the
trapping states and the samples exhibit low resistive state. Upon removal of the field the de-

trapping of electrons occurs very slowly. This effect is reminiscent of memory-behavior [98].

No memory behavior was seen [98] when LaAlO3; was employed as a gate dielectric in top gate

experiments thus pointing that SrTiO3 plays a significant role.

The change in sheet conductance vs. field induced sheet carriers density (Figure 3.12) can be
understood in the frame of the Drude model. The mobility can be defined as the slop of sheet

conductance vs. sheet charge density:

_loo

== 3.2
e on

Y7,

The constant slope at 90 K (Figure 3.12 c) implies that all the carriers share the same mobility,
quantitatively estimated by equation 3.2 as ~ 75 cm? Vs, At 10 K, instead, we find that the
carriers posses two different mobilities, depending on the filling of th quantum well. In Figure
3.12 (d), the slop in the depletion mode correspond to u ~ 60 cm? Vs while in the enrichment

mode it is about 10 times more, i.e. 600 cm? V'1s™,

The different mobilities can be understood in terms of E-K diagram as depicted in Figure 3.13. It
is well established that interfacial electrons reside in the t,, conduction bands of SrTiO3 [21]. In
the bulk, the bands are degenerate (see section 1.4.3, chapter 1). At the interface this degeneracy
is lifted due to tetragonal distortion. The interface crystal field splits the ty4 states in a lower dyy
singlet, and an upper dy,, dy, doublet energy bands (Figure 3.13). The d, reside at or in the
immediate proximity of the interface, on the other hand dy, or dy, electrons naturally extend
further away from the interface [102]. At 90 K, due to low dielectric constant, the injected carrier
density is lower than 10 K, thus all electrons are expected to reside in the dy, band and only one

type of carrier exists in the system with constant mobility (see Figure 3.12 c). At 10 K, the field
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modulated density is higher than 90 K, therefore higher density raises the energy level and the
Fermi energy enters the dy, and dy, bands. As both of the states get populated it is expected to
observe contributions from carriers of new mobility hence two slopes can be naturally accepted
(see Figure 3.12 d). It is important to mention that the d, band has a larger effective mass in the
z-direction than the d,, and dy, bands but it exhibits lower mobility due to Anderson localization
[66].

yz

Gatetunable E level = = - -

v
~
>

Figure 3.13 d-orbital energy bands of SrTiO3 near the interface. The d,y, band is lower in energy
compared to the dy, and dyx bands, the gate tunable Fermi level is indicated by dash line.

73
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3.8 Combined Effect of Electric Field and Light

The effect of electric field and light together is recently reported by Lei, Y. et al. [85]. The
authors showed that change in resistance as function of gate modulation can be enhanced, both in
response and magnitude, under light illumination of suitable wavelength. In order to further
understand this phenomenon, the present study explores this effect by considering the gating
cycles in the presence of light illumination with wavelength ranging from visible to ultra violet
(UV). According to the measurement scheme (like described in section 3.3), gate voltages (for 5
minutes each step) between +200 V and -200 V were applied to the back gate of SrTiO3; while
the c-LaAlO3/SrTiO; interface was grounded and the 2DEG resistance was recorded

with/without light illumination (Figure 3.14).

In the absence of illumination, the application of Vg = +200 V (-200 V) yields two distinct
responses marked respectively by a sharp jump followed by a steady decrease (increase) of
resistance on the time scale of minutes. The same Vg cycles were then performed under light
illumination of different wavelengths, 625, 540 and 445 nm. Before collecting the data under
illumination, the samples were first exposed to light for 20 minutes to get the saturated resistance
value. The initial decrease in the resistance marked by arrow is due to photoconductivity effect
(Figure 3.14). Note that the gate bias was applied for a short time (5 minutes) only; the aim was
not to compare the steady state under different conditions.

The gating effect of positive Vg is marginally enhanced by illumination. On the other hand, the
field effect in depletion mode (-200 V) is significantly enhanced by light illumination of lower
wavelength (Figure 3.14). In the presence of light of photon flux @ = 2 x 10" s™* cm™ (for A =
625 nm), gate field drives the resistance much faster to ~12 % than the dark (~ 3 %) showing that
the slow process has been markedly accelerated by light illumination. The variation in the
resistance is progressively decreased with decrease in wavelengths. Other lower wavelengths 540
and 445 nm respectively shows a variation of 11.5 % and 6 % in depletion mode. At zero gate
bias, after the -200 V bias, the resistance drops quickly for lower wavelengths in sequence A =

445, 540, and 625, nm suggesting that only photoconductivity effect is at play.
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Similar experiment was also extended to amorphous LaGaO3/SrTiO3 samples where similar
illumination enhanced gating effects are observed, implying a generic nature of this

phenomenon.

0 10 20 30 40 50 60 70
Time (min)

Figure 3.14 Room temperature normalized resistance variations for c-LaAlO3/SrTiO3 as function
of time under field effect, recorded in the presence/absence of a light illumination.

In Figure 3.15, the loops of AR/ R, vs. Vg are reported for both dark and light conditions. To this
aim, 1s long steps of Vg were applied. Initially in the dark, the field effect modulates the
resistance by + 1 % with weak hysterical behavior (Figure 3.15). The sample was then
illuminated for 30 minutes by red light (A = 625) of photon flux ® = 2 x 10® s* cm™, and the
resistance dropped by 3 % due to photoconductivity effect. Under light illumination, the Vg
cycles enhanced the variation in resistance; the span was about + 2.5 %. Furthermore, the
hysteresis corresponding to Vg = 0 was much stronger. Undoubtedly, the total variation in
resistance is smaller than Figure 3.14 mainly because of the shorter time spent on each Vg step.

