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Chapter 1

Introduction and motivation

1.1 Strongly correlated metal-semiconductor
(M-S) interface

Metal-Semiconductor (M-S) Schottky interfaces are one of the most widely studied
fundamental device structures both from scientific interest as well as for diverse ap-
plications in semiconductor technology [1]. Basic concepts in device physics such as
band bending, band offsets and interface states can be explained well by the trans-
port characteristics at such interfaces. In this context, complex oxides semiconduc-
tors are interesting because they are characterized by a dielectric permittivity that is
sensitive to external stimuli such as electric field, temperature and frequency, unlike
conventional semiconductors [2]. Coupled to this is the strong interplay between
the competing energy scales resulting in correlation effects between the charge, or-
bital and spin degrees of freedom in these material systems. This offers the possi-
bility to investigate new phenomena at such interfaces that might have no analogue
in conventional Schottky interfaces. In general, the transport properties of Schot-
tky diodes have been investigated by a wide range of techniques including tradi-
tional current-voltage and capacitance measurements or optical methods such as
internal photoemission. However, all the methods mentioned above are averaging
techniques, providing average values obtained from regions as large as tenths of
millimeters.

There is a growing need to study strong correlation effects in electron transport
at a heterointerface between an oxide metal and an oxide semiconductor, and at the
nanoscale both for fundamental understanding as well as for the "Beyond Moore"
architecture. In this regard, this thesis deals with a detailed study of energy re-
solved spectroscopy and hot electron transport using one such canonical interface
of La1−xSrxMnO3/Nb:SrTiO3, at the nanoscale.

Hot electrons, characterized by an energy higher than the Fermi energy, EF , have
been widely used to study several aspects of spin dependent transport and to char-
acterize relevant transport parameters and scattering mechanisms in metallic fer-
romagnets/normal metals and their interfaces with conventional semiconductors
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[3], [4], [5]. At such energies, the fundamental scattering mechanisms are different
than at EF and include elastic/quasi-elastic scattering and inelastic scattering via
electrons, phonons and spin wave excitations [3], [4], [5]. Experimental techniques
and devices that exploit hot electron transport are found in a variety of electron
spectroscopy techniques [6], in spintronic devices such as the spin-valve transis-
tor [7], in spin-transfer torque devices [8], in Si spin injection devices [9], and in
graphene based optoelectronic devices [10], and have yielded crucial insights into
the transport properties in this energy regime. However, very little is known about
hot-electron transport in oxide materials, particularly in the presence of strong cor-
relations. Probing hot electron transport in such oxides is necessary, not only be-
cause they are the basic building blocks in oxide electronics, but also because such
Schottky devices operate at energy regimes where the role of hot electron becomes
significant. From device perspective, there has been much recent interest in devices
based on hot-electron transport, such as in photovoltaic effects in multiferroics, or
ferroelectric tunnelling electroresistance [11], [12], [13], [14], [15].

Here, we use the technique of ballistic electron emission microscopy (BEEM)
to probe hot electron transport in oxide metals and at their interfaces with oxide
semiconductors and map out the conductance landscape to investigate subsurface
features in the electron transport at the nanoscale. Relevant transport parameters,
such as the energy dependent mean free path for hot electron transport in LSMO
are extracted and the role of strong correlations in electron transport investigated.
BEEM is a three terminal modified form of a scanning tunneling microscopy (STM)
technique. An STM tip is used to inject non-equilibrium carriers into the structure
to be investigated. The injected hot carriers travel through the structure grown on
top of a semiconductor which acts as a collector. Injected electrons that reach the
interface, and that satisfy energy and momentum conservation requirements, cross
the interface and are thermalized in the semiconductor and detected as collector
current [3].

