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Abstract

Molecular beam epitaxy was used to grow epitaxial oxides on silicon substrates
using a systematic approach beginning with an understanding of system oxidation
kinetics and thermodynamics and involving a strategy of moving from simple binary
oxides to more complex structures. The growth of BaO, SrO, EuO, and SrTiO3 are
discussed with a focus on the general theme of integration of functional, epitaxial oxides
into a silicon environment.
Oxidation studies of various metal systems relevant for oxide on silicon epitaxy
and integration are reported. Experimental results demonstrate dramatically different
oxidation behavior depending on elemental species and the catalytic nature of an alkaline
earth metal at small doping concentrations to enable the full oxidation of the poorly
oxidizing metals at oxygen pressures significantly lower than during deposition of the
pure metal alone. Results from the deposition of Sr, Ba, Ti, La, Eu, Gd, and Al and
codeposited combinations of the various elements are presented.
The critical aspects of the growth of alkaline earth oxides on silicon are explained
in detail. The step by step transition from the silicon to the alkaline earth oxide mediated
by the formation of an interfacial silicide layer as described through reflection high
energy electron diffraction (RHEED) is presented and used as a means to understand
issues related to interface stability, oxidation, structural, and strain considerations for
each stage of the growth. High quality, commensurate alkaline earth oxides (BaO, SrO,
and (Ba,Sr)O) are grown on silicon at room temperature and PO2 background ~ 3 × 10-8 Torr,
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taking advantage of the favorable oxidation kinetics of the alkaline earth metals and
anomalously low temperatures necessary for epitaxial growth.
The growth of alkaline earth oxide and rare earth earth oxide solid solutions and
rare earth oxides (EuO) are described. RHEED data demonstrates the ability to create
metastable solid solutions. The first reported epitaxial EuO (a silicon compatible
ferromagnet) on silicon is reported, enabled by the use of a thin buffer layer (13 Å) of
SrO. X-ray diffraction and RHEED data indicate single phase, single domain films with
tremendous potential for spintronics applications.
Using a strategy of transition from simple structures to the more complex, the
growth of a perovskite (SrTiO3) on silicon is demonstated. Growth of a structurally
optimized perovskite structure entails the transformation of a thin interfacial alkaline
earth oxide layer into the initial perovskite cells. Such a transformation is facilitated by
the strong tendency of the system to form the equilibrium structure under silicon friendly
growth conditions (low temperature and low oxidant pressure). Optimized SrTiO3 and
La-doped SrTiO3 on silicon are used to integrate a piezoelectric relevant for
microelectromechanical systems (MEMS) applications and a ferroelectric relevant for a
ferroelectric random access memory (FRAM) architecture. A d33 (piezoelectric
coefficient) value of over 400 pm/V under bias is measured for the piezoelectric
(Pb(Mn1/3Nb2/3)O3 – PbTiO3) and a remanent polarization of 25 µC/cm2 and fatigue free
behavior (>1012 cycles) for a low temperature (450 °C) deposited ferroelectric
(Pb(Zr,Ti)O3) is obtained.
Initial work concerning the growth of even more complex structures such as
conducting and ferroelectric superlattices are described. Short period superlattices of
iv

LaTiO3 and SrTiO3 are successfully grown on silicon with a high degree of crystalline
quality. Future directions for more complex oxide integration and nonoxide integration
are proposed.
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1.0 Introduction and Statement of Goals

1.1 Introduction

The successful synergy of disparate materials often presents a difficult challenge
to the scientist while simultaneously providing the prospect of virtually limitless
potential. Whether in a macrocopic mechanical sense, as with a gear in a network of
complex machinery, a microscopic sense, as with an integrated circuit comprised of
millions of electronic components, or an atoscopic sense, as with manipulation of an
electron in a single molecule through a field effect, the union of dissimilar materials
offers the promise of a cooperative unit representing a whole that is more fruitful than the
sum of its parts. The critical difficulty lies with bringing these materials together in a
mutually beneficial existence.
In the arena of thin film growth (the focus of this thesis), heteroepitaxy (the
regularly oriented growth of one crystalline substance on another crystalline substance)
offers a means to achieve this end. Heteroepitaxial growth allows one to bring multiple
materials together in a very controlled manner, where a truly cooperative structure can
function at its highest potential. The heteroepitaxial growth of oxides on semiconductors,
and specifically silicon, for example, presents significant opportunities to harness the
versatile superconducting, dielectric, magnetic, non-linear optical, pyroelectric,
piezoelectric, and ferroelectric properties of oxides while simultaneously exploiting the
properties of the underlying semiconductor. To create epitaxial structures in which the
properties of the strongly differing underlying silicon and overlying oxide film both attain
1