75



3. Transport Properties under the Combined Effect of Electric Field and Light

1- 010;8 ‘ —o—dark A
"8‘8:8; i —©— 625 nm
0 88&2-
V'ﬁigj .
/3 88?8:8:9:@
°\\./ -1 - Ceq -
o
14 -2 .
[
S a] "moee... -
Qo‘o ©e. e
-4 - e 0. .
T = 300 K ©o.a o.o_:o‘&
5417 ©o8e
200 -100 O 100 200
V. (V)

Figure 3.15 Normalized resistance variations for c-LaAlO3/SrTiO; as function of time under
field effect at 300 K, collected in the dark and illumination at A = 625 nm.

Interestingly, the samples show no variations in resistance by gate modulation in the presence of
UV photons (365 nm, 3.4 eV) at flux ® = 1 x 10" s* ecm™. In Figure 3.16, the gate modulation
of sheet resistance in dark and under UV illumination was then compared by using lower photon
flux. The resistance variation by field effect in dark shows a quite conventional behaviour. To
combine the effect of field and light, the sample was first illuminated by UV light at Vs = 0.
After 10 minutes the gate voltage was applied. However, even at the lowest exposed flux (® =

10" s cm™) it was impossible to distinguish any clear effect of gating.
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Figure 3.16 Sheet resistance variations for c- LaAlO3s/SrTiO3 as function of time under field
effect (FE), recorded in the dark and illumination at A = 365 nm.

3.9 Discussion

In order to discuss the light-enhanced gating effect consider the gated LaAlO3/SrTiO3z under the
depletion mode, i.e. Vg < 0 (Figure 3.17). In dark, before applying the gate bias, the Fermi level
in the quantum well and metallic electrode coincide. A negative voltage to the metallic electrode
takes away carriers from the quantum well (indicated by red arrow, Figure 3.17). At this point,
presumably some electron from the trap states starts to creep into the quantum well (denoted by
process 1, black arrow). This delayed dynamics potentially slow down the process and
determines the slow transient after the initial jump in resistance (see Figure 3.14).

The creep process can be accelerated by shining light of higher wavelengths (e.g. 625 or 540
nm), because low energy photons can effectively excite trap states (process 2, Figure 3.18). The
photo-excited carriers fall into the quantum well and are immediately driven away along the

external circuit. High energy photons excite deeper states. With photons at A = 445 nm, the
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mechanism of photo-promotion and of depletion by field effect become competitive. In the
considered experimental situation, the photo-promotion is high enough to substantially reduce

the resistance drop.

In extreme case of UV photons (3.4 eV), that can promote valance band electron to the quantum
well (process 3, Figure 3.18), the mechanism of photo-excitation and field effect become even
more competitive. In the present scenario, due to excess of photo-exited carriers, it is impossible

to disentangle any clear gating effect.

9,

Trap states

Figure 3.17 LaAlO3/SrTiO3 band diagram at negative gate bias. Red arrow indicates the electron
flow across the external circuit. The black arrow indicates the creep process of electron from the
trap states in to the quantum well (process 1).
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Valance band

Figure 3.18 LaAlO3/SrTiO3; band diagram at negative gate bias. The different photo-promotion
mechanisms of low and high energy photons are highlighted.

3.10 Summary

In this chapter, the transport properties of interfaces probed by electric field and light were
studied. The hysteresis is really significant for T < 70 K but then sharply drops for temperatures
above 70 K. The values of mobilities obtained from the slop of Ac vs. n plots were discussed in
terms of carrier filling in different bands. It was further described with the help of model that
gating effect can be enhanced, both in response and in magnitude, in the presence of low energy

photons. Such measurement showed no response in the presence of UV light.
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Chapter 4

Low Temperature Transport Properties and
Electro-optical Switching of oxide interfaces

Abstract

This chapter presents the transport properties of oxides interface under the
effect of electric field at low temperature. It is shown that, beside the
“standard” field effect, more complex effects take place under the
application of a back-gate voltage. Such effects include persistent deep
carrier depletion after a positive back-gate voltage that can persistently
switch samples with low initial density from the metallic ground state to an
insulating state. Such insulating state can be erased by light illumination.
We further show that the samples can be repeatedly switched between the
conducting and insulating state by the alternated application of suitably
tailored back-gate voltage pulses and light pulses.

4.1 Low Temperature Electric Field Effect: First Positive Polarization

As anticipated in chapter 3, the first positive polarization (FPP) when applied at low temperature,
persistently changes the resistance of the samples. The first section of the present chapter deals
with this effect and its sample-dependence. The most important parameter which determines the
FPP behavior turned out to be the intrinsic sheet carrier density of the samples. On this basis the

samples were divided into three groups;
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e high sheet carrier density sample (sample A, i.e. c-LaAlIO3/SrTiO3)
e intermediate sheet carrier density sample (sample B, i.e. c-LaAlO3/SrTiO3)

e low sheet carrier density sample (sample C, i.e. a-LaGaO3/SrTiO3)

The summary of the fabrication and room temperature transport properties of these samples are

reported in Table 3.1 of chapter 3.

As a first experiment shown in Figure 4.1 sample A, a “virgin” c-LaAlO3/SrTiO3 sample (i.e.
never having been employed in a field effect experiment before) was cooled to 20 K. A train gate
voltage steps lasting one minute each was then applied as shown in the lower panel of Figure 4.1
(a). The response is basically characterized by the change in sheet resistance as function of time

under field effect (higher panel of Figure 4.1 a).

The FPP effect is highlighted in Figure 4.1 (b). It takes place after the first Vg = +200 V step and
it determines the drop of sheet resistance. The sheet resistance has a sudden drop (from ~ 0.55 to
0.40 kQ/7), and quickly saturates at ~ 0.43 kQ/71 (Figure 4.1 b). Afterwards, the FPP persistently
changes the resistance of the sample, i.e. the sheet resistance at Vg = 0 from 0.55 to 1.25 kQ/]

respectively (Figure 4.1 a).

