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Introduction and Outline

Introduction and Outline

Two-di mensi onal el ectron Ssystems ar e t he €SS ¢
technologies. The physical laws of ordinary matter are prone to be radically modified by
reducing the dimensionality, and completely new phenomena can manifest thendealves.

Nobel Prizes have been awarded for research related to 2D systems in solids, starting from the
prize in 1985 to von Kilitzing for the discovery of Quantum Hall Effect, to the 2010 prize to

Geim and Novoselov for the breakthrough of graphene. In befw@eamer 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 severdl dlloups 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 seiéor electronics: the transition

metal (TM) oxides. TM oxides lie within the group of "correlated materidleé research on
theseoxidesis boosted in the last 25 years by a number of successive discoveries, including high
temperature superconductivjity colossal magnetoresistance, reebigh
dielectric/ferroelectric/piezoelectric  performances, resistive switching behavior, giant
thermoelectriceffect etc. Such discoveries have attracted a large number of scientists from
different disciplines to thisdid.

In recent years, a vast realm of unexplored andniierstood phenomena taking place at the
interface between different oxides has been disclosed to-satiel scientists. Interfaces are
under many aspects artificial systems that can be engingeader 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 hMasts.
striking examples incluglthe formation of a higmobility two-dimensional electron gas (2DEG)

at the interface betweetwvo band insulator oxides (LaAiOand SrTiQ) [1]. This interface

exhibits unanticipated propertiesuch as high electron mobility, interface magnetism and

1



Introduction and Outline

superconductivitySoon after the discovergf 2DEG at theLaAlO3/SrTiO; interface it was
demonstrated that many other oxide heterostructures suchGeQ/SrTiO;, NdGaQ/SrTiO;
andg-Al,Os/SrTiO; exhibit similar propertiesAn 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-tronal. The interfaces show giant photocontivity that

is persistent in naturg2]. Furthermore, the electric field effeat the three terminal devices
based on LaAlg@SrTiO; also shows anomalous behav[@, which goes beyond the simple
capacitor charge/discharge model that approximately explains the operation of field effect

transistors based on silicon.

Basically,the 2DEGat oxide interfaces confined in a quantum welbhining light orapplying

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 trarjgitjar to span the
phase diagram by changing the density of electric carridrs exciting feature opens new
avenues for studyg the electronic orders as well as for developing a next generation of oxide
based electronics.

The present thesis investigates the electrical transpaudAfO;/SrTiO; heterostructures and of

the related systems such B8GaQ/SrTiO;, NdGaQ/SrTiO; and g-Al,O4/SrTiO; under the
combined effect of light and electric fiel@o 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 variablewavelengths and intenigs, with the aim otlarifying some details of the electronic
structureand of the distribution of defect€omparing 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 focusedtlmm transport properties of three terminal devices
fabricatedby adding a bacigate to the_LaAlO3/SrTiO; interface. Finallythe interplay between

the action of light and gate voltage was considered.

Experimental findings includéhe observation and modeling of several effeatith particular
reference to persistemrffects and to hystereticéehaviors. 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

2



Introduction and Outline

allow to envisage the apication of oxide interfaces as newolatiie memories with electro

optical control.

The experiment result described in this thesis was carried out at the laboratories of Department
of Physics and CNFSPIN, University of Naples "Federico 11" Négs Italy.

This manuscript is organized as follow. The first partgi@brl) provides an overview of the
stateof-the-art of perovskite oxide heterostructures physics. The second Qlaaptér 2-5),
covers the experimental worgarried out during my PhD worlkChapter 2 deals with the
photoconductiity of oxide heterostructure€hapter 3discusses the transport properties of oxide
heterointerfaces under the modulation of a gate voltage and under the combiocedfdifgt
and electric fieldChapter 4reports thenontrivial behavior of the interfaces under the effect of
electric field at low temperature. Furthermore, the operation of interfacesstabla system is
presentedChapter 5examines theorigin and natureof the defects state, and evaluates their

effect on electron mobility. Finall\g 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 decadesemiconductor heterostructures have become a cornerstone in fundamental
and applicative researches on condensed matter. The advancesemidanductor processing
revolutionized the lowdimensional smiconductor 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 thiiim 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
constraned 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 slalnficatwo-dimensional electron gas (2DE(5) 6].

To realize 2DEGsystem in an experimental deviceptconditions need to be met:

1 There has to be a quantum well

1 There have to be charge carriers (electronshates) 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 showFigure 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 ofn-type doping, 'exess' 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-Sl&sAs

systen were born to overcome this problem by thecaled modulation dopingwhere the
carriers introduced by the dopants and the ionized impurities are spatially seganatzgally,

this is achieved by coupling a doped donor layer to an undoped chayael idth a band
structure engineered in such a way to induce charge transfer through the interface and creating a
space charge regioHence by thenodulation dopingf the engineered heterostructures, carriers

are spatially separated from the ionized umiges 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-gD&Ss is obtainedi7].

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

electronics.

AlGaAs GaAs AlGaAs
........................ — 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 todayods tec
insensitive to the repulsive interactions between electrons. The electrical, mechanical, and
thermal properties of silicon, aluminum, diamond, may all be reasonmatolerstood well by

dealing electrons as nonteracting 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
electronelectron interactiorf10]. It meansthat 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 eled®etron interactions play a central role

in determining the electronic, magnetic and optical properties. These are the materials with open

d andf electron shells, where electrons occupy narrow orbitals, with properties that are harder to
explain in terms of simple band picture. In transition megish as vanadium, iron, titanium

and their oxides, for example, electrons experience strong Columbic repulsion because of their
spati al confinement in those orbitals. Such s

single band models. Insteadquite complex quantum mechanical treatment is ndédgd

In general, the complex interplay between electlattron interactions, lattice structure, kinetic
energy and magnetic degrees of freedom results \iery rich phase diagraof the material.

These phase can have surprising and useful properties, such hagh temperature
superconductivityferromagnetismetc Likewise, the transitions between such phases can have
technologically relevant features, such as ordérmagnitude changes in electrical conductivity
(metatinsulator transitions), also tuned bygnmetic 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 materiabpertieq 10].

1.3 Transition Metal Oxides

MOSFETs (MetalOxide-Semiconductor FieldEffect 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 fundamentés lion demands for

6



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 pedoom of electronic devices.
Electronics based on transition metal oxides (TMOSs) is one such promising appioiabh

could enable and accelerate the development of information and computing tecbglogy

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 ofalestiates provided by the
opend shell. Therefore, it provides a large number of possible valence statesiast) TMOs

have more than one oxidation state. Many of the propertieBMfs strongly depend on
materials defects like vacancies and dislaceti Specifically, the electronic properties are
characterized by the nature of the oxygation bonding, which usually involves multiple
orbitals, resulting in interplay between localized and migrant character for the eledtnens.

defects affect localxygen bonding and thereby theopertied13].

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 througffdbis of local
symmetry breaking, charge transfer, electrostatic coupling, strain, and frustration, leading to
fascinating new phenomena4] 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, fhgiezoelectric, 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, andttiae degreesf freedom,(re-printed with permission from
[14]).

Some specific examples of electronic properties are mentioned he@; #&id SrTiQ 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
electrenegativity, the more covalent nature of bonding yieddsiconductors with relatively

high carrier mobilities. ZnO and Sa@epresent the example of semiconductors oxides. Oxides
containing metal cations with a tendency to form mixed valence compounds can yield Mott

insulators (LaMn@), metals like SrRug) or high-temperature superconductors %BazO-.

The matchless variety of physical properties of oxides holds remarkable promise for electronic
applications.Some of these applications are already commercially grgwrike transparent
electronics fofflat panel displaygusing (In,Sn)@or ZnO)or in a very advanced research stage,
like ZnO laser optics or bolometers fgas sensors applicatiomsing manganese oxides.
Analogous to today's semiconductor device structures, many device concepts utilizirgy oxide

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

8



1. Introduction to the Physics of Oxide Interfaces

guantum size effects (nanometer scale thicknesses). With advancement in the fabrication
techniques it is now possible to epitaxially grow oxides thin films watthmic level precision

and structural control similar to what is achieved in today's most advanced semiconductor
structureg15].

The discovery of 2DEGs at welkefined 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, A3 attacted significant
attention. The higimobility 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 shownpse 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, LaGaQ, NdGaQ, spinel/perovskiterAl,03 andSrTiO; substrate.

1.4 Strontium Titanate

1.4.1 Introduction

Strontium titanate (SrTi¢) belongs to the class of perovskadeides of significant importance

for a variety of scientific and technological applications. One reason for this interest is the wide
use of SrTiQ as a standard substrate for oxides thin film deposition. It includes the growth of
high-T. superconductor$16], colossal magnetoresistance oxides or ferroelectrics due to the
similarities in crgtal structure and good lattice constant matching. Moreover, $SriBiO
chemically inert and in many cases it does not react with the deposited maiématope of
SrTiO; has been further enhanced by the capability to chemically process its (001¢ sarfac
obtain a 100 % Ti@terminationSrTiO;. This is done by the chemical etching in JHHF

buffer solution in combination with thermal treatmght, 18]

1.4.2 Crystal Structure

At room temperature, SrTihas the simplest and highest symmetry in form of AB&ovskite
cubic structure with lattie parameter of 3.908 and Pm3m as crystallographic space group. The

crystal structure of SrTigis sketched in Figur&.3 (a) The Tf* ions are six fold coordinated by

9



1. Introduction to the Physics of Oxide Interfaces

O? ions, while each of the Srions is surrounded by four Tibctahedra withperfect 90
angles. Around 105 K, neighboring T§Octahedra are slightly rotated in opposite directions and
SrTiO; undergoes a structural transition from cubic to tetragonal (space @roogm) [19] at

lower temperatures as depicted in Figure 1.3 (b).

(b)

4 Unoki and Sakudo

{ present

39054 Foj, T, 103°¢ 1°K

Figure 1.3 (a) Atomic structure of SrTj@t room temperature (b) Tetragonal rotation angle in
SITiO; as a function of temperature indicating a structural transition around 1FBgire
adopted fronj19]

1.4.3 Electronic Structure

As discussed in thiast section, SrTiQin its chemical form consists of-gite cations, &, B-

site cation, T{", and oxygen anions Q. In a Ti*" caion the energies of thd orbitals are
affected by an octahedral arrangement of stygen anionsAn isolated ion has no energy
splitting and therefore thd orbitals are initially degenerate. If we distribui@ygen anions
uniformly over the surface of a sphere, therbitals remain degenerate, but their energy will be
higher due to columbic repuds between the spherical shell of negative charge and the electrons
in the d orbitals. Instead, th@xygen anionsat the vertices of an octahedron will lift the
degeneracy: thel orbitals split into two groups, namelyy andey, separated by aenergy
differenceD,, known as crystal field splittinggs shown in Figure 1.4 (ayhe energies of the

orbitals depend on their orientatioi$ie orbitals sz-yz and 31,? that point directly toward the

10



1. Introduction to the Physics of Oxide Interfaces

six OF ions Figure 1.4 (kc) havehigher energy. The other three orbitalsly(3 3dx,, and 3i,,)
laying between the Dions Figure 1.4 (ef) have lower energf20].

In a perfectly symmetric 1 system like cubic SrTi@both the 3 different,y statesandthe 2
different g, states are degenerate. However, a deviation from the cubic symmetry, for example,
by a tetragonal distortion, causes an energy splitting of,§lend gy statesdue to the interface

symmetry breakings depicted in Figure 1.4 (21].