1.2 Why are manganites interesting ?

Doped manganites e.g. LaxSr1−xMnO3 (LSMO) (hole doped) have attracted a lot
of attention due to their unique properties like colossal magnetoresistance, metal-
to-insulator transition, phase separation, or half metallicity [16], [17], [18]. Strong
correlation between spin, charge and orbital degrees of freedom in ABO3 leads to
such unique properties, as shown in Fig. 1.1 (a). La0.67Sr0.33MnO3 (LSMO) has a
perovskite structure (Fig. 1 (a)) which is rhombohedral in the bulk. It has a pseudo
cubic lattice parameter with a0 = 3.876 Å and α = 90.26◦. LSMO (x = 0.33) exhibits
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Figure 1.1: (a) The strong correlation between spin, charge and orbital degrees of freedom
leads to competing energy scales for the ground state. This results in a spin, charge, and
orbital ordering, and leads to various unique properties such as colossal magnetoresistance,
metal-to-insulator transitions, or insulator-to-superconductor transitions, ferroelectricity or
ferromagnetism [20]. (b) Phase diagram of a manganite La1−xSrxMnO3. LSMO (x = 0.33)
exhibits highest TC [20].

a high TC close to room temperature as shown in Fig. 1.1 (b), and is thus a potential
candidate for spintronic devices. Half-metallic character suggests the presence of
one kind of electron spins at the Fermi level, and a gap for the other, as shown in
Fig. 1.2 (c), along with the band structure schematic of a metal and a ferromagnet
shown in Fig. 1.2 (a) and (b) respectively.

In case of a half metal such as LSMO, the spin up and the spin down bands are
separated by 1 eV or more (Fig. 1.2 (c)), unlike in a conventional ferromagnet. The
parent compound of LSMO is LaMnO3 (LMO). LMO is a Mott insulator, meaning
it is expected to be metallic according to the band theory but behaves as an insula-
tor due to strong on-site electron-electron interaction. Usually, materials with par-
tially filled d-bands exhibit Mott insulator behavior, are found to be conducting by
optimum doping, as seen in case of Sr doped LaMnO3. The conduction and ferro-
magnetism in LSMO is governed by the Double Exchange mechanism, postulated
by Zener in 1956 [19]. The double valence states of Mn atom couple indirectly with
each other through the itinerant eg electron. According to this mechanism, a large
Hund’s coupling (2.5 eV) leads to the parallel spin of Mn ion cores. Various ex-
periments like spin-resolved photoemission spectroscopy, Andreev reflection point
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Figure 1.2: Schematic illustration of the band structure for (a) a conventional ferromagnet,
Ni, (b) half-metallic LaxSr1−xMnO3. The spin up and the spin down band are separated
by 1 eV or more and the upper band is empty, leading to a half-metallic behavior unlike in
conventional 3d ferromagnetic metals such as Ni, where the spin up and spin down bands are
both occupied [21]. Such band structure is not a real band structure but just an interpretation
so as understand the possible conduction mechanism in them.

contact experiments, and tunnel junctions with superconductors have confirmed the
high spin polarization or half metallicity in these materials [26].

1.3 Hot electron devices with La0.67Sr0.33MnO3

The pseudo-cubic LSMO with a lattice parameter of 3.873 Å grows epitaxially on
SrTiO3; which has a cubic structure and a lattice parameter of 3.905 Å. This results
in a very small lattice mismatch of 0.8 % and allows an epitaxial growth of LSMO
on SrTiO3 single crystals.

Hot electron transport using LSMO as the metal base, in a transistor configura-
tion, was recently studied by T. Yajima et al., [13], as shown in Fig. 1.3. This figure
represents the energy bands of SrTiO3/LSMO/Nb:SrTiO3 heterointerface (semicon-
ductor/metal/semiconductor). The common-base output characteristics of such a
hot electron transistor is shown in this figure. SrTiO3/LSMO interface (a Schottky
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Figure 1.3: (a) All oxide, LSMO based, hot-electron transistor (HET)
(SrTiO3/LSMO/Nb:SrTiO3). (b) HET characteristics at 300K. Common-base output
characteristics and voltage feedback, as IE is varied from 0 to 1 µA in 0.2 µA steps [13].

interface) is used to inject hot electrons into the LSMO base whereas LSMO/Nb:SrTiO3

interface acts as energy filtering Schottky barrier for collection of electrons. Schottky
barrier the voltage feedback, IE is varied from 0 to 1 µA in 0.2 µA steps. The authors
report the transport to be in hot electron as well as a permeable base regime, with
unusual high gain (nearly 1). Such behavior is attributed to possible pinholes of 100
nm in such manganite films.