It is also observed that in the cycles that follow the FPP, the sample is stabilized to a metastable
state, characterized by a number of notable features: a constant (Rsheet)-200v Value (the subscript
indicating V) as a function of time; a time-dependent (Rsneet)+200v Value, characterized by a time
constant of the order of minutes; and an hysteretic (Rsheet)ov Value, that is higher after the positive
Vs pulse and lower after the negative pulse. Particularly the latter parameter is strongly
temperature dependent, and it is furthermore it is very sensitive to the cooling and heating cycles.
The properties of such metastable state have been thoroughly reported in chapter 3, so that the
attention here will be focused on the mechanisms associated to the FPP only.
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Figure 4.1 (a) Sheet resistance of the 2-DEG as functions of gate voltage measured at 20 K in a
sample with high sheet carrier density (sample A). (b) The FPP effect is highlighted.

The same measurement procedure was extended to sample B. The Rgneet VS. Vg plot is
qualitatively similar for both samples, but quantitative differences are strong, particularly in the
depletion mode. Sample B shows the same FPP effect after first Vg = +200 V step as indicated in
Figure 4.2 (a,b). On the other hand, after the -200 V step, the sheet resistance increases by at
least three orders of magnitude and falls out of the sensitivity range of the instrumentation
(Figure 4.2 a). The measurement compliance limit is indicated by gray region (~ 9 MQ/[). In the
following cycles, the sample passes from insulating state at Vg = -200 V to conducting state at
Vs =0and Vg =+200 V.
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Figure 4.2 (a) First positive polarization at 20 K for the sample with intermediate sheet carrier

density (sample B), the sample switches to insulating state at Vg = -200 V (b) The FPP effect is
highlighted.

Figure 4.3 reports a similar characterization for sample C. During the FPP, the maximum
measured sheet resistance in this case is about 0.7 kQ/] (Figure 4.3 a,b), which is higher than the
previous two cases of sample A and B. After the FPP, the sample is brought into a deeply
charged-depleted mode, with a sheet resistance increase of at least four orders of magnitude. The
sample remains in the insulating state even when V¢ is brought to zero (Figure 4.3 a), thus

demonstrating the behavior of a non-volatile memory. In order to erase the memory, a step at Vg

> 0 is required.

To investigate the minimum erasing voltage, measurements were performed where the positive
step is applied at Vg = 100 V (Figure 4.4). It was found that the sheet resistance is decreased

only to ~ 700 kQ/ 1, demonstrating that this gating was insufficient.
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Figure 4.3 (a) First positive polarization at 20 K for the sample with low sheet carrier density
(sample C), the sample remains in insulating state for Vg = 0 and -200 V. (b) FPP effect is
repeatable for each positive gate bias.

Measurements were performed at 100, 60, and 40 K to investigate the temperature dependence of
the memory effect. Figure 4.5 shows the result for sample C. After the FPP, the maximum sheet
resistance observed in depletion mode is ~ 15 kQ/(], so that the insulating state is not observed.
Note, however, that it is at all possible that the insulating regime may be obtained by applying a

higher voltage, in order to compensate for the reduction of &, with temperature.
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Figure 4.4 Vg modulation of sheet resistance at 20 K for sample C showing that the complete
conducting state after FPP can be restored only at Vg = +200 V and not by lower voltage.
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Figure 4.5 Vs modulation of sheet resistance for sample C at 100 K, measurable changes in the

sheet resistance indicates that the giant effect after FPP (deep charged-depletion) occurs only at
low temperature (20 K).

85



4. Low temperature Transport Properties under the Effect of Electric Field

4.1.1 Rspeet (T) Curves in Field Effect

The persistent change of the samples sheet resistance after first positive polarization (FPP) is
clearly manifested in the sheet resistance vs. temperature plots. As an example, in Figure 4.6 (a)
the virgin Rspeet (T) for sample A is compared with Rgneet (T) after performing the gate voltage
measurement at low temperatures. Both curves show data collected during sample cooling. To
this aim, the sample was first cool down to 10 K (black solid curve), then the gating cycles were
performed in the temperature range 20-300 K at gate bias + 200 V. The values of sheet resistance
at Vg = 0 and at Vg = £ 200 V are indicated by the solid dots. The first gating cycle (Vg =0, Vg
= +200 V and Vg = 0) at 20 K persistently brought the sample into a high resistance state
different from the virgin state (black arrow).

The Rgheet (T) of sample C is substantially different (Figure 4.6 b). The FPP at 20 K sent the
sample to the insulating state. Upon heating, around 170 K the sample resistance become
measurable but still at room temperature the sheet resistance is one order of magnitude higher

than the virgin state.

Previous studies [3, 84] revealed that the metastable state due to the low temperature gating
cycles can be erased by warming the samples to room temperature. This procedure did not prove
to work in the present study. Instead, a special technique of long gate treatment for ~15 hours in
the carrier enhancement mode (+200 V) at room temperature (Figure 4.7 a) has proved to be
always effective. This treatment brought all the samples back to the virgin state. The a-
LaGaO3/SrTiO3 (sample C), however, took only 30 minutes to restore its initial state (Figure 4.7
b). The Rsheet VS. T of the sample A and C in the virgin state and in the recovered state are
compared in Figure 4.6 a and b.
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Figure 4.6 Rqneet-T curves for virgin and gate voltage treated samples (a) c-LaAlO3/SrTiOs
(sample A) and (b) a-LaGaOs/SrTiO3; (sample C). The arrow marks the FPP effect.
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Figure 4.7 Recovery of the pristine state of (a) sample A and (b) sample C under the effect of a
gating at 300 K. Note the different time-scale of the processes.
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4.1.2 Model for First Positive Polarization

In the section 3.3 of chapter 3 the energy band diagram of gated LaAlO3/SrTiO3; has been
introduced. In order to discuss the First Positive Polarization (FPP) effect one ought to modify
the band diagram by considering empty localized in-gap states (LIGS) in the vicinity of the
quantum well on SrTiO;3 side [3, 64]. The modified band diagram can be compared with the
floating gate MOSFET device. In the following the floating gate MOSFET is shortly discussed,
in order to introduce the comparison with oxide interfaces and, to explain the FPP effect.