4 z
()
(a) ” 50 Y
X
AN
dz? dz2- dyz
e
!j—’ z z £
E d states ,,/" @) (e ®
Y 4 4 ' 2 ’ o Y
£
29 g X I X
Spherical Cubic Tetragonel d,, dy. d,.

Figure 1.4 (a) Crystal field splitting in the oxygen octahedral of STi®f) Graphical
representation of different orientation of 3d orbitals

In terms of band diagram, SrTi@& constituted by completely filled 2p and empty TBd 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
levd below the conduction band. Bd-states might have some character overlap in valance
band. The band structure of Srgi€hows that th&d band has two degenerated minim&aind

X, while the2p valence band has three maxima&aM andG (Figure 1.5 a)yielding an indirect

band gap which has been experimentally reported to b8.3.8V and a direct band gap about
3.6-3.8 eV[22, 23].

11



1. Introduction to the Physics of Oxide Interfaces

(a)

N
NXY

: 7,§
N\

5\ Titanium 3d
[)) - conduction band
i
K
M o (b)
0xygen2p UG_I|l||||||||||||!|||||||
= \ valence band S af
] o
-6
R X 0_3

Energy (eV)

Figure 1.5 (a) representation of band structure calculatedinitio in the local density
approximation, direct and indirect gaps respectively correspor@s t@sandR- G (re-printed

with permission fron23]) (b) DOS profile of valance and conduction band of SgTghaded
areas represent the projected DOS foBdstates(re-printed with permissiofi24]). Note that
the absolute value of the gap is hardly captured by this computational technique.

1.4.4 Dielectric Properties

Thedielectric properties of SrTiare qualitatively similar to those of the paraelectric phase of
typical perovskite ferroelectrics like BaTiOn these materials there is a soft transverse optical
mode whose frequency approaches zero when the mater@blesd§25, 26]. This mechanism

leads to an increase in the dielectric constant of Srwith decreasing temperatuf27] (see

Figure 1.6a). Along with temperature, the dielectriconstant( JJof SrTiO; also strongly
depends on electric field. This dependence has been numerically represented by the following

mathematical expressi¢ag]

12
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b(T)

ET)=—"t—
&(ED a(T)- E?

Here,a(T) andb(T) are temperaturdependent parameters. Téimulatede (E) based on above

equation is showm Figurel.6 ().

The temperature dependence of the dielectric constays the Curi@Veiss law with a Curie
temperature near 40 K29]. However, SrTiQ does not undergo a ferroelectric transition,
because quantum fluctuations in Sri@ low temperature suppress the ferroelectric transition.
Therefore SrTi@is sometimesgalled a quantum paraelectfiz7]. However this state is very
sensitive to perturbations of the latti@&d]. In fact, while in its pure and unstressed form SgTiO
is an incipient ferroelectri27], aferroelectric transitiorran take place under the effect of strain
[31]. TheFerroelectric transition can also be inducediitiO; by doping it with other cations
such as Ca or Bj30]. Furthermore,Fuchset.al. showed ferroelectricity below 90 K in an

epitaxially grown SrTi@thin films[32].
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Figure 1.6 (axperimental dielectric constant of Srii@s a function of temperatufes-printed
with permission from[27]); (b) simulated[28] dielectric contant of SrTiQ as a function of
electric field at 20 K.
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The high dielectric constant &rTiO; (~300) at room temperature, its strong temperature and
electric field dependencegether with the good dielectric breakdown properties of single
crystalsmake it very useful as gate insulator ébectric field effect experimentsith perovskite
thin films. The high dielectric constant drTiOs;, as gate insulator, anticipates large charging
and discharging capacity. In this wosTiO; has been utilized agate insulator in the field

effect experiments (chapter 3 and 4).

1.4.5 Defectanduced Transport Properties

In its pure form, SrTi@ is an insulator with very low leakagédowever, it showsa
semiconducting or metallic behavior when dopeéds even aconventional superconductor with
critical temperature-350 mK [33] if doped with carrier densities above'i@m?. Metallic
conduction and superconductiviban also be induced, without chemical doping, by electric
field-effect along 34].

Both p and n-type doping is possible in SrTi¥ The p-type doping[35 has been achieved by
substituting trivalent metal ions (e.g.21nAlI**, F€é*, and S&") for Ti**, while on the other hand
n-type conduction[36] has been achieved by substitution of ‘Leor SP* (i.e., Sk xLasTiOs3),

Nb>* for Ti** (i.e., SrTi yNbOs), etc., or by reduction to SrTiQ. In the latter case, each
oxygen vacancy generates two doped electi@¥. The conductivity induced by oxygen
vacancies can be enhanced by annealing in vacuum, while annealing under-riotygen
conditionsleads a decrease in conductivi§g, 39]. Many studieg40] reveal that the oxygen
vacancy in SrTi@Qpossesses 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 thariaf a small polaron; it is this electron state that gives rise

to the deepevel behavior and the belowap blue luminescengédq].

There are many studies dealing with the transport properties of daye@; [41]. As an
example,Ubate and Chapmgd2] showed thahiobiumdoped and reduced (oxygen deficient)
SrTiO; samplesexhibit 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” T2 cn?V?s?, witha ~2.7,in

agreement with data fromf41]. The mobility shows a strong dependence on the electron

14
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concentration for T< 150 K, and it becomes nearly independent of temperature at low
temperature. Qualitatively the transport properties of dgv&dD; are similar td_aAlOz/SrTiO;

interfaces that are introduced in section 1.5.
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Figure 1.7 Temperaturdependence of (a) resistivity (b) Hall mobility in doped SgT{f@-
printed with permission frorf42])

1.4.6 2DEG at SrTiQ; Surface

Recent works demonstrated the formation diva-dimensional electron gas (2DE®Gj the
surface ofin situ cleavedSrTiO; [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 2DEQ.he work by Santande8yroet al.[43] demonstrated this property by
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careful angle resolved photoemission spectroscopy (ARPES) on vacuum cleavegs8rgi€®©

crystals. The measurements reveal that the surface states possess several subbersistheat

Fermi energy, originated from the 3d orbitals in the system. In the bulk Srgi@Ghe 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

Edey)

E(dey)

Figure 1.8 Electronic structure of SrTiCand effects of electron confinement proposed by
SantandeSyro et al. (@) bulk band structure obrTiO; with degenerate Ti'Gy, 3Qy and Xy
bands(b) subbands resulting from the confinement of electrons heasurface of SrTi® The
inset shows a wedgie potential created by an electric field of strength F at the sur@gce (
additional subband splitting due to sjrbit interactions and structural distortions in the
material,(re-printed with permissionrdm[43)]).

Figure 1.9 shows the density of electrons for thedoped sample as obtained B\RPES
displayed as a function of the electron binding energy and momentum (Bt kias been
observed that even for the ndoped sample, for which no bulk bands atafe expected, the
cleaved surface yields intense, strongly dispersive bands across the Ferniineseldata show
free-electronlike parabolas (E-3 quantized in two levels by the 2D confinement. As the bands
are occupied up to the Fermi levelgEthe 2DEG is metallic. The 2DEG arises because a

guantum well is formed at the interface between the suSat&; and vacuum. The metallic
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surface indicates that the quantum well is filled with electrons thatrasemably coming from

inner donor states that are present inSHEO; bulk.
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Figure 1.9 Universal electronic structure at the surface of {r¥t@died using ARPES.
Corresponding energgnomentum intensity maps close to Beoint The strongly dispersive

bands across the Fermi level correspond to a large density of mobile caedensted with

permission fronj43)).

Di Capuaet al. [44] alsoshowed that the SrTisurface can exhibit 2D conductivity after a
suitable annealing procedure in vacuumthis worked the electronic properties of samples were
probedby scanning tunneling microscope (STM) and scanning tunneling spectroscopy (STS)
joined to x-ray photoemission spectroscoXPS). Signature of the2DEG is the notzero
conductance at zero bi#Bigure 1.10 a) anthe presence of {i states at the sample fare
(Figure 1.10 b).
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Figure 1.10 (adifferential conductanced{/dV) plot on various samples obtained By'S (b)
XPS spectra on different samples around the binding energy range of fhddtitet statege-
printed with permission frorfv4]).

1.5 LaAIO4/SrTiO;and other similar Hetero-interfaces

1.5.1 Overview

LaAlO3; and SrTiQ are band insulators with large band gaps of 5.6 and 3.2 eV respectively.
Surprisingly, in 2004, Ohtomo and Hwafj discovered a conducting interface between these
two insulators when LaAl®is epitaxially grown on(001) orientedSrTiOs;. Typically, such
samples show resistance vs. temperature plots with metallic behavior. The Hall measurements
show that the electrical transport is due to electronic conducfifityHowever, a small pype
contribution hasalso been observed5]. Recently, it was demonstrated that the interfacial
conductivity also arises at thkaAlOs/SrTiO; (110) and (111)interfaces. The transport
properties of these interfaces are anisotrdgi6]. Finally, Chen, Y. et al. [47] showed

conductivity in theamorphoud.aAlO3; grown on epitaxial SrTi@

Recently, other materials tharaAlO3; were considered as overlayers in conducting interfaces.
The small lattice mismatches 8 %) (Table 1.1) of other perovskites such as DySt@GaQ
and NdGa@with SrTiO; allow the possibility for the growth of both crystalline and amorphous
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structureq48]. It is also possible to groapinel/perovskitarAl O3 on SrTiO;[49], in spite of

the difference at crystal structureBhe spinektructure 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 representationspinel structure The spinel structurdas the
generic formulaAB,0,4, where A is a catiowith +2 charge and B is a cation with #50]. The

cubic spinel unit cell with stoichiometry AB, is made up of 32 oxygen anions in a cubic close
padked arrangemergnd 24 cations, of which the 16 B cations are placed in octahedral and the 8
A cations in tetrahedral interstices.0 s at i-AlfOy stoichiometryy deviating from the
chemical formula of a spinefl ions adopt the A and B catiaites 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 questionwhether the broad range of exotic propert@sLaAlOs/SrTiO; can alsobe

demonstrated in these similar oxiseuctureswvas properly address¢ds8, 49]. It is found that
several interface between oxides@xTiO; share the same propertiesLas\|O3/SrTiOs, such as,
threshold critical tlickness ¥ 3 uc) of the overlayer for conductivify, 48], superconductivity

[5]], photoconductivity 2, 48], sensitivity to oxygen environmef§2].

Table 1.1: Comparison of some properties of the oxides that are used in thidlst8149].
Values are taken at room temperature.