LSMO is a canonical material system used in oxide spintronics. By tuning the
properties of the interface between LSMO and SrTiO3 (barrier), relatively high val-
ues of spin polarization are obtained [22], [23] . Bowen et al., have obtained very
large tunnel magnetoresistance (TMR) of 1800% in LSMO/SrTiO3/LSMO/Co/Au
devices at 4 K as shown in Fig. 1.4 [24]. This large TMR corresponds to spin polar-
ization of 95% for the LSMO/SrTiO3 interface [25]. Although lower values of TMR
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Figure 1.4: Magnetic field dependence of resistance of a MTJ at T = 4 K at a DC bias voltage
of 1 mV after field cooling [24].

and spin polarization have been reported by other groups, these reported values for
high quality LSMO and SrTiO3 films are higher than conventional ferromagnetic
materials like Ni, Co etc. This property of LSMO makes it a promising candidate to
be investigated for electronic and spintronic studies.

1.4 Scope of the thesis

This PhD thesis discusses the experimental results and theoretical analysis of hot
electron transport and electron scattering in epitaxially grown metallic manganite
thin films and their interfaces with Nb:SrTiO3. Macroscopic as well as nanoscale
transport using a current perpendicular to plane (plane of thin film) geometry is
studied using such heterointerfaces. We also report the energy dependent charac-
teristic lengthscale for hot-electron transmission in LSMO at room temperature, and
discuss theoretical insights into the dominance of electron and polaron scattering
in hot electron transport in LSMO at these energies. A comparison of the transport
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characteristics in LSMO as obtained from standard current-voltage measurements
and those obtained from BEEM is also done in this thesis. We show that the com-
monly used model of thermionic emission for conventional Schottky interfaces is
invalidated in this case due to tunneling dominated processes that arise as a result
of the narrowing of the depletion width due to an applied electric field at low tem-
peratures. In BEEM studies that probe unbiased Schottky interfaces, no such modu-
lation at the interface occurs and this technique gives a more realistic estimate of the
transport characteristics at both room temperature as well as at lower temperatures.
Further, using the local probing capabilities of the BEEM we observe a good uni-
formity of the Schottky interface at different regions of the diode. The utility of the
technique of BEEM for studying electrical transport in such heterostructures, where
competing phases are believed to coexist, is discussed. Magnetic tunnel junctions
have been fabricated using ferromagnetic oxide films separated by complex oxide
insulating layers.

1.5 Outline of this thesis

This thesis deals with hot electron transport and scattering in epitaxially grown cor-
related oxides and across metal-semiconductor (M-S) interfaces. We have used a
combination of techniques to understand the electrical properties of the semicon-
ductor, the metallic film and their interface. Here, is the chapter-wise content of the
thesis:

Chapter 2 outlines the key techniques used for the growth and characterization
of epitaxial as well as non-epitaxial thin films used. First, the details of the sur-
face preparation of the semiconducting substrate prior to the film deposition are
explained. This is followed by a brief account on the experimental techniques em-
ployed to probe the macroscopic and nanoscale electronic transport across the hetero-
interfaces as well as in thin films. We also present experimental details of the mag-
netic tunnel junctions here.

Chapter 3 explains the fundamental concepts of the electronic transport across a
M-S Schottky interface. The commonly used models to describe the transport across
such interfaces are discussed. A theoretical understanding of BEEM and hot electron
transport is also discussed.