The difference between the floating gate MOSFET [103] and the standard MOSFET is the
addition of a new gate, called the floating gate (labeled as “c” in Figure 4.8), between the
original gate (“¢”) and the channel (“a”). The original gate is called the control gate. The floating
gate is an isolated conducting island: it is surrounded on all sides by oxide insulator (marked as
“b” and “d”). The channel is typically realized by conducting n-type source and drain through a

p-type path, that is simplified in the sketch in Figure 4.8.

SiBandgap r—‘ f Control Gate:
~1l.1leV sio; 3.2ev | sio, n-type
& | Polysilicon
______ > P
I C 3 E ‘\
1
T a Fermi Leve
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p-type n-type «
Silicon Polysilicon
d

Figure 4.8 Energy band diagram of floating gate MOSFET.
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In the operation, a positive Vg is applied. If the electric field that is hence built in the region
between the channel and the floating gate is high enough, the floating gate is charged by either
the Flower-Nordheim (FN) tunneling (mechanism 1 in Figure 4.9 a) or via hot-electrons injection
(mechanism 2 in Figure 4.9 a) [104]. Once the electrons are "captured" in the floating gate, they
stay there even in zero field, because there is no direct path for them to flow back (Figure 4.9 b).

This retention mechanism makes a non-volatile memory floating gate MOSFET devices.

To discharge the floating gate, a negative voltage pulse is applied at control gate. The same
effect is also achieved by shining the UV light (3.4 eV), in such a way that the photons provide
the trapped electrons the energy required to overcome the barrier (3.2 eV).

(a)
(b)
/ \
000
000
000
A diclectric| FG dielectric
====3 o
Substrate Control gate
Control gate

Figure 4.9 (a) Positive Vg at the control gate charge the floating gate via (1) Flower-Nordheim
tunneling mechanism or (2) via hot-electrons injection. (b) At Vs = 0 the electrons are captured
in the floating gate.
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4. Low temperature Transport Properties under the Effect of Electric Field

Figure 4.10 shows the band picture of a gated oxide interface. For convenience the same notation
is used in both band diagrams (Figure 4.8 and 4.10). In the gated oxide interface the quantum
well acts as the conducting channel. The empty localized in-gap states (LIGS) act as floating gate
(“c”) separated from the channel by a thin insulting layer (with thickness of the order of nm),
marked as “b”. The dielectric bulk SrTiO3; (“d”) isolates the metallic gate from the rest of the

system.

Empty localised in-
gap states (LIGS)

Vb%

V=0

Metallicgate o

Figure 4.10 Energy band diagram of the back-gated oxide interface, the empty localized in-gap
states (LIGS) in the vicinity of the quantum well act as floating gate. At zero gate bias the Fermi
level of 2DEG and metallic gate coincide.

Based on this band diagram the effect FPP can be explained as follow. In order to be definite, the
situation of sample A is considered. Imagine that a gate bias is applied in the sequence 0 — +200
— 0 — -200 V (lower panel of Figure 4.11). At Vs = 0, the Fermi level of 2DEG and metallic
gate are aligned (state 1). At positive Vg, the Fermi level in the gate electrode is lowered and
some charge transferred from the electrode to the quantum through the external circuit. But at the
same time, if the quantum well is filled up, part of the charge creeps from the quantum well into
the LIGS (labeled as “2” in Figure 4.11 and 4.12 b). By applying again Vg = 0, the charge
transfer is reversed. However, the electrons trapped in the LIGS cannot flow back to the gate, so

that in the equilibrium the quantum well filling will be less than in the virgin state (state 3). Note
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4. Low temperature Transport Properties under the Effect of Electric Field

that here a 'sum rule' applies: the equilibrium conditions at Vg = 0 imply that the sum of the
charges in the quantum well plus the LIGS is kept constant, or otherwise an electric field
develops and a gate voltage appears. During the successive cycles, no further filling of the LIGS
takes place. Once the excess electrons have been “trimmed”, in fact, the Fermi level never

exceeds again the edge of the quantum well, even under positive bias.

The sample is now persistently different. In order to bring it back to the virgin state, the
procedure described in section 4.1.1 is required. This is quite different from the floating gate
MOSFET. However, just as for those devices, it is possible to use light to erase memory. This

will be shown in section 4.2.
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Figure 4.11 Sheet resistance of the 2-DEG vs. time under the effect of gating for sample Aat T =
20 K).
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Figure 4.12 Energy band diagrams of a back-gated oxide interface (a) before applying gate bias,
a virgin state; (b) during FPP, shows the carrier escape to LIGS; (c) after FPP, indicates the filled
LIGS states.
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4.1.3 De-trapping from LIGS

Previous studies demonstrated that the electrons trapped by LIGS are released by a thermally
activated process with two characteristic temperatures, i.e ~ 70 K (6 meV) and ~ 170 K (14.5
meV) [3, 105]. Let “I” be the distance at which electron are trapped from the interface, “I” is
comparable to the quantum well extension (~ 10 nm), which is much smaller than the thickness d
= 0.5 mm of the SrTiO3 substrate. It is not possible to de-trap the electrons by a negative gate
voltage (Vs = -200 V) because the potential energy drop between the LIGS and Fermi level in

the quantum well is eV, xI/d ~ 4 meV, that is still lower than the necessary 6 meV. Partial

resetting by samples warming to room temperature can be understood as a result of the shallow
nature of the defect states. At the same time, it was observed (see Figure 4.6 a,b) that only
warming to the room temperature is not generally enough. This may be also ascribed to the
characteristic energy of some defect states, even though further analysis about this issue is

required.
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4. Electro-optical Switching of Oxide Interfaces

4.2 Alternative Re-setting Technique

It was presented in section 4.1 that the first positive polarization (FPP) at low temperature
persistently brought the samples to high resistive states or even to insulating state. It was further
shown that the initial state can be restored by heating the samples to room temperature and then
by applying a gate voltage Vg = +200 V for several hours. For some samples this resetting
procedure can last as long as 24 hours. This circumstance motivated the search for a different
approach to the problem of sample resetting. The alternative route is based on the action of light,

as illustrated by the following example.