Material Crystal structure  Lattice constanf{A) Bandgap(eV) Dielectric constant
LaAlIO; perovskite 3.790 5.6 25
LaGaQ 3.874 4.4 27
NdGaQ 3.860 3.8 20
SITiO; 3.905 3.2 300
gAl,0;3 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
basicproperties of LaAI@SrTiO; interfaces. Conducting interfaces are obtained for the growth
of LaAlO; on TiO,-terminated SrTi@ substrates denoted astype interface, while when
LaAlOzis grown on Sr@&erminated SrTi@substrates the interface show insulating behawor (
type [1, 53]. Figure 1.12 (a,b) shows the two pitde configurations of the LaAKIBITIO;
heterostructures with respect to surface terminatio®rdiO; and Figure 1.12 (c) shows the
corresponding dramatic difference in the transport properties. The b&AKIO; interface
shows an immediate transition from insulating to metallic behavior when the bdayer
thickness exceeds a critical value of three unit ¢dll48]. Abrupt electronic rearrangements at
the LaAIGy/SrTiOs interface with increasing LaAl{Qayer thickness have been observed also by
second harmonic generation spectroscgl. The LaAIGQ/SrTiO; interface triggered further
scientific interest by the obsvation of a transition into a superconducting state below 200 mK
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[51] and a proposed ferromagnetic orderiB§]. The spectroscopic signature of ‘Thy various
X-ray spectroscopy metho@s6] and by high resolution electron microscopy/spectros¢bply
in the vicinity of the LaAO3/SrTiO; interface confirms the-type character of the conduction.
The conducting sheet is considered to be located in the $rin@trix close to the
LaAlOy/SrTiO; interface.
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Figure 1.12 lllustration of the two possible atonsimckings for the abrupt LaAW®BITIO;
heterointerface. a) TiZLaO interface b) SrO/Al@interface. (c) Temperature dependence of the
resistance for TiglLaO interface and SrO/AlDinterface, (re-printed with permission from
[53)]).

The 2DEG at LaAl@SrTiO; interface generally behaves as a Fermi liquid with electron
mobility m”~ 1/T? above ~100 K[58]. At room temperaturemook ~ 6 cnf V's™. The low
temperature value is related to sample quality. Values as high-&800 cmi V7's* at 5 K have

been reportedGreat efforts have been dedicated to enhance the mobilitgAtO4/SrTiO; and
similar system$49, 59].

More recently[59], a mobility enhancement by more than two orders of magnitude (exceeding
70,000cn? Vst at 2 K) in amorphouaAlO4/SrTiO; was achieved by introducing a single
unit cell buffer layer of manganite, La SKxMnO;z (x = 0, 1/8 and 1/3), at the interface of
LaAlO4/SrTiO;. Besides,Chen. Y. Z.et al. [49] demonstrated that the interface between
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spinel/perovskite epitaxial alumina @&);) films and SrTiQ single crystal can show electron

Hall mobilities as large as B.40° cn? Vst at 2 K.

The electron density varies widely with fabrication parameters, such as substrate termination
[53], oxygen pressure during depositi@t], thickness of LaAl@ layer[4] and capping of the
LaAlO; [61]. In LaAlOs/SrTiO; electron densities in the range 300" cm? 0.0150.15
electron per unit cell at room temperature are often reported. Interestingly, almost all data

converge to a value around "™ cm® at low temperaturei1, 62].

Most likely the transport behavior follows from thermal activation of carriers at higher
temperatures. The defects form a band of impurity stagsneV below the Fermi lev¢b§].

When the temperature isgh enough these electrons can use the thermal energy to be excited to
the Fermi leve[63] and hence cacontribute to the conductivity.

1.6 Proposed Conduction Mechanisms

Several physical mechanisms which may cause a conducting interface between the polar LaAlO
film and the norpolar SrTiQ substrate have been proposed, including purely electronic charge
transfer into the interface, the formation of defects in the vicinity of the LaBtDiO; interface

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

1.6.1 PolarCatastrophe Model

The origin of the 2DEG is to this day still highly debated. One popular explanation has its roots

in a phenomenon known [87% StTiDgandilaald are sindlaat ast r ¢
materials in many ways, but there is one fundamental difference. The individual layers that make

up SITig (Srd and Tid,) have zero electrical charge, whereas as LaAl&s alternating

layers of charge +1. The charged LaAlCayers on TiQ terminated SrTi@ generate
contributions to the internal potential as shown on the right side of Figure 1.13 (a). It is evident

that an infinitely thick LaAlQ layer would generate an infinite potential. This is of course a very
unfavorabé situation which in reality will always be somehow avoided. One possible way to do
thisisthesecal | ed fAel ectronic reconstructiono. I n
unit cell are transferred from the surface of the LaAYyer into theSrTiO; conduction band

within the topmost Ti@layer at the interfacfb7]. As a result, the Ti valence state changes from
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4+ to 3.5+, which induce@-type)conductivity. The transfer of electrons as result of electronic
reconstruction reduces the potential buiflas seen on the right side of Figure 1.13 (b). In this
model, an interfacial sheet carrier density 9£18.2 x 16* cm? is expected. In the sa of SrO
terminated SrTiQ a pdoped layer should be expected, but the very low mobility of holes in
SrTiO; would likely yield an insulating layer. Furthermore, the electron transfer takes place if the
built-up potential is close enough, and this is dnig in the case of LaAlgxhickness exceeding

3-4 unit cells (Figure 1.14 a).
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(a) (b)

Figure 1.13: illustration of Polar catastrophe model in (a) unreconstructed case and (b) re
constructed case, where half an electron is transferred into theldy€r, (re-printed with
permission fron}57]).
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SrTio, SrTiO, LaAlO,

Figure 1.14Sketch of the band structure of a) crystalline La/BDPTiO; and b) amorphous
LaAIO3/SrTiO;s, (re-producedwith permission fronj64]).

Theoretical calculations based @ensityFunctional Theory DFT) show in fact a critical

thickness typically around 4 unit ce[B5].

As already described, experimentatyD.15 electronger unit cell area are transferred at room
temperatureThis is far below the nominal 1/2 electron per unit cell area transferred in the purely
ionic model @bout 3 10" cm®). One reason for this discrepancy might be that the electrons are
distributed over different subands, of which only some contribute to the free electron density
which can be determine from Hall measuremefd§]. However, X-ray photoelectron
spectroscopyXPS) detects both free and bourdctrons and the densities observed with XPS
are close to those obtained from Hall measureni@aisperhaps indicate that other mechanism

as well might be at play.

Similarly to LaAlO3;, LaGaQ and NdGa@ are constituted by alternate stack of positively
charged Aplanes and negatively chargedpBnes, resulting in a polar discontinuity when

epitaxially grown orSrTiOs.
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On the other hand, the band diagram for amorphous LABIDO; as shownn Figure 1.14 (b),

is fundamentally different from crystalline. Due to the fact that LaA#nhot epitaxially grown,

there is no band bending on LaAl®ide so, thaho electron reconstruction is expec{ed].
Neverthelessthere 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 La&HDiOs.

1.6.2 Oxygen Vacancies

LaAIO4/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 resistaiuog.

the low pressure growth some oxygen vacanciesfiestecreated in LaAl@ but due to the
chemical potential gradient oxygen escape from STeOfill the vacancies in LaAl@and
leaves SrTiQdepleted 3§].

The original paer by Ohtomo and Hwanld] considered the possibility that the high carrier
density inLaAlO3/SrTiO; is due to oxygen vacancies acting as donors. This issue has been
subsequently explorejd2, 68 showing a sbng influence of the deposition conditions on the
interface transport properties. From the Brinkimetral. paper[52] it can be clearly seen that at
increasing the oxygen pressure during the deposition ofdAéO; layer the sheet resistance
increases (Figure 1.15 a) canBeloktaened fdtadl®jgeovmianc e a
at 1.6 10° mbar of oxygen partial pressureJjOThere is a large jump, more than four order of
magnitude in sheet resistance gming from 2 10° to 3.3 10° mbar Q. By further increasing

the growth pressure the system reaches a state wheyemal 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 {pressure growrn.aAlOs/SrTiO; samples are

also very similar to dopeSirTiOs.
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Figure 1.15 Sheet resistance versus temperature for samples grown by pulsed laser deposition
under several oxygerpressures s indicated, (re-printed with permission from[52]).
Temperature dependence of Hall mobility for SrFI@AIO/SITiO; heterostructures(re-
printed with permission frorf69]).

The temperature dependence of the Hall mobitifyusuallyshow a T> powerlaw dependence
above 80 K (Figure 1.15 biigh mobility LaAlOy/SrTiO; samples grown at 1340° mbar of
O, exhibit Shubnikowde Haas oscillation§38] and blue light luminescendd9] similar to

dopedSrTiO; [39]. It is very difficult to disentangle the vacandgminated regime and the

interfae related regime: electron energy loss spectroscopy (EELS) measurements clearly show
the presence of Iifor samples at both 2a0° and 1.8 10° mbar of Q[70], but it is difficult

to explain tfe 4 orders of magnitude jump in the sheet resistance from the obsefvsigal.

1.7 Quantum Confinement

The charge carriers are confined in a region ofH05m close to the heterointerfd&s]. 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 oxygensgroplies
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(10° mbar and not annealed), the gas spreads owd0Q@m in SrTiO; exhibiting a 3D
characte[38]. On the other hand, Bastebt al. [71] showed, via crossection conductive tip
atomic force microscopy measurements, that annealing the sachpleges the spatial extent to
a few nanometers: the gas is confined at the interface and has a 2D ch8asitally, the
2DEG in this case shares most properties with 2DEG at the interf&&i@g 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, uppepart, and 1.16, zoom -part) The confinement potential at
heterointerface results in a complex subband stru¢ilfie The subband dispersion calculated
for some patrticular electric field strengthtends into th&rTiOs;. The potential orsrTiO; sideis
constant and match the conduction band minfmn&00 meV). It reduces fairly quickly when
approaching the interface formingreangular quantum wellOn the other hand, the potential has

an infinite barrier on theaAlOs; side.
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Figure 1.16Confinement potentials a) triangular potential well with Airy wave functidres,
producedwith permission fronj72])
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It is worth mentioning here that for semiconducting heterostructures such asABa#&A&s
hosting 2DEG, calculations have been done to model this potentia[ #@glIBut this model
cannot be directly applied to the LaAJISrTIO; interface for various reasons. First, the
fundamental bulk band structure of LaAISITiO; includes several bands that geometrically
differ the one from each othgf2], while GaAsAlGaAs has a single band. Second, the dielectric
constant is constant across the Ga#GaAs interface, while in the case of LaA¥SITIO; it is
highly discontinuous. Furthermore, the dielectric constant of Srifgelf is strongly electric
field and temperature dependef28]. These complexities make the confinement in the
LaAIO4/SrTiO; system harder to model than in tBaAsAlGaAs 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 illunfih&tia

by electric field effecf4]. Both of theseloping mechanisms are discussed below

1.8.1 Photedoping

Light illumination is a tool that is widely used in semiconductors to generate extra carriers by
exciting trapped electronfg4]. The main contribution to photoconductivity captured by the

following simple equation

Ds =Dnem

where Ds is the change isheetconductivity due to light illumination antn is the numbeof
photcexcited carrier The case might be complicated if the mobilityl)( also changef48]. If
we neglect the possibility that a large number of holes are formedxfise.<n, wherenis the
total sheet densityn conduction band after excitation), then the optical excitation is repegsent

by thefollowing simple rate equation:
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m:aF_E
Lt t

where F is theincident photons fluxn, is thesheetcarrierdensitysuch thatn=n, + Dn. The

lastterm in equation accounts for the recombination rate with some characterisfic time

Photoconductivity may be due to intrinsic or extringgcitations [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 ggaphdefect
levels as deonstrated for GaN heterostructurg&] and CdSe alloyg77]. The intrinsic
medanism instead regards the direct promotion of electron from the valance band to the
conduction bandl7g]. In several cases the hole conductivity sum up to théretecconductivity

but for SrTiQ it was proved that holes are trapg&d].