Chapter 4 focuses on the growth of thin films of La0.67Sr0.33MnO3 (LSMO) on
single crystalline substrates, and their structural, electrical and magnetic characteri-
zation. Epitaxial films of LSMO are grown using pulsed laser deposition (PLD) with
monolayer precision, along with the help of in situ reflection high energy electron
diffraction (RHEED). The deposited films are then characterized by using various
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techniques. Thereafter, we present the the thickness dependent electronic transport
properties of LSMO films on SrTiO3. Resistivity data shows a metal-insulator tran-
sition (MIT) where the MIT temperature depends on the thickness of the film. Fur-
thermore, temperature dependence of resistivity indicates the presence of electron-
magnon scattering in LSMO other than electron-electron scattering. Temperature
dependent magnetoresistivity ratio of LSMO is presented. This study was con-
cluded with the ordinary and anomalous Hall effects data, which further leads to
the estimation of the carrier concentration in LSMO films.

Chapter 5, presents the temperature dependent electrical transport in an uncon-
ventional semiconductor, namely Nb:SrTiO3 single crystals, with two different dop-
ing densities of Nb. We find that the resistivity and mobility are temperature depen-
dent for both doping densities whereas the carrier concentration is almost temper-
ature invariant. Next, we report on the temperature dependent electronic transport
study across an epitaxial LSMO/Nb:SrTiO3 interface. We also discuss the studies
on electronic transport across the interfaces between various noble metals, such
as gold (Au) and copper (Cu) with Nb:SrTiO3. We use two different techniques
to study the electronic transport across these interfaces; the macroscopic current
voltage (I-V) measurements and a local technique called ballistic electron emission
microscopy (BEEM). The role of dielectric permittivity of Nb:SrTiO3 in electronic
transport across the metal-semiconductor (M-S) interface and its relevance for de-
signing electronic or spintronic devices using oxide-semiconductors is highlighted.
The utilization of BEEM in characterizing electron transport and probing local in-
homogeneities across such unbiased complex oxide interfaces is described. For the
first time, an investigation of such interfaces using BEEM has been performed in
this work which yields new insights into the origin of the temperature dependence
of the Schottky barrier height (SBH).

Chapter 6 presents the results of the thickness dependent hot electron transport in
a strongly correlated pervoskite, namely La0.67Sr0.33MnO3 (LSMO), at the nanoscale.
A comprehensive study using ballistic emission emission microscopy on a well char-
acterized and atomically engineered epitaxial interface is presented. Interfaces are
engineered by the insertion of a monolayer of SrMnO3 (SMO) at the LSMO/Nb:SrTiO3

interface that increases the dipole density resulting in an increased SBH. The hot
electron attenuation length and its contribution from only electron-electron scatter-
ing is quantified from the calculated density of states in LSMO. Thereafter, theoreti-
cal insights into our experimental results, disentangling the various scattering mech-
anisms dominant at these energies are discussed. BEEM measurements performed
at low temperature (120 K) are also presented. Hot electron attenuation length in
LSMO in a pristine interface with Nb:SrTiO3, i.e., LSMO/Nb:SrTiO3 (without inser-
tion of a SrMnO3 monolayer) is also shown. A comparison of the attenuation length
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in an engineered and a non-engineered interface is discussed. The thickness depen-
dence of the local Schottky barrier height across epitaxial LSMO/Nb:SrTiO3 inter-
face is presented. Thin film devices with engineered interface are obtained from the
group of Prof. H. Hwang at the University of Tokyo/Stanford University whereas
non-engineered devices are fabricated at the University of Groningen. Theoretical
insights into our experimental results were obtained from the group of Prof. T. P.
Devereaux at Stanford University.

Chapter 7 presents our results of quantification of LSMO spin polarization using
LSMO as ferromagnetic electrodes in a magnetic tunnel junction.
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