Figure 4.13 shows the effect of electric field and light at 20 K for sample C. The sample had
been brought into a deep depletion state after FPP. By exposing the sample to red light (indicated
by arrow) at energy 1.98 eV (L = 625 nm) with photon flux ® = 10* s cm™, the previous

conducing state was restored and stabilized even after light was turned off.
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Figure 4.13 Vs modulation of Rgneet, for sample C, the insulating state is erased by shining
red light the subsequent conducting state prevails even after the illumination is stopped.
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The effect is also shown in Figure 4.14, where the full history of the sample treatment is shown.
The sample is first cooled down, then subject to the FPP/light exposition cycling, shown by the
arrows, and finally heated up again. The Rsneet (T) curve upon heating after resetting by exposure
to light is not very different from the Rgneet (T) collected during the first cooling.
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Figure 4.14 Thermal cycling of the sample, showing that the exposure to light after FPP
effectively restores the pristine transport properties.

4.3 Oxide Interfaces as Optoelectronic Devices

The above mentioned results lead to the idea of electro-optical operation of oxide ilnterfaces. In
fact, the devices are driven to insulating state by a voltage pulse, while the light illumination
restores the conducting state. Figure 4.15 represents one such cycle (A = 625 nm, photons flux ®
= 10" s cm®). After the voltage pulse was applied for < 3 s (left vertical scale of the lower
panel), the sheet resistance increased by more than four orders of magnitude. The sample was
then exposed to light for 20 s (right vertical scale of the lower panel) to restore the conducting
state. The remarkable outcome of this measurement is that oxide interfaces can be set in two
stable states with dramatic difference in transport properties, i.e. can be operated as non-volatile

memories.
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Figure 4.15 Electro-optical switching for sample C, high and low resistive states can be obtained

by alternately applying voltage (left vertical scale in lower panel) light pulse (right vertical scale
in lower panel) respectively.

The seemingly slow dynamics is not a real concern. It must be brought in mind that here we deal
with 0.5 mm thick SrTiOs barrier between channel and gate and with device area ~ 5 x 5 mm?. A

scaling of devices is expected to completely change the scenario. However, it is worth to explore
the application of different light sources.

Figure 4.16 shows the variation in sheet resistance of the sample subject to alternate voltage and
light pulses of red light with higher intensity of photon flux ® = 10" s cm™. The switching is

now fast enough to be out of the range in the DC measurements.

By using the green light at energy 2.30 eV (A = 540 nm) or blue light at energy 2.70 eV (A = 445
nm) with lower intensities of photon flux @ = 10 s™ cm™ the response is also fast (Figure 4.17).

However, there is a problem associated to green and blue light; the insulating state after
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exposition to such sources becomes unstable. This means that green and blue light perturb the
sample persistently and hence the robustness of the switching (metal to insulator transition) is

compromised.

The best example of such unstable effect is Figure 4.18, showing data collected after sample
exposure to blue light. Like in the standard procedure, the sample is sent to the insulating state
by a voltage pulse. However, after the gate voltage is set to zero, the insulating state is not
stabilized as a result of previous illumination (20 minutes before the experiment). The sheet
resistance spontaneously drops about one order of magnitude before a blue light pulse is applied.
In the following cycles the spontaneous drop is more and more evident, until the stable

conducting state is spontaneously recovered at the time indicated by the arrow (Figure 4.18).
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Figure 4.16 Electro-optical operation for sample C, the insulating state is erased faster when
resorted to higher intensity of photon flux ® = 10" s* cm™.
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Figure 4.17 Electro-optical switching for sample C, accomplished by red, green and blue light.
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Figure 4.18 Electro-optical operation with A = 445 nm, showing the spontaneous drop of sheet
resistance after the gating.

4.3.1 Electro-optical Switching: Multi-level Control of Resistive States

The previous experiment indicates that there is an accumulative effect in light exposure. This is
actually also true for exposure to the gate voltage, as shown in Figure 4.19. The sample was

exposed to a series of Vs pulses with increasing voltage.

Initially, Vg = +25 V was applied as FPP, the sheet resistance of the sample jumped by less than
three orders of magnitude. Next, after applying a gate voltage of 50, 75, 100 V the sheet
resistance increased step by step; the later jumps are smaller in magnitude than the very first low
voltage jump (Vs = +25 V). The sample was eventually sent to the insulating state at Vg = +125
V. Similarly, while switching from insulting to conducting state, a red light of low intensity of
photon flux ® = 10 s* cm™ was used to slightly change the sheet resistance. Each time the
sample was exposed for 3s, the sheet resistance dropped by less than one order of magnitude.
The intermediate states were observed for a few minutes. The final drop in sheet resistance

during the last light exposure is of nearly three orders of magnitude.
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4. Electro-optical Switching of Oxide Interfaces