After the first report of photoconductivity in LaA¥BITiO; by Tebano et.dl2] several research
groups deeply investigated this phenomep) 79, 80]. For example, DiGennaro[48] et al.
studied the photoconductivity in LaGgOrTiO; and NdGa@'SrTiO; interfaces. Chaast al.[80]
enhanced the photoresponse by using Pd nanoparticles. dirval. have investigated the

photoresponse on the nanoscale and developed the rewritable oxide photod&@ctors

Many studieq 2, 48] reveal that the conductivity in these kinds of interfaces is persistent in
naturei.e. there is still some photoconductivity even after the cessation of optical excitdt#on.
persistent photoconductivity is interpreted in terms of a separation of the electeopairs in

real space by an intense buiitelectric field. Such sepdran hinders the recombination process
and leads to very long lifetimes of the photoexcited statest al. [81] have found that the
insulating state of the interface can be converted to metallic state by the light illumination and

made the LaAI@SrTiO; 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]. Suchpossibility has been successfully exploited to tune the properties of the
LaAlOs/SrTiO; system, e.g. spanning the superconducting phase diggtfor tuning the spin

orbit coupling[82]. This technique can be so effective for insulating samples (i.e. with kaAlO
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thickness below the thshold) that it can drive the samples to the conducting pthté-igure
1.17 b).
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Figure 1.17 (ajschematic of the back gateé@AlO5/SrTiO; (b) metal to insulator transition of 3
unit cells thickLaAlOs film at 300 K as function of gate bia@e-printed with permission from

[4])

Typically, the voltage is applied by baglting to theSrTiO; substrate (Figure 1.17 a). Fog V¥
0, electrons are added to the 2DEG and the conductivity increases. In the opposite a8k (V

the conductivity decreases.

A gated LaAIQ/SrTiO; structure can be modeled as a simple parallel plate capg3oiThis
model takes into account the device geometry and the dielectric constant of the negteTiad (
capacitance of aystem 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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where0 is the sample area aiftis the substrate thicknedss already discussed in section 1.4.4,
thedielectric constant of SrTi§gs strongly temperature and electric field depg2id. Presently
limiting the analysis to the case of small signals, we have

=R _&é,

e ed

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

application of a positive (negative) gate voltage to the sa(fgeare 1.17 a).

However, literature reveals that the LaAISITiO; 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. Bedit al. [84] and more recently Biscaras al. [3] demonstrated

that very anomalous effects occur during and after the application of a positive backgate voltage.
Very recent study85] showed the combined effect of light and electric fieldaAlOs/SrTiO;,
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 Paamd Hall Method, and the
photoconductivity setup. In the second part, the study of photoconductivity
of different oxide interfacesnder illumination ofvariable wavelengths and
intensitiesis presented. A model based on the band diagram is introduced to
describe the result¥he dataallow some considerations on the nature and
distribution of defects that are excited by the light.

2.1 Sample Fabrication

The samples investigated in this wdrtive been fabricated at the MODA (Modular facility for
Oxide Deposition and Analysis) deposition system at the SRR institute, Department of
Physics, University of Napoli "Federico II", ltalffhe MODA system mainly consists of two
major parts: i) tm film growth chamber and ii) the analysis chamber (Figure 2.1). The thin films
are grown by Reflection higkenergy electrons diffractiecRHEED assisted pulsed laser
deposition (PLD).

Even though the fabrication process is not the core of this workywbrighwhile mentioning a
few details of the PLD fabrication because it strongly affects the transport properties of the
interfacesMore details about PLD can be found in H&6, 87].
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Figure 2.1IMODA Laboratoryin 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 mudtbmponent target materials into thin films. During
PLD, the desired lin 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 surfacey fogas plasma

with a characteristic shape callptbme.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 particlébe 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 vacwm 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 stantrt@ ffilm.

The stoichiometry of the deposited films is a result of the complex interplay between laser
ablation process and plasma kinetics during the depo$8@nThus, 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 #rampeters can be used to fiuee

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 detbemnaterial
ablation process. The oxygen background pressure influences the plasma expansion, the kinetic
energy of the adtoms and their oxidation state. Oxide thin films grown in low background
pressure of oxygen have usually high level of defects enfthhm oxygen vacancies. These
defects can be avoided by growing films in high oxygen pressure or by post annealing treatment
in oxygen environmertt3]. The substrate temperature determines the mobility of thagcamas

on the surface of the growing filf®0]. In order to provide an epitaxial growth of the film, the
substrates are heated up to temperatures betweenG%hd 850 C. At these deposition
temperatureghe adatoms 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 amorph@is.

The thin films investigated in this work were typically grown by PLD technique on,-TiO
terminated (001prTiO; single crystal substrates having dimensions (lehgtidth 3 trickiness,

53 53 0.5 mm), resorting to a KrF exciméaser beam ( 248 nm) with a fluence in the range of
1.3-1.5 J/cni on target and a repetition rate 621Hz. The crystalline samples were grown at

high temperatures range between 6@ and 800 C in oxygen partial pressure of 102

mbar. After the dgosition, 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 16-102 mbar.
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2.2 Transport Properties

The electrical transport measurementsravperformed in standard feprobe 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 naitie a
voltmeter.All the samples were contacted by ultrasonically bonded aluminum Woesompute

the resistance of the samples, unless otherwise staté0, @A current was fed and the
consequent voltage drop was measuféat closed cycle refrigeratoysgem, combined with the
Lakeshorgemperature controller model 33das used to investigate the transport properties of
materials in a temperature range A@WK. 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 aacacy of the calculated resistivity. In such a case, one often uses
the technique of van der Pauw to determine the resistivity of the saififptetechniqueis
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 sizégure 2.2shows a genericoi-point van der Pauw
configuration. By sourcing a current | through contacts 1 and 2, and measuring the voltage drop

DV through contacts 3 and 4, the resistance is given by
V.
F212,34:|_34
12
According to the reciprocity theorem of network analy$®s;s3s =Rs412 By switching the
polarity of the current source, and the voltage meter, one can determine averaged v&ires for

(Ri2.34t Ro1.43/2, andRy, = (Roz 41+ Rs2,14/2. In turn, van der Pauw derived the following relation
for an arbitrary shaped sample
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p 9 a p 0, _
8Rd+expé£& gr =1

heet= heet~

a

expR

G

whereRgheetiS the sheet resistance define as

R

’
sheet:T

withrresistivity and fAto thickness of t he conc
dimensional electron gas (2DEG) residing in the quantum well of thicknésgy®neral, the van

der Pauw formula cannot be rearranged to give the sheet resiBtgage terms of known

functions. The most notable exception to this is wihensample issotropic square sample i.e.

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

_p P

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

The sheet resistance of 2DEG is generally measured o hms per).square (or Y

w ol

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

Hall data for this stugl were collected by using RH 2010 Hall measurement system in the
Fondazione Bruno Kessler (FBK) laboratory in Trenfome measurements were also
performed by a setup IBNR-SPIN laboratory in Naple#\ 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 balancendigetic influence, producing a

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

In order to perform Hall measurements in the Van der Raaniguration, the current | 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 V is by

V, =%IB

wheret is the sample thickness and B is the intensity of the applied magnetic field. The
paraneter R is called the Hall coefficient. OnceR, /t is experimentally determineds a

proportionality factor betweewly and ( B), one promptly getthe sheet carrier density n as

hence the mobility is found as

Note thafR, /t) mustbe determined by linear regression on thel \éurves 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 \{; are not exactly aligned in a direction perpendicular to the current flgvis ¥ffected
by a spurious ohmic voltage drop. Theliminated byaveraging withmeasurements performed

at opposite B valuessautomaticallydone

2.3 Photoconductivity Setup

The schematic of the photoconductivity setup used in this study is shown in Figure 2setThis

up was developed for electrical and photoconductivity measurements in direct current (DC)
mode. The setip mainly consists of two parts, cryogenic and optitae sample inside the
cryogenic system is separated from the environment by metallic/silver cap having transparent
guartz window that allow the light to illuminate the sample directly. A calibrated Si photodiode
(ThorlabsFDS100) was used to measure light intensity. From theesponsivity and voltage

drop across thphotodiode the power density was measured which was convertelation flux
counted asumber of photons® cmi®. 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. TiHeminating sources consist of tfi@lowing lines:

1 UV light, withl =365° 10 nm (Im = 3.40 eV)

1 Blue light, withl =445° 10 nm (Im = 2.70 eV)

1 Green light, with =540° 10 nm (im = 2.30 eV)

1 Red light, withl =625° 10 nm (Im = 1.98 eV)

Some measurements were also performed by different illuminating solineesionochromatic
radiation was obtained by using a Xenon lamp and4pasd interference filters (FWHM 202

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

1 1 =500° 10 nm (Im = 2.48 eV)
1 1 =400° 10 nm (Im = 3.10 eV)
1 | =255° 10 nm (Im = 4.88 eV)

The light intensity was attenuated by means of neutral optical density filters in order to obtain
fixed photon flux at each wavelengffhe optical part further consists of twaedmnvex lenses,

having diameter 2" each, and with focal lengits and 60 mm mmicking a conventional
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telescopeA proper arrangement was done to isolate and shielshibt®conductivity setufrom

the ambient light.

Lens1 Lens 2

photodiodo

Temperature
Sensor

Optical window

Sample

Figure 2.3Schematic of thphotoconductivity setip

2.4 Transport Properties of Interfaces

Several 2DEGs formed at oxide heterostructures, including crystalline and amorphous
LaAIO3/SrTiOs, gAl,O4/SITiO; and LaGaQ/SrTiO; were analyzed in this study. Comparing
crystalline and amorphous systemspistentially interesting, because the crucialfedténce
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 photoresponsé¢hitkieess of the overlayer in
crystalline samples was20 nm each, while for the amorphous samples the overlays thicknesses
were between 2:4 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. temperatues for some of the
investigated samples. All the hetenterfaces showed metallic behavior down to 10 K. However
aLaAlO4/SrTiO; at timesshows small resistance upturn at low temperatures, probably due to
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localization effect493]. The Rpeet(T) curves ofg-Al,O5/SITiOs is alsoqualitatively similar to
that of cLaAlIO3/SrTiOs.

Rsheetat room temperature ranges betweeB100Y / (see Table 1.2)The room temperature
mobilities in these heterinterfaces are almost constant at vatug cn™V™.s*, indicating that

theroom temperaturgheetresistance is mainly determined by #ieetcarrier density.
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~
3
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0 50 100 150 200 250 300
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Figure 2.4 Rspeet (T) curvesfor crystalline and amorphous LaAJSITIOs;, gAl,Os/SrTiO;
collected in dark

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

System Thickness PO, Rsheet N2p Msook
(uc) (mbar) (Y1) (cm?) (en? Vst
c-LaAlOy/SITiOs 50 33102 204 55310 5.3
c-LaGaQ/SrTiO; 50 33102 5.80 1.7310% 6.2
G-AlLOYSITIO; 50 1310* 41.2 27x10" 5.0
aLaGaQ/SrTiO; 10 1310 67.8 2.0310" 4.8
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2.5 Scope of Photoconductivity

A general procedure was adopted for @liotoconductivitymeasurements. The light sources
were preheated for 20 minutes to get a stable liglite 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. order to provide uniform experimental conditions, all the
measurements were @@ited at 300 K (thermodynamically controlled) in vacuuni®(ibar).

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 witable wavelengths. The common feature of itineestigated 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 toh@sponse oaimorphous.aGaQ/SrTiO; which is
exposed to a monochromatic ultraviolet (UV) radiation of photon flux 83 10 s* cm?,
provided by a light emitting diode source. The UV light has energy 3.4 eV/365° 10 nm),
larger than SrTi@in directband gap+3.2 eV).The sheetphotaconductivitys pi(t) is defined as
the difference between thsheet conductivity s(t), measured at time t during the light
illumination, and thesheetconductivity in dark conditions before the illuminatios,. The
photoresponse dynamics shows a sharp increase with responseltisydollowed by a slower
temporal behaviofThe sheetconductivity is increased by more than 30 % with respect to initial
dark sheetconductivity €,) 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 preséii/és

of the photoconductivity.

The investigation of samples (Table 2.1) at different waveteagid 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 rest the initial dark state.
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Figure 2.5 Normalized photoconductance rise and subsequent decay collected on
LaGaQ/SrTiO; 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 photorespondeor this purpose 445 nm radiation waariedin the range of

photon flux fromF =23 10" to F = 2.23 10 s* cm™ Figure2.6 (a) shows the photoresponse
dynamics induced by this blue light at varigaoton fluxfor onec-LaAlO3/SrTiOs.

The photoresponse shown in Figure 2.6 (a) can be considered as typical. It shows a relatively
sharp increase in photoconductance, followgd slow dynamical behavicFhe photoresponse

is characterized by the quantiyns., wheres, is the darksheetconductivity.As evident from

the Figure 2.6 (a)the photoresponse scales wgifioton fluxup toF = 83 10" s* cm?, i.e. it
increased from- 0.01 to~ 0.025. Abover = 83 10" s* cm? no increase isheetconductivity

is seen indicating a saturated regime. It is anticipated that photons at 445 nm mainly excite the
in-gap states related to impurities. The observatbrsaturation 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 theyns, after 20 minutes of light exposure at differghibton fluxendorse
crossover from linear to saturated regime at increasing intensticgper€ 2.6 . The range for

linear regime was also checked for other wavelengths. The measurements that are reported in the
following section were performed in the IgMaoton flix, linear regimeThe linear and saturated
regimes are discussed in section 2.8.
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Figure 2.6 (a) Comparison of normalized photo conductance faAlO3/SrTiO; at 445 nm at
different photon flux (b) final value of photoconductanedter 20 minutes of illuminatioas a
function ofphoton fluxindicatinglinear and saturation regime

2.7 Dependence of Photoresponse on Wavelength

In order to get an insight of the photo promotion mechanism in differentinétréaces several
wavelengthavere considered to perforphotoconductivity measurements. Along with the UV,
particularly the wavelengths whose corresponding energies arerstinatidhe indirect band gap
of SrTiO; (~ 3.2 eV) has been chosen. This choice is very interesting for thgapigromotion
of the carriersAll the measurements were carried out at the sanogon fluxF = 43 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 phot@onductance induced by four different wavelength<fbaAlOs/SrTiOs.
The photeresponse dynamics shows a relatively steep increaseotd-pbnductance, followed
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by a slower transient behavior. The time evolution of the pbotaluctance further shows that,

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

The response to the incident ligiatdiation is directly related to the numken 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 frorgap trap sites. 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, andsatering that each process of phetaitation
generates one free carrier, it follows that the variation of ptatouctance with wavelength just

reflects the variation of photgeneration efficiency.

o
n S —0— 365 nm
1E-44 ¢} —0— 445 nm 5
540 nm
—0— 625 nm
1E-5 — T T
-2 0 2 4 6 8 1012 14 16 18 20 22

Time (min)

Figure 2.7 Comparison of phetmnductance at different wavelengths and at fpéeoton fluxF
=43 10" s* cm? for c-LaAlO4/SITiOs
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The conductivity increase after light is tuned on alwelyaracterized by a steep onset followed

by a slower transieniThe single exponential function cannot describe this process very well. In
principle, several functional expressions may be adopted to describe this behavior, including
double exponentigh8, 64] or stretched exponential functiof#4]. In this study the fittings were

made by using the following function

Sph(t) =5, {A [1' eXp(' t/[1)] + (1' A) [1' eXp(' t/tz)]} 2.1

wheret; andt; are two characteristic times indicatimgspectivelythe recombination times of
fast and slow processes afg is the saturation value sheetphotoconductance. Furthermore,

A and 1- A are the relative weight of the fast and slow components, respeclivelyits were
made for all of the investigated samples, but here the fits are only showhd@O3/SrTiO;
(Figure 2.8 ad). The fitting parameters obtained for some samples from the photoresponse of

four wavelengths are reported in Table 2.2.
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Figure 2.8Sheet potoconductance af-LaAlO4/SrTiO; 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 particulasly, t; and A, vary with wavelength approximately in the same
way for all thesamplesFor instancet; decreased from 72 s at 625 nm te 0.4 at 365 nm for

c-LaAIO4/SrTiO; (Table 2.2).However the slow characteristic tinhg probably also due to the

limited statistical weight of this parameter, resulting in a large error after trehditys 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 amorphowsAlO4/SrTiO; is presented below.

The full photoresponse is parameterized $y/soF, mainly representing the quantum

photogeneration efficiency. In Figure 29, /s F is plotted vs. photon energy for two samples,
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i.e. crystalline and amorphousAlO4/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 photoresponss. energy for amorphous and crystalline Laf8TiO; samples
collected aphoton fluxF = 4x 13" 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:

fastcomponentY =-—2°

slowcomponentY = m

The fast component of the signal shows for all samples an exponential growth with energy
(Figure 2.10 g similar to previous crystalline samplp&, 64]. The fast component increased
from ~1.7310"®s cnf at 1.98 eV to- 3.03 10" s cnf at 3.4 eVfor c-LaAlO4/SrTiOs. The plot

indicates thain 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 increasingreégergy

2.10 b) It was found that thé&ast component shows very similar overall behavior in all samples,
while the slow component has a large sprésse discussion in section 2.8his observation

seems to suggest that the former component depends on intrinsic properties of the interfaces,
while the later may be mainly due to defects.

1E-14 ————— 1E-14 T
(a) (b) N
. 1E-15{ =] 2 1E-154 N g 4
c g (O] - %
(] . I g > - _ - -
S 1E-169 e 1 g 116 o 3
[oX .= _ = _ -
E . ” ’6 o _ . -
Q 1E-174 - 1 O 1E174 _ - "4 1
@) -8, >
= <]
% 1E-18 5 -7 2 1E-18
s i - = a-LaAlO ] n ;  a-LlaAlO, ]
@ c-LaAlO % c-LaAaO,
1E-19 ———————————— 1E-19 —————r——T—T——
1.8 2.0 22 24 26 2.8 3.0 32 34 3.6 18 2.0 22 24 26 28 30 32 3.4 36
E (eV) E (eV)

Figure 2.10 (a) fast component and (b) slow component of photorespensmnergy for

amorphous and crystalline LaAYSrTiO; samples collected ahoton fluxF = 4x 13*s* cm’.
Dash lines are guides for the eye.
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2. Photoconductivity of Oxide Interfaces

Table2.2 fitting parameters for the four different illumination wavelengths

sample | (nm) s (MB) A ti(s) ta(s)
c-LaAlO3 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 04 594
a LaAlO3 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-LaGa0s 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 dynamicsf recovery after light has been tedoff is ascribed to the persistent nature
of photoconductivityin LaAlO3/SrTiO; and related interfacesand attributed to the spatial
separation of the electrdrole pair under the effect of the local electric figkl 64, 94]. This

phenomenon was characterized grevious works[2, 87] and will not be discussed here.

Therefore, the discussios 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 efiedk be

considered as negligible. Therefore, it will be assumed that the simple relation-Rélds
s n

(0] 0]

To discuss the basis for the linear and saturated photoresponse (described in section 2.6),
consider for simplicity that a single chanmélpromotion and recombination is at play. Figure

2.11 shows a photon of energg Bxciting one defect states apdomoting an electron to the
conduction band (CBAfter a characteristic time, the excited state decays along some path (that

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

hv

o

VB

Figure2.11 The promotion and recombination of electrons from defect states when exited by
photon of energym
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2. Photoconductivity of Oxide Interfaces

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

eguation can be read as

un _ p
P g E(N - Dp)-LE
o= % (N, p)[

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

the following expression:

_aOF NO
a,F+g

where g=t"*. In the lowphoton fluxregimep~ F, i.e. the response is linedn the other

hand, ifa, F > >, the equation point to a constant vaNig independently fronphoton flux

The naive ichannel model thus allows to understand the mechanism of saturation, but it is of
course too rude to allow a satisfactatgscription of the dynamics. The simplest model to
explain the resudtis reported in Figure 2.1Zhe right panel (Figure 2.12 a) shows the diagrams
for crystalline samples[64, 95]; the left panel (Figure 2.12 b) describes instaatbrphous
samples.

As explained in section 1.6.1 of chapter 1, the right sides of the baguais focrystalline and
amorphous heterostructurese deeply different the one from each other. Epystalline
heterostructuresaccording to the standard electron reconstruction model, the bands of overlayer
are bent upwards by the macroscopic eiledteld. 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 e@@ngyphous structures
Nevertheless, defect states that extend very much within the gap of the overlayer may be very

important inamorphous structurg¢89].

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 distributiompfstates, forming a broad in
gap band. Such states are mainly localized in a region close to the int€éHadegap states are
very crucial for analyzing photoresponse for photon energy smaller th&rTi®@; gap. Due to
the different fabrication paedure, the density of vacancies expected to behigher in

amorphous samples.

There could be many possibilities for phgimmotion dynamics but for simplicity only two
channels are considered. These oOar(ef adsetn od hean nae
indicate slow and fast dynamics, respectively. The main channel of fast excitaiodirect

promotion from the valance band on the SgilI$idle to the conduction ban@ihe slow process is

here identified with the promotion of electsorfrom the donor states overlayer sitlee

conduction banaf SrTiO;. The oxygen vacancies iamorphousnterfaces and the overlayer

band bending iwrystallinestructures reduced the optical gap respectively.

Crystalline Amorphous (b)

srTio, Film SrTiO, Film

Figure 2.12 Schematic of the band structure afrggtallineand b) amorphous. The grey dotted
region represents the band of-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 relatiobetween thesketches (Figure 2.12) and the fitting function
(equation 2.1) integratedensity 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 htrap 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 photdhgmeasuredn s* cm?) and to the
guantum efficiency oab, hatfoeermitstse ohjrsthafsec
channel 1 is the direct excitation frddnTiO; VB to the conduction band (CB). Each excitation

|l eaves a hole in the VB and the number of suc
that can be excited by a photon with energy E. The channel 2 is the excitation from a reservoir of

trap state . Each excitation | eaves an empty trap s
each photon energy, only the states that are

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 213 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 deéscinstiaé gap

(blue arrow)
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2. Photoconductivity of Oxide Interfaces

Now consider the reverse processes of recombinakajure 2.13 h Each such process is
proportional to the number of empty states in the recombination, banddhi ch i s f@Apo

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

The rate equation which takes into account the promotion and recombipaicasses for both
channedread:

The total number of excited electrondis = p + g, hence the total number of electrons in CB is
n = n,+Dn, where gis the equilibriumsheetcarrier density. However, when conducting samples

are considered, the CB already contains many electrons before the excitation.
Dn<<n, Y n°n,

Furthermore, in the linear regime the following assumggtiooid
p<<P Y (P-p)°P
4<<Q Y (Q-9)°Q

Asserting the above discussion, the following rate equations are givire fost andthe second
channel.