An important issue of the electro-optical switching is the stability of the resistive states. It was
found that the levels are unstable for Vg < 100 V, corresponding to Rgneer < 10° KQ/[I (Figure
4.19). For higher voltages (V¢ = 125-200 V) the states exhibit good stability. Similarly, for the
light exposure the sheet resistance is stable for Rsneet > 10° kQ/[] whereas it is relatively unstable
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Figure 4.19 (a) Effect of a sequence of positive Vg pulses with increasing amplitude. During
each positive gating the sheet resistance is low; immediately after, as an effect of FPP, the
sheet resistance goes high. The high-resistance value depends on the positive gating value
and displays a multi-level nature. (b) Effect of a sequence of light pulses (A = 625 nm, ® =
10" s cm™). After each pulse the sheet resistance partially drops, displaying again its multi-
level nature.
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Further measurements were performed to check the long time stability. As an example, Figure
4.20 shows that a measurement lasting for several hours. After the FPP at Vs = + 60 V, the sheet
resistance increased by more than three orders of magnitude. This state was observed for two
hours until a Vg = +200 V pulse was used to send the sample to a high resistance state.
Afterwards, the sample was left unperturbed. During 9 hours, the sheet resistance only slightly
decreased from ~ 9 x 10% to 7 x 10% kQ/ .

Similarly, to verify the stability after one resistance level was determined by light exposure
(Figure 4.20), the sample was exposed to train of pulses of light (A = 625 nm, ® = 10 s cm™, t
= 3s). The resistive states were observed for 1-2 hours, always finding good stability. Eventually,
the system falls to a very low resistive state. This state was tried to stabilize by light exposure
together with positive gate voltage, but it soon restored to pristine state. The origin of such low
resistive state at present is not clear.
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Figure 4.20 Multi-level electro-optical switching showing stability on the time scale of hours.
Insert shows different resistive states accessed by red light illumination.
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4.4 Discussion

In section 4.1 the possible operation of an oxides interface as non-volatile memory was
introduced. It was shown that it is possible to fabricate sample (e.g. sample C, see Table 3.1 in
chapter 3) that can be commuted between high and low-resistance states and that can persistently
remain in both such states in the absence of external perturbation. The 'OFF' state, i.e. the high-
resistance state is achieved by first positive polarization (FPP). This section discusses the issue
of the erasing mechanism, i.e. the switching to the 'ON' state of low-resistance, as accomplished
by light illumination.

In the virgin state, the localized in-gap states (LIGS) close to the quantum well are mostly empty
and the device is in 'ON' state (Figure 4.21 a). As already explained, (see section 4.1.2), after the
FPP the LIGS states are filled, thus leaving the quantum well depleted (Figure 4.21 b). The
electrons that are injected into the floating LIGS are trapped by the energy barrier (~ 6 meV) [3].
Therefore, the rate of spontaneous emission of electrons from the oxide over this barrier is
negligibly small. A sufficient energy must be provided to over the barrier. This is done by
illuminated the samples with red light (1.98 eV, A = 625 nm), transferring the charges from the
LIGS back to the quantum well, the device is in ON state again (Figure 4.21 c). These cycles can

be repeated many times.

Controlling the intermediate resistive states at lower voltages (Figure 4.19) can be discussed in
term of band bending and creeping of the carriers from the quantum well into the LIGS in a
controlled manner. Gate bias > 125 V completely deplete the quantum well. Instead, by lower
voltages (like 25, 50 100 V) only some part of carrier is transferred to the LIGS. In this case the
quantum well still contains carriers that contribute to the conductance, thereby allowing to access

the intermediate resistive states.

Similarly, during the light illumination of samples in the 'OFF' state, the light pulses gradually
add carriers to the quantum well from the LIGS, thus decreasing the sheet resistance step by step.

Quialitatively, the device operation discussed above resembles the EPROM (erasable
programmable read-only memory) device which is a type of memory chip that retains the data
even if power supply is switched off [104]. In EPROM devices, the floating gate is programmed
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(charged) by an electrical signal to the control gate. Once programmed, it can be erased by

exposing it to strong UV light.
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Figure 4.21 Sketches to explain the erasing process by light (a) before applying gate bias, a
virgin state (b) PFF results in full LIGS (c) light illumination brought the sample back to the

virgin state.

It is worthwhile noting that the devices demonstrated in the present work cannot be
quantitatively compared with the devices used in the flash memory because of the following

reasons.

In flash memory device, the thickness of the dielectric layer is ~ nm [104], while in the present

study the thickness of the dielectric is of the order of mm. Thus, at equal applied bias, the electric
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fields differ by at least five orders of magnitude. Experimentally measured switching time for the
ultrafast metal-insulator transition in VO, based electronic probed by different pump-probe
methods was in the range of fs-ps [106]. In order to obtain the minimum switching time and
hence the maximum device operation speed, one needs, obviously, to diminish the device

dimensions.

For the room temperature operation of the present electro-optical device the real issue might be
the barrier height of the LIGS (~ 6 meV) [3]. The sufficiently high room temperature thermal
energy (~ 25 meV) can destroyed the insulting state. In principle, deep level defect can be

introduced in SrTiO3 by doping to overcome this anticipated problem.

4.5 Summary

In this chapter, the nature and properties of the highly resistive state obtained by back-gating
2DEGs via first positive polarization (FPP) pulse have been investigated. It is shown that, also
according to the initial sheet carrier density, the samples can be brought into a persistent
insulating state after a positive polarization pulse. This persistent state, under many aspects, is
analogous to the floating-gate MOSFET devices. In low carrier-density samples, a non-volatile
four-order-of-magnitude resistive switching to the insulating state is obtained. The metastable
insulating state induced in the samples is characterized by an extreme light sensitivity, so that a
four-order-of-magnitude switch back to the pristine metallic state is obtained thought a modest
dose of red photons. Furthermore the possibility of multilevel switching and its stability on the

scale of hours is also demonstrated.
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Chapter 5

An Investigation of the Intrinsic Limitation
of Low Temperature Mobility

Abstract

Chapter 5 investigates the origin and nature of the defects state and
evaluates its effect on the mobility of the system. This evaluation is
performed by comparing the residual resistive ratio with the sheet carrier
density at room temperature. The scaling of the residual resistive ratio with
the sheet carrier density after the external perturbation, i.e. by light or by
electric field is also discussed.