D_ppo- 4 ®_arp- P

dt t, dt t,
The solution of above equations has exponential of the fgom po[l-exp(-t/z‘l)] and

q= qo[l- exp(-tt, )] , yielding
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2. Photoconductivity of Oxide Interfaces

Dn = p,[1-exp(-ti, )] + q,[1- exp(-ti, )] 2.2

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

photoresponse.

Comparison with data

The outcome of the model can bempared with the datén crystallinestructure, the excitation

by low energy photons is a slow process fhramotes electrons to the quantum well from the
overlayer VB, the fast process, instead, is accomplished by high energy photons, from the
SrTiO; VB states (Figure 2.9 and 2.12 a ). This observation is consistent witf6Bef-or 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)17Me latter case admorphous
structure assumed that timegap stategn overlayer side are at higher energy tha8imiO; side
(Figure 2.12 b). Thi s i s the reason why t he
Furthermore as described in section, thé 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 samf@€k This explains why the slow

component shows a more variated behavior in different samples.

It was shown irFigure 2.9thatthe photoresponse behavior grows exponentially with increasing
energy of the incident radiation up to the direct band garoiOs. In order to discuss this
behavior, the following toy model is presented.

Consider the Figure 2.14 which shows the densftgtates (DOS) verses energy profile for
SrTiOs. E, and E are the valance and conduction band edges that are separated by direct band
gap, D (~3.6 eV). Arbitrarily, E = 0 is assumed. The recent photoemissions spectroscopy
measurement®6] 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 igap states that are particularly relevantpimtoconductivity. The present

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

DOS

Figure 2.14Density of states (DOS) vs. energy profilecdfaAlO3/SrTiO;, D is the direct band
gap ofSrTiO;

Mainly the followingtwo cases can be considered;
1) In case the energy of incident photon is smaller than the gap-ilew>0Y D>hu,

the transition involves initial state in the exponential tail tGen ~ exp(hu/e,), where

€. Is a characteristic energy. This expression anticipates that the signadjromi
exponentially as a function of incident photon energy.
2) In case the photon energy is greater than the gafDi-ehv<0Y D<hu, the optical

rate isG. ; = hu.

The solid linegFigure 2.15)ased on this model describes in a reasonable way the experimental
data.
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‘12 T T T T T T T

-13 -
-14 4 ! 1
-15 4

216

-17 4

In(s,/ sl)

-184 i

'19 T T T T T T T
15 20 25 30 35 40 45 50

E (eV)

Figure 2.15 Photoresponss. energy for 4.aAlO4/SrTiO; collect atphoton fluxF = 4x 10 s*
cm? The solid lines are fit curves according to the model, dotted line indi@téise direct
bandgap ofSrTiOs.

3.9 Summary

In summary, this chaptepresentedthe timeresolved photoconductance of amorphous and
crystalline LaAlQ/SrTiOs, and other similar interfaces irradiated by light of wavelengths in the
range 36525 nm. Both kind of interfaces exhibit a photoconductance that is persistent in
nature. The experimental results show that both foctystalline and amorphousterfacesthe
photoresponse increases exponentially with incident photon energy up to the direct gap of
SrTiOs.
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3. Transport Properties under the Effect of Electric Field

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 VISV range and electric field. The low
temperature gate cycles show strohgsteretic bkavior. A model is
introducedo 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 1300 K in dark condition in a closed cycle refrigerator. The resistance of the
samples was measured by standard van der Pauw method. A thmealteievices 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 twonensional electron gas (2DEG) acts as a channel
modulated by the gate voltaged)V In themost 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 positvely 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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3. Transport Properties under the Effect of Electric Field

2-DEG

metallic gate

.
-

V

Figure 3.1 Schematic of gated LaAISrTiO; with silver paste as metallic back gate.

3.2 Transport Properties of Interfaces

In this chapter the transport properties of differgarnplesunder the effect of gate voltages are

presentedThese samples includest andar do

LaGaQ/SrTiO; samples.

( O Os/BNiO; @nd iare amorphdus L a Al C

Figure 3.2 shows a comparison ofR:(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 temperaheet resistance ranges between 10 and

68 KY / . Thesheetcarrier density, as determined by Hall effect measurements, ranges between

~2.063 10" and~1.103 10" cm? The resistive ratio Box/Riok ranges between 18 and 168. A

summary including growth conditions, thickness and transport properties cfathples is

reported in Table 3.1.
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Figure 3.2Rqneet(T) curvesfor crystalline LaAlQ/SrTiO; andamorphous LaGagsrTiOs.

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

System Thickness PO, Rsheet R2g0k/ R1ok n
(nm) (mbar) (KY 1) (cm?)
c-LaAaOy/SrTiO; 4 1310° 10 18 1.10310%
c-LaAl O4/SITIO; 4 13102 14 25 8.203 10"
a-LaGa0,/SITiO; 4 13107 68 168 2.063 10"
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3. Transport Properties under the Effect of Electric Field

3.3 Scope of Electric Field Effect

Theback gated.aAlOs/SrTiO; (Figure 3.1) can beompared to conventional field effect device,

e.g. a MOSFETIn a conventional MOSFET device, Si® 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 4&/m. The loss current through the barrier is mainly due to

tunnelling effec{74], and it is very low.

In a backgated oxide 2DEG, the situation is largely different. Direct tunnelling to the detek

is impossible due to thenickness of the barrier (0.5 mm). Only low fields of the order &f 10
V/m are applied. The badgkate metalrTiO; interface is characterized by an energy difference
between the Fermi level of the metallic electrode and ShEO; conduction band and is
typically of the order of 1eV (Figure 3.897].The interface bending of tH&TiO; 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 fe0[72].

The application of a baeffate 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 3.3Energy band diagram for gatexide 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 a&rTiO; resuls.
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In our experimental configuration the 2DEGgsounded. The chemical potential of the 2DEG

and the gate are identical at zero gate bias (Figure 4.3 b)s AtOy 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 negad 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
dieledric material. Depending on the direction of the polarity, one plate of the capacitor is
charged or discharged. The amount of chagDe, ( Dn is the variation irsheetcarrierdensity,

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

ebn=eeE=ee V/d

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

of the dielectric layer of thicknest 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
corstant of SrTiO; is strongly temperature depenfla7]; it increases from~ 300 at room
temperature te- 24000 at 4 K (see sectidn4.4in chapter 1). This dependence anticipates that

at fixed Vs a larger variation in resistance will occur at low temperature in comparison to room

temperature.

62



3. Transport Properties under the Effect of Electric Field
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Figure 3.4 Energy band diagram for bagkedoxide interfacevith Fermi level at U = 0, for (a)
accumulation modeys > 0 (b) equilibrium,Vs = 0 and (c) depletion modé&/s < 0. Note that
gray part is so thick that the barrier shape is not (strictly) represented.

3.4The Effect of Temperature

Figure 3.5 (a,b) compares the change in sheet resistance for 4 nm-tlE&dQz/SrTIO; as
function of gate voltage (¥) at low (10 K) and room temperatures. The gate voltage between 0
and® 200 V OE = 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 byi#tervan sheet
resistance as function ofdV The sheet resistance decrease frem 5 t o / 4in the k Y
enhancement mode (+200 V) (Figure 3.5 a). On the other hand, in the carrier depletion mode (
200 V) it increase from- 15 t o /1.5The2tdalkvafiation in sheet resistance at room
temperature MR- ,00v) With respect to R(Vs = 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 conSt@nOgf

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 ¢/ (which is present at low
temperature, see section5B. Furthermore, thefirst positive polarization (FPP) akow
temperatures persistently changes gheetresistance 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 bipdartycling.

152y, T ] 20 71N T | o e ]
(a) (b) T _~
—~ —~ 1.61 4
§ § i I o o
Y3 15.04 E Y = o ___J EEmm
~ = 121 i
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o’ T o’ 08
14.8
L. S o
........... T =300 K 04y 7™  T=10K ]
200 V. Modulation 200 Ve Modulation
&} 0 O 0
> >
-200 -200
0123 456 7 8 91011121314 10123456 78 91011121314
time (min) Time (min)

Figure 3.5 Comparison of variation in sheet resistanceLiaAdO4/SrTiO; 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 gatéagelis off and sheet resistance stays
nearly const dnBy agplyingihMn=d+208 ¥ th& Sheet resistance drops to 31.3

k Y over 60 minutes. After switching off &/the sample sheet resistance during 60 minutes

i ncreases dnanddorotaest8réd.torits ikithl state showing some memory effect
(see section 3.for discussion). By applying the opposite polaritys(¥-200 V) charge carriers

are effectively withdrawn from the interface and the sheet resistance increases anomalously to
577 k Yh less than an hour exhibiting a high resistive state. At this point the sheet resistances
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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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n
o
2001 V., modulation 1
2
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>
-200-
0 1 2 3 4

time (hrs)

Figure 3.6Sheet resistance variations as function of gate modulation-faAO3/SrTiO; at
room temperature on long time scale.

Rsheer T curves under different gate biases on many samples were also collected. Figure 3.7
shows the ReerT plots for 4 nm thick €. AO/STO collected in 0 and 200 V gate bias. As
expected, up to 100 K the dielectric constar®iofiOz increase marginally, the variation in sheet
resistance for +200 an@00 V are largely indistinguishable from zero bias curve. Below 100 K

in enhancen® 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 3.7Rsneer T cooling plotsfor c-LaAlO3/SrTiO; at fixedVg = 0, +200 and200 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 resistange Gtaftereach

positive and subsequent negative gate pulse. Figure 3.8 (a,b) shows a typical hysteretic behavior,
it compares the normalized change in resistaDB¥ R,, where R is the initial resistance ata/

= 0) as function of gate bias forL@AlO3/SrTiO; at two different temperatures, 10 and 100 K.

The gate bias was applied in sequence 0, +200\200V, 0. The resistance mismatch a/0

after positive and negative gate pulse, parameterizetiRbir,, is more than 14 % (indicated by
doubleheadedarrow in Figure 3.8 a). The magnitude of the hysteretic behavior become smaller

with increase in temperature, it reduces tb% at 100 K (Figure 3.8 b).
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Figure 3.8Vs modulation of normalized resistance at (a) 10 K (b) 108hKwinghysteretic
behavior,the arrows and numbers indicates the order in which the gate bias was applied. Solid
lines are guides for the eye.

To further clarify the hysteretic behavior the dé&ba 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 preyiou3 after the

depletion mode-R00 V) asenclosed 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

smaller in magnitude was observed for 100 K (Figure 3.9 b).
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Figure 3.9Hysteretic behavior corresponds\g = O indicated by circle gga) 10 K (b) 100 K,

Thenumbergefer toFigure 3.8.
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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 weoepadormed but still the
hystereticvalue dR/ 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 resistancev/at= 0, which is parameterized WR/ Ry, is still present

(Figure 3.10 b The same was also checked at low temperature (12 K), wheteatiseent
response was found to be faster, and still a giant hysteretic behavior was demonstrated. From
Figure 3.9, it is ear thatdR/ R, do not scale witlbR/ R,, this suggests that we are not trivially

observing the effect ad vs. temperature.
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Figure 3.10 (aHysteretic behavior corresponds\g = 0 at 105 K on time scale of 15 minutes,
enlarge view of thaysteretic behaviofguantified bydR/ 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 frora0 to 240 K wereollected Measurements during the cooling fr@#0

to 20 Kwere 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
chaper 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 iedepiEigure
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 70 K. It is important to note that a
minute hysteretic behavior still exists at 2d@i.e. dR/ R, , 0). In the temperatunange 2550

K the value ofdR/ 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.

0200 T T T T T T T T T T
—a— Cooling (240-20K) ]
—e— Heating (20-240K)

0.175-
0.1504 <
>
0.125- \ \
@
0.100- \“\ -
0.075 2

dr/R

0.050 4 o\ ]
0.025 - Y .

0.000 e —e——a 2 CS—

-0.025

0 25 50 75 100 125 150 175 200 225 250

Temperture (K)

Figure 3.11Hysterical behavionwhich is parameterized IR/ R,, as a function of temperature
during cooling and heating farLaAlOs/SrTiOs. Solid lines are guides for the eye.
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36Carrierd6s Density Estimati on

Figure 3.12 (@) shows the change sheetconductancel¥s) at 10 and 100 K when the gate
bias is sweep between 0 and = 200 V in steps of 20 V. In such measuremaénteept constant

at each step value f@t = 20 s.

As already described in section 3.3, the gatedlQa/SrTiO; in the steady state works like a
parallel plate capacitor with dielectric insulator between thEme. areal charge densiftg/nh),
thatis induced at a given gate voltage ®pplied across an insulator of thickness d (0.5 mm for
SrTiOsin the present study) is given by

Ve

eDn= e, - 4V 3.1
0

where e, is the permittivity of the free space amylis relative permittivity. The above equation

also takes into account the dependence.abn temperature and strength of electric fi€dce

[nis computed, it is possible to plbs vs. [nh (Figure 3.2 c,d). At 90 K, the curve iglmost
linearwith electrondensiy n in the range- 3x10" to -3x10" cmi? for V¢ sweep from +200 to

-200 V (Figure 3.12 c)At 10 K, atthe same strength of electric field, due to high dielectric
constant at low temperature, tdensty increass by one order of magnitude. Furthermaoiteg
plotat 10 K is highly nodinear 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 séttion 3.
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Figure 3.12Sheet onductivity change for-¢aAlO5/SrTiO; as a function of gate modulation at
(@) 90 K (b) 10 K. Estimated @ inducedsheetcarrierdensity 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 (samememory effect and resistive switching described in sectidnRBgure 3.6)were
previously reported focrystalline LaAlO3s/SrTiO; [98] and amorphoud.aAlOs/SrTiO; [99].
These behaviors in the interfaces at room temperature qawsbiblyascribed tdwo reasonsi)
electromigration obxygen vacancieglOQ or ii) trapping and dérapping of electrons in SrT¥O

[101].

In the case of electromigratiasf oxygen vacancies, a positive baghte potential attracts the

negatively charged oxygeaans and gathers oxygen vacancies at the interface. These vacancies
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3. Transport Properties under the Effect of Electric Field

change the electrical properties of the interface exhibiting a low resistive state. On thgycantr

high resistive state occurs at negative gate[9igls

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 dgmtekpotential which fills the
trappng states and the samples exhibit Imgistivestate. Upon removal of the field the-de

trapping of electrons occurs very slowly. This effect is reminiscent of mebadrgvior{98].

No memory behaviowas seerf98] whenLaAlO3; was employed as a gate dielectric in top gate

experiments thus pointing th&tTiO; plays a significant role.

The change irsheetconductance vdield inducedsheet carriers densiffFigure 3.12) can be
understood in the frame of the Drude model. Tability can be defined as the slop sifeet

conductance vsheetcharge density:

Lps 3.2

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~a85 cn’ Vs, At 10 K, instead, we find that the
carriers posses two different mobilitjiegepending on the filling of th quantum well. In Figure
3.12 (d), the slop in the depletion mode correspond+d&0 cn’ Vis* while in the enrichment

modeit is about 10 times more, i.e. 6067 Vst

The different mobilities can be understood imtsrofE-K diagramas depicted in Figure 3.18

is well estabshed that interfacial electrons reside in theonduction bands drTiO; [21]. In

thebulk, the bands are degenerate (see section 1.4.3, chapter 1). At the interface this degeneracy
is lifted due totetragonal distortion. The interface crystal field splitstiyestates in a lowedy

singlet, and an uppsd,;, dy, doublet energy bands @tire 3.13). Thed,, reside at or in the
immediate proximity of the interface, on the other hakdor dy, electrons naturally extend

further away from the interfad@02. At 90 K, due to low dielectric constant, the injected carrier
density is lower than 10 K, thus all electrons are expected to residedyg, thend and only one

type of carrier exists in the system with constant mohige Figure 3.12 cjt 10 K, the feld
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modulated density is higher than 90 K, therefore higher density raises the energy level and the
Fermi energy enters thi, anddy, bands.As both of the states get populated it is expected to
observe conthutions from carriers of new mobility hentgo slopes can be naturally accepted
(see Figure 3.12 djt is important to mention thahe d,, band has a larger effective mass in the
z-direction than thel,y anddy, bands but it exhibits lower mobility due to Anderson localization
[66].

yz

Gatetunable E level = = - -

v
~
>

Figure 3.13d-orbital energy bands @rTiO; near the interface. Thi, band is lower in energy
compared to thed,, and dyx bands, the gate tunable Fermi level is @atied by dash line.
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3. Transport Properties under the Combined Effect of Electric Field and Light

3.8 Combined Effect ofElectric Field and Light

The effect of electric field and light together is recently reported.diy 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 pnesstudy 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 aBA0 V were applied to the back gate of Srdhile

the cLaAlOs/SrTiO; interface was grounded and the 2DEG resistance was recorded

with/without light illumination (Figure 3.14).

In the absence of illumination, thepplication of \& = +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 samey¥les 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 de®ase 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 gsitive \ is marginally enhanced by illuminatio®n the other hand, the

field effect in depletion modeZ00 V) is significantly enhanced by light illumination of lower
wavelength (Figure 3.14). In the presence of lighplufton fluxF = 23 10" s* cm? (for | =

625 nm), gate field drives the resistance much fastet2d% 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 Bb.and 6 % in depletion mode. At zero gate

bias, after the200 V bias, the resistance drops quickly for lower wavelengths in sequence

445, 540, and 625, nm suggesting that only photoconductivity effect is at play.
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3. Transport Properties under the Combined Effect of Electric Field and Light

Similar experiment was also extendex @morphous LaGafbsrTiO; 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 variationd &8%&l©4/SrTiO; as function
of time undeffield effect, recorded in the presence/absence of a light illumination.

In Figure 3.15, the loops @R/ R, vs. Vs are reported for both dark and light conditions. To this
aim, 1s long steps of &/were applied. Initially in the dark, the field effect dubtates the
resistance by 1 % with weak hysterical behavior (Figure 3.15). The sample was then
illuminated for 30 minutes by red light € 625) ofphoton fluxF = 23 10" s* cm?, and the
resistance dropped by 3 % due to photoconductivity effétler light illumination, the ¥
cycles enhanced the variation in resistance; the span was aldbét %. Furthermore, the
hysteresis corresponding tog\# 0 was much stronger. Undoubtedly, the total variation in
resistance is smaller than Figure 3.14 rydrecause of the shorter time spent on eagltep.
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Figure 3.15 Normalized resistance variations faraélO3/SrTiO; as function of time under
field effect at 300 K, collected in the dark and illuminatioh at625 nm.

Interestingly, the samples show no variations in resistance by gate modulation in the presence of
UV photons (365 nm, 3.4 eV) #ux F = 13 10" s* cm?. In Figure 3.16, the gate modulation

of sheet resistance in dark and under UV illumination wastberpaed 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 lighthe sample was first illuminated by UV light Vs = O.

After 10 minutes the gate voltageas applied. However, even at the lowest exposed Rux (

10" s cm?) it was impossible to distinguish any clear effect of gating.
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Figure 3.16 Sheet resistance variations foL&AlOy/SrTiO; as function of time under field
effect (FE), recorded in the dark and illuminatioth a 365 nm.

3.9 Discussion

In order to discuss thegght-enhanced gating effect consider the gataAlO5/SrTiO; under the
depletion mode, i.8/¢ < 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,
presunably 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 Fiidye 3.

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
photeexcited carriers fall into the quantum well and are edrmately driven away along the

external circuit. High energy photons excite deeper states. With photdns @45 nm, the
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3. Transport Properties under the Combined Effect of Electric Field and Light

mechanism of photpromotion and of depletion by field effect become competitive. In the
considered experimental situation, the phmtomotion 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 pleattation and field effect becomeeasv
more competitive. In the present scenario, due to excess of@kitdd carriers, it ismpossible

to disentangle any clear gating effect.

9,

Trap states

Figure 3.171.aAlO4/SrTiO; 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 3.18LaAlO4/SrTiO; band diagram at negative gate bias. The different phiaimotion
mechaimsms 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 sfdpsovs. 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 measurementhowed no resp@e 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 electricfield at low temperaturelt is shown that, beside the
Astandar do field effect, mor e compl ex
application of a backate voltage. Such effects include persistent deep

carrier depletion after a positive baghte voltage that capersistently

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 andrisulating state by the alternated application of suitably

tailored backgate voltage pulses and light pulses.

4.1 Low Temperature Electric Field Effect: First Positive Polarization

As anticipated in chapter 3, tfiest positive polarization (FPP) when applied at low temperature,
persistently changes the resistance of the samples. The first section of the giragtartieals
with this effect and its sampldependence. The most important parameter which deterthiees
FPP behavior turned out to be the intrirsheetcarrier density of the samples. On this basis the
samplesveredivided into three groups;
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91 highsheetcarrier density sample (sample A, i.d.@AlO3/SrTiOs)
1 intermediatesheetcarrier density sampl@ample B, i.e.-4aAlO3/SrTiOs)

1 low sheetcarrier density sample (sample C, i.e.aGaQ/SrTiOs)

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 experimens hown i n Figure 4. -1aAlO#ASTOL sampk (ie.a A Vi
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 panektof.Eig

(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 FPPeffect is highlighted in Figure 4.1 (b). It takes place after theVigst +200 V stemand

it determines the drop sheetresistance. The sheet resistance has a sudden drop<(fr& to

0. 4 0), knd quickly saturates at0.4 3 /k(Figure 4.1 b)Afterwards, the FPP persistently
changes the resistance of the sample, i.e. the sheet resistafice atfrom 055t01 . 25 Kk Y

respectively (Figure 4.1 a).

It is also observed that in the cycles that follow the FPP, the sample is stabilizewttasable

state, characterized by a number of notable features: a consigRt AR, value (the subscript
indicating V) as a function of time; a tirmgependent (Ree)+200vValue, characterized by a time
constant of the order of minutes; and an hyste(Blige)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 propeies 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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sample with higlsheetcarrier density (sample A). (Bhe FPPeffect is highlighted.

The same measurement procedure was extended to sample B. g EhevsR Vg plot is

gualitatively similar for both samples, but quantitative differences are strong, particularly in the
depletion mode. Sample B shows the same FPP effect afterdirst+200 V step as indicated in
Figure 4.2 (a,b). On the other hand, after @0 V gep, 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 regdon (M Y. In the

following cycles, thesample passes from insulating state gt=\-200 V to conducting state at

Ve=0and \¢=+200 V.
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Figure4.2 (a) First positive polarization at 20 K for the sample with intermedlagetcarrier
density (sample B), the sample switch@snsulating state at ¢=-200 V (b) The FPPeffect is
highlighted.