5.1 Residual Resistive Ratio vs. Sheet Carrier Density

This study was performed to understand the origin and nature of carrier numbers whether they
are coming from donor defect states in the material, or if they are provided by other mechanisms.
The correlation between the number of carriers and defect states strongly takes into account the
presence of oxygen vacancies while the absence of correlation can be associated with the
mechanism such as the electronic reconstruction which is insensitive to the presence of defects

(see section 1.6 in chapter 1).

The contribution of the defects donor to the transport properties of the investigated samples is
evaluated by comparing the residual resistive ratio (RRR) with the sheet carrier density (n) at
room temperature. The RRR was assessed by the ratio between the resistance of the samples at
290 K and 10 K (the lowest temperature that can be achieved in the measurements) i.e. Rago k
IR10 k. The RRR may vary substantially for a material depending on the amount of impurities. It

serves as a rough index of the purity and overall quality of a sample. Since resistivity usually
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increases as defect prevalence increases, a large RRR is associated with a pure sample. The RRR

is basically the reflection of mobility of the samples [107].

For the RRR, Rgseet-T measurements for a number of samples including crystalline and
amorphous LaAlO3/SrTiO3, y-Al,04/SrTiO; and LaGaO3/SrTiO3 have been performed. As an
example, Figure 5.1 shows the plot of Reeet-T curves for two y-Al,O3/SrTiO3 samples exhibiting
RRR 187 and 78. For each sample the carrier density at room temperature was also determined
by Hall Effect. In order to investigate the scaling of RRR with carrier number over a wide range,
a number of samples were fabricated under a variety of conditions of growth pressure,
temperature and thickness. Transport parameters for some of the simples showing different RRR
and n are reported in Table 5.1, while the full summary of these results for RRR vs. n is depicted

in Figure 5.2. The data shows a general trend that RRR increase with decrease in n.

70 T T T T T T T T
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Figure 5.1 Rgneer-T curves for y-Al,Os/SrTiO3 samples fabricated under different grown
conditions, residual resistive ratios (RRR = Rag0 k /R0 ) are indicated, 14-43 and 14-73 are
sample numbers.
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Figure 5.2 Residual resistive ratio vs. sheet carrier density for different (MODA) samples
(samples fabricated for the present study) exhibits 1/n law trend, for comparison, y-Al,O3/SrTiO3
samples from Ref [49] shows deviation from the trend.

Table 5.1: Transport properties of some of the samples used in the study RRR and n.

System (Rsnee)200k (KQ)  (Rsneet)10x (KQ) RRR n (cm™)
c-LaAlO3/SITiO; 2.04 0.47 43 54%10
c-LaGaOy/SrTiOs 5.80 5.2 11 16x 10"
a-LaGaOs/SITiOs 67.8 0.37 182 20x10"

v-Al,O3/SITiO; 41.2 0.42 96 26%x10°
NdGaO4/SITiOs 303 9.5 31 6.0x 10"
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To explain this trend, here a simple model based on Drude formula i.e. o = nep is presented. The
model basically takes into account the electron mobility dependence on temperature. At room
temperature the mobility is limited by the phonon scattering, vyielding p o« T2 At low
temperature the scattering from impurities becomes dominant, so that assuming that the

scattering rule holds, we have x* = An, +BT?, where A, B are constants, and n; is the number

of impurity centers that contributes to the scattering. Hence the resistive ratio reads:

2
R290K — { BT290K [nlOK ji| % 1
RlOK A r]i n290K

where ok and nagok, respectively, are the sheet carrier density at 10 and 290 K.

If the ansatz niok ~ ni is made we immediately get R,gy /Ry < 1/N,0u according to the

experimental evidence. The explanation of the ansatz is based on the hypothesis that each charge
carrier is originated from a defect, and that furthermore, each ionized donor also behaves as a
scattering center. Note that this assumption does not require that the donor sites are inside the
quantum well. In fact, ionized donor that are located in the vicinity of the well equally contribute
to the scattering process due to the screened columbic potential, that extends its range over

several unit cells length.

Note that the high mobility y-Al,O3/SrTiO3 samples from Ref. [49] do not follow the scaling rule
R,o0c /Riok ¢ N. However, this appears as quite a unique exception, because the generality of

data from literature fit the described scenario. However, different physical explanations have
been provided.

Y. Xie et al. [108] tuned the carriers at the LaAlO3/SrTiO; interface using surface treatments
induced by conducting atomic force microscopy, solvent, and heating. The authors demonstrated
that mobility varies inversely to n in a universal manner both for as-grown samples as well as for
the samples in which the carrier density is tuned by different techniques. They propose that this

is the result of the scaling of the quantum well width with n. In this model, for low n, the width
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of well is large, the carriers suffers from less scattering, thereby leading to high mobility. The

reverse would hold for high n.

In order to compare the two differ interpretations a special experiment was devised, in which the
sheet carrier density n and the RRR of samples perturbed by the light and field effect were
evaluated.

Figure 5.3 (a,b) compares the Rgneet(T) for the virgin and, blue light and field effect perturbed
samples. The field effect measurements at low temperature persistently change the resistance of
the samples (see section 4.1 in chapter 4). At room temperature this change is still evident. This
allows to find new RRR with respect to virgin Rsneet(T) (Figure 5.3 b). In the perturbed state after
light or field effect, the new carrier densities were determined by the following method.

A small signal of the gate bias (30 V) across 0.5 mm thick substrate was applied only to change
the carrier density and presumably not the mobility. The mobility was calculated from the slop of

Ac vs. An plot, i.e. £=Ac/An (Figure 5.4) (see section 3.6 in chapter 3 for further details). The

calculated mobility was used to find the total sheet density after perturbation by light or electric

field by the following formula:
n=Aoc/eu

The sheet carrier density and mobility measured using this method shows very good agreement
with the data obtained by Hall Effect. The data for Rygo k /R10 k VS. n are reported in Figure 5.5
(a,b).
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The claim in Ref [108] was that in whatever way the carrier numbers is changed, the scaling law

L oC % holds. Instead, our data show that this is not the case when the perturbation is provided

by light or field effect. This strongly underscores the universal mechanism provided by those

authors.

On the contrary, the data of the Figure 5.5 (b) support the idea that the scaling law is just due to
the identification of scattering centers and donors. In fact, the external perturbation by light or by
field breaks this identity by providing/subtracting carrier without creating further scattering

centers. As a result, the highest mobility pertains to the highest sheet carrier density, that is the

opposite of the scaling law.

10000

T

* MODA data
y-AI203MODA

9 y-ALO, Ref. [49]

1000 4 1/n law Y

100

R290KIR10K

10 4

T T
1E13 1E14

n(cm?)

Figure 5.5 (a) Rago k /R10 k VS. n plot, the circle emphases samples subjected to external
perturbations (b) zoom in of (a) indicating the movement of data points probed by light and

field effect (FE).

T
1E15

RZE;OKIR10K

111

30 4

254

20

o

0,

\O

A
A
by Light \ E
A

b/

A
® 15-25LaAlO,

(b) A 15.15LaAlO,

T
3.5E13

T T T
7E13 1.05E14 1.4E14

n (cm'z)



5. Intrinsic Limit of Low Temperature Mobility

5.2 Summary

In summary, in this chapter the residual resistive ratio and the sheet carrier density at room
temperature were compared. We showed that for as-grown samples, the residual resistive ratio
follows the inverse proportionality law with sheet carrier density. This law is explained by
assuming that each charge carrier is originated from a defect that also acts as a scattering center.
The data showed that the scaling law breaks when the perturbation is provided by light or field
effect. This evidence is also explained by the model, when considering that the extra carriers in

these cases are not provided by local defects.
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Summary of Results

In this thesis the electric transport properties of two-dimensional electron gases (2DEGs) formed
at oxide heterostructures were probed under two external perturbations, i.e. light and electric
field. The heterostructures investigated in this study include crystalline and amorphous
LaAIO3/SrTiO3, y-Al,03/SrTiOz and LaGaO3/SrTiOs.

The photoresponse of different samples under light illumination with wavelength in the range
365-625 nm and at variable intensities was investigated. A double-exponential function with a
fast and a slow component was used to fit the long photoresponse transient. The full
photoresponse (o./col), representing the quantum photogeneration efficiency, was found to
increase exponentially as a function of photon energy for all samples. The fast and slow
components of the full photoresponse also showed an exponential growth with energy. It was
further found that the fast component shows very similar overall behavior in all samples, while
the slow component has a large spread. This suggests that the fast component depends on
intrinsic properties of the interfaces, while the slow component may be mainly due to defects. A
model based on the energy band diagrams of crystalline and amorphous structures was presented
to interpret the results.

The dependence of the 2DEG resistance upon the gate voltage is non-trivial. In particular, the
sheet resistance vs. gate voltage plots of data collected at low temperature show a hysteretic
behavior and demonstrate the peculiar phenomenon of first positive polarization. Furthermore,
the hysteresis plots allow one to determine the mobility of the 2DEG. By this tool it was possible
to demonstrate that at least two bands with different mobility concur to the electrical transport at

the interface.

By studying the combined effect of electric field and light at room temperature, it was found that
the response to the gate modulation can be enhanced by the light depending on photons energy.

Interestingly, the samples showed no variation in resistance to the gate modulation in the

113



Summary and Conclusion

presence of UV photons (3.4 eV). A similar experiment was performed on amorphous samples
resulting in the same light-improved gating effects at low photon energies. This finding suggests

a universal nature of this phenomenon.

The low temperature field effect measurements showed that the virgin state of the samples is
persistently changed after the first positive gate polarization. In this regard, the effect on three
samples with different initial sheet carrier density was discussed. It was shown that, also
according to the initial sheet carrier density, the samples can be brought by a positive
polarization pulse into a persistent insulating state. Such phenomenon is due to the formation of a
“retention state” that is similar, under many aspects, to the analogous state obtained in floating-

gate MOSFET devices.

In low sheet carrier-density samples, a non-volatile four-order-of-magnitude resistive switching
to the insulating state was obtained. We argue that the obtained electrostatic configuration
mimicks the charging of the floating gate in a MOSFET-type device. The floating gate states are
given, in our oxide interfaces, by trap states that are present in the SrTiO3z bulk. The recovery of
the pristine metallic state can be either obtained by a long room-temperature field annealing, or,
instantaneously, by a relatively modest dose of visible-range photons. Illumination caused in fact
a sudden collapse of the electron system back to the metallic ground state, with a resistivity drop

exceeding four orders of magnitude.

The possibility to stabilize intermediate resistance states, to be employed for the implementation
of a multilevel, optically controlled, resistive memory system was also investigated. It was found
that intermediate resistive states can be accessed by employing lower gate voltages and light
pulses for shorter duration. If the system is left unperturbed after first positive polarization, i.e.
under zero gate bias and in dark condition, the high resistive state is sustained for hours.

The scaling of the residual resistive ratio, which represents the mobility of the system, was
investigated against the sheet carrier density at room temperature. For the as-grown samples, the
sheet carrier density varied inversely to the residual resistive ratio. Instead, when the carrier
numbers are changed by light or by electric field, the inverse law breaks. In such a case, we
conclude that the carriers are added/subtracted from the system without creating further

scattering centers.
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