Figure 4.3 reports a similar characterization for sample C. During the FPP, the maximum
measured sheet resi st an(EBigured.3abhtwhichss highershathe s ab o
previous two cases of sample A and B. After the FPP, the sample is brought into a deeply
chargeddepleted mode, with a sheet resistance increase of at least four orders of magnitude. The
sample remains in the insulating state even whensVorought tozero (Figure 4.3 g, thus
demonstrating the behavior of a reolatiie memory. In order to erase the memory, a steg;at V

> 0 is required.

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

only to~700 KY/ , demonstrating that this gating was insufficient.
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Figure 4.3 (a) First positive polarization at 20 K for the sample with stheetcarrier density
(sample C), the sample remains in insulating state foe=\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 masheetm
resistance observed in depletion mode 5 KY/ , 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 reducti@nvaith temperature.
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Figure 4.4Vs modulation of sheet resistance at 20 K $ample Cshowing that the complete
conducting state after FPP can be restored onlyat ¥200 V and not by lower voltage.
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Figure 4.5 \& modulation of sheet resistance for sample C at 100 K, measurable changes in the

sheet resistance indicates that the giant effect after FPP ¢hdasgeddepletion) occurs only at
low temperature (20 K).
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4.1.1 Rpeet(T) Curves in Field Effect

The persistet change of the samplefieetresistance after first positive polarization (FPP) is
clearly manifested in the sheet resistance vs. temperatureAdoas. example, in Figure 4.6 (a)

the virgin Rneet(T) for sample A is compared withsRe:(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 temperaturange 26300 K at gate bias = 200 V. The values of sheet resistance
atVs =0 and alVg =+ 200 V are indicated by the solid dots. The first gating cy¢le<0, Vg

= +200 V andVg = 0) at 20 K persistently brought the sample into a high resistance state
different from the virgin state (black arrow).

The Rheet(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 abom temperature the sheet resistance is one order of magnitude higher

than the virgin state.

Previous studie$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 fourslis ho

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
LaGaQ/SrTiO; (sample C), however, took only 30 minutes to restorimitigl state (Figure 4.7

b). The Rheetvs. 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 4.6Rsneer T curves for virgin and gate voltage treated samples-(@AIO4/SrTiO;
(sample A)and (b)a-LaGaQy/SrTiO; (sample C). The arrow markise FPP effect.
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Figure 4.7Recovery of the pristine state of (a) sample A and (b) sample C under the effect of a

gating at 300 K. Note the different tinseale of thgrocesses.
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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 gat&iDs/SrTiO; has been
introduced. In order to discuss the First Positive Polarization (FPP) effect one ought to modify
the band digram by considering empty localized-gap states (LIGS) in the vicinity of the
guantum well onSrTiO; side[3, 64]. The modified band diagram can be compared with the
floating gate MOSFET™evice In the following thefloating gate MOSFET is shortly discussed,

in order to introduce the comparison with oxide interfacestarekplain the FPP effect.

The difference between thoating gate MOSFET103 and the standard MOSFET is the
addition of a new gat e, called the floating
original gate (Aeo) and the channel (Aao). Th
gate is an isolated conductirgfand: it is surrounded on all sides by oxide insulator (marked as

Abo and Ado). The channel -lype sourgeppndadiih thrpughrae al i z
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 Level
Substrate: Floating Gate: E
p-type n-type «
Silicon Polysilicon
d

Figure4.8 Energy band diagram dbating gate MOSFET

88



4. Low temperatur@ransport Properties under the Effect of Electric Field

In the operation, a positiveMs 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 FlowerNordheim (FN) tunnelingmechanism 1 in Figure 4.9 aj) via hotelectrons injetion
(mechanism 2 in Figure 4.9 H)04]. Once the electrons are "captured" in the floating gate, they
stay there even in zero fieldecause there is no direct path for them to flow lfecure 4.9 b)

This retention mechanism makes a+vahatile memory floating gate MOSFET devices.

To discharge the floating gate, a negative voltage pulse is applied at control gate. The same
effectis 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

Figure4.9 (a) Positive/g at the control gateharge the floating gatda (1) FlowerNordheim
tunneling mechanism or (2) via hekectrons injection. (b) At & = 0 the electrons are captured
in the floating gate.
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4. Low temperatur@ransport 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 localizgdjingates (LIGS) act as floating gate

(Acdo) separated from the channel by anmt hi n i |
mar ked as fAbo. SiITOg( Addioce)l eicstorliact ebsultkhe met al | i c
system.

Empty localised in-
gap states (LIGS)

Vb%

V=0

Metallicgate o

Figure4.10 Eergy band diagram of the baghtedoxide interfacethe empty localized wyap
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 djeam 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 seque®28®

- 0- -200V (lower panel of Figure 4.11). Ata\= 0, the Fermi level of 2DEG andetallic

gate are aligned (state 1). At positivg,\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, paftthe charge creeps from the quantum well into

the LIGS (|l abeled as A20 in Fi gds0thedchatgt and
transfer is reversed. Howevénge electrons trapped in the LIGS cannot flow back to the gate, so

that in the equilibum the quantum well filling will be less than in the virgin state (state 3). Note
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4. Low temperatur@ransport Properties under the Effect of Electric Field

that here a 'sum rule' applies: the equilibrium conditiongcat 0 imply that the sum of the
charges in thequantum well plus the LIGS is kept constant, or otherwise aatre field
develops and a gate voltage appeBrging the successive cycles, fusther filling of the LIGS

takes place Once the excess electrons have been

exceeds again the edge of the quantum well, even podgive 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 froffodkiag gate
MOSFET. However, just as for those devices, passible to use light to erase memory. This
will be shown in section 4.2.
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Figure4.11 Sheet resistance of thdEZG vs. time under the effect of gating for sample Aat T =
20 K).
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Figure4.12Energy band diagrams of a bag&tedoxide interfacga) 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 Detrapping from LIGS

Previous studies demonstrated that the electrons trapped by LIGS are released by a thermally
activated process with two characteristic temperatures; 7@ K (6 meV) and~ 170 K (14.5

meV) [3, 105. Let il 0 be the distance at which electron are trapped from the inteffagés
comparable to the quantum well extensierd@ nm), which is much smaller than the thickness

= 0.5 mm of the SrTi@substrate. It is not possible to-ttap the electrons by a negative gate
voltage V¢ = -200 V) because the potential energy drop between the LIGS and Fermi level in

the quantum well iV, 31/d ~ 4 meV, that isstill lower than the necessafy 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 generallyugho This may be alsascribed to the
characteristic energy of sonuefect states, even though further analyabout this issue is

required
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4. Electreoptical Switching of Oxide Interfaces

4.2 Alternative Resetting Technique

It was presented in section 4.1 that the first positive polarization (FPByatemperature
persistently brought the samples to high resistive states or even to insulatiny stasefurther

shown that the initial state can be restored by heating the samples to room temperature and then
by applying a gate voltageg/= +200 V Dbr 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 illustraed 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 saragdlégbt (indicated
by arrow) at energy 1.98 e\l (= 625 nm) with photon flur = 10" s* cm?, the previous

conducing state was restored and stabilized even after light was turned off.
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| I
8000 -

60004 '
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(kWI/)
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0.9 Light OFF
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05] Wy o) 2)»m)
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-200-

0 25 50 75 100 125

Time (S)

Figure 4.13Vs modulation ofRsnee; for sample C, the insulating state is erasedHhiging
red light the subsequent conducting state prevails even after the illumination is stopped.
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4. Electreoptical Switching of Oxide Interfaces

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 FiRAixposition cycling, shown by the
arrows, and finally heated up again. Thg.R(T) curve upon heating after resetting by exposure

to light is not very different from thesRe«(T) collected during the first cooling.

10°; AR \

2 | FPP] | Light

= (b) ]

RSheet (kW/ )
o

= R (T): Virgin
= R (T): Post light illumination
0 Insulating State

0 50 100 150 200 250 300
Temperature (K)

Figure 4.14Thermal cyclingof 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 elegtioal operation of oxidénterfaces. 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 sucll cgy@25 nm photons flux~

= 10" s* cm®). After the voltage pulse waapplied 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. Theremarkable 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@satilen

memories.
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Figure 4.1%Electrooptical switchingfor 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 neustrdught in mind that here we deal
with 0.5 mm thickSrTiO; barrier between channel and gate and with device~ab¢a5 mnt. 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 ghoton fluxF = 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 é\=(540 nm) or blue light at energy 2.70 dV<445
nm) with lower intensities ophoton fluxF = 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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4. Electreoptical Switching of Oxide Interfaces

exposition to such sources becomes unstable. This meargrébat ad blue light perturb the
samplepersistentlyand hence the robustness of the switching (metal to insulator transition) is

compromised.

The best example of such unstable effect is Figui®, showing data collected after sample
exposure to blue light. ke 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 experimentsh@&ae
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 iedlibgtthe arrow (Figure 4.18).
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Figure 4.16Electrooptical operation for sample C, the insulating state is erased faster when
resorted tdighe intensity ofphoton fluxF = 10 s* cm.
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Figure 4.17Electrooptical switchingfor sample C, accomplished by red, green and blue light.

98



4. Electreoptical Switching of Oxide Interfaces

200+ i B T N R —— VG pulse
—l— Light pulse

[EY
o
o
N A OO ©

o

0 50 100 150 200 250 300 350 400
Time (s)

Photon Flux (3 1019571 cm'z)

Figure 4.18Electrooptical operation with = 445 nm showing the spontaneous dropsbieet
resistance after the gating.

4.3.1Electro-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 sasnple wa

exposed to a series ot\pulses with increasing voltage.

Initially, Vs = +25 V was applied as FPP, tslecetresistance of the sample jumped by less than
three orders of magnitude. Next, after applying a gate voltage of 50, 75, 100 sheabe
resistance increased step by step; the later jumps are smaller in magnitude than the very first low
voltage jump (\é = +25 V). The sample was eventually sent to the insulating statg att\{25

V. Similarly, while switching from insulting to conductingagt, a red light ofow intensityof

photon fluxF = 10" s* cm? was used to slightly change tsbeetresistance. Each time the
sample was exposed for 3s, thieeetresistance dropped by less than one order of magnitude.
The intermediate states were ebhg&ed for a few minutes. The final drop sheetresistance

during the last light exposure is of neatiyee orders of magnitude.
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4. Electreoptical Switching of Oxide Interfaces

An important issue of the electoptical switching is the stability of the resistive states. It was
found that the levels are unstable ¥6& < 100 V, corresponding to sRei< 10° KW (Figure
4.19. For higher voltages (Y= 125200 V) the states exhibgood stability. Similarly, for the

light exposure theheetresistance is stable forRe> 10° kW whereas it is relatively unstable

Figure 4.19a) Effect of a sequence of positive; Yulses with increasing amplitude. During
each positive gating theheetresistance is low; immediately after, as an effect of FPP, the
sheetresistance goes high. The higFsistance value depends on the positive gating value
and displays a muHevel nature. (b) Effect of a sequence of light puldes 625 nm,F =

10" st cm®). After each pulse thsheetresistance partially drops, displaying agaimitsiti-

level nature.
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