their full potential, control of the silicon/oxide interface is critical. Heteroepitxaial
growth on silicon, however, presents serious complications concerning reactivity between
the desired oxide and silicon and delicate oxidation considerations. Only through
understanding these concerns and difficulties can the successful union of these materials
be achieved.
The recent success of various groups pursuing oxide on silicon heteroepitaxy for
application in novel transistor structures represents a key achievement in the field.1,2
Although a number of critical difficulties and impediments concerning the ultimate
viability of these heterostructures in an industrial setting exist these results strongly
demonstrate a proof of concept and offer a promise of future, unparalleled utility. The
complete and ultimate realization of this utility will be predicated on four key factors: (1)
a total understanding of the nature of the interface in relation to thermodynamic and
kinetic issues, (2) the transfer of fundamental understanding into practical growth
strategies, (3) the adaptation of these strategies to multiple material systems, and (4) the
adaptation of new materials into new devices and heterostructures to fully exploit these
new materials and their new functionalities. This thesis attempts to address these four
key issues.

1.2 Statement of Goals

The goals of this thesis are classified as follows:
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1. The investigation of the fundamental issues related to oxidation of metallic
elements relevant for silicon integration. Oxidation represents one of the most
basic parameters of any oxide film growth and plays an especially important
role when growing on a highly reactive silicon substrate. Based on previous
experience with the growth of complex oxides, oxidation has been a critical
factor determining success or failure in many heteroepitaxial systems.

2. Development of the basic issues related to system thermodynamics, oxidation
kinetics, previous growth approaches and knowledge of interfacial structures,
and ultrahigh vacuum deposition concerns into novel strategies to grow
alkaline earth oxides, rare earth oxides, and simple perovskite structures on
silicon using molecular beam epitaxy. A successful strategy will address
many of the concerns pertinent to the integration of these materials into
working device structures.

3. Adaptation of novel growth strategies to novel material systems with the
intent of introducing new functionalities into a silicon environment.
Specifically, the growth of the previously unrealized epitaxial EuO on silicon
will be explored with the intent of integrating a versatile oxide ferromagnetic
material with a semiconductor. In a more general sense, the integration of
both conductive alkaline earth oxides and conductive perovskites will be
investigated.
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4. Exploration of new heteroepitaxial oxide on silicon systems in existing and
novel device structures designed to exploit the oxide functionality. Attention
will be paid to the issues of integration of ferroelectric and piezoelectric
materials and the use of SrTiO3 as a platform for the growth of more complex
(including nonoxide) structures on a silicon substrate. Prospects and potential
for a number of material systems will be addressed.

1. R. A. McKee, F. J. Walker, and M. F. Chisholm, Science 293, 468 (2001).
2. K. Eisenbeiser, J. M. Finder, Z. Yu, J. Ramdani, J. A. Curless, J. A. Hallmark, R.
Droopad, W. J. Ooms, L. Salem, S. Bradshaw, and C. D. Overgaard, Appl. Phys. Lett.
76, 1324 (2000).
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2.0 Background

2.1 Historical Perspective

Although the science of epitaxial oxides on semiconductors has seen a recently
renewed interest, the history of such heterostructures dates back nearly 70 years. In
1935, Yamaguti investigated the oxidation of single crystals of ZnS and the subsequent
formation of ZnO by ‘cathode ray reflection.’1 While the techniques were
understandably more rudimentary than techniques used presently and the concept of the
integrated circuit was still many years in the future, one cannot help but notice a striking
similarity between this work and work completed today. In fact, the basic ideas are quite
similar, i.e., investigating a crystalline oxide/semiconductor interface with a surface
sensitive diffraction technique.
A second, preliminary step was taken in 1951 by Sato using similar techniques to
look at the growth of ZnFe2O4 on ZnS.2 Even though ZnFe2O4 was not the expected
result, it was identified correctly using electron diffraction. Sato postulated that the
formation of the iron containing phase may have been due to the presence of impurities in
the starting ZnS crystal. The results presented in this paper establish and highlight the
same concerns important for crystalline oxide on silicon growth today, i.e. the concept of
understanding reaction products, diffusion issues, and phase identification through
electron diffraction.
The investigation of epitaxial oxides on semiconductors entered the modern era
after the development of the integrated circuit in 1958. Indeed, the science of thin film
5

growth spurred by the invention of the transitor had a strong and positive impact on the
growth and study of the oxide/semiconductor (and more specifically silicon) interface.
The first example of the growth of an epitaxial oxide on silicon occurred in 1982 when
Ihara et al. investigated the growth of MgAl2O4 on silicon using a vapor phase transport
technique.3 While the growth of a semiconductor on an oxide had been previously
demonstrated (silicon on sapphire and spinel), Ihara et al. were the first to investigate the
growth of spinel on silicon and the growth of silicon/spinel/silicon heterostructures.
Although this work represented an important step in the use of a crystalline oxide in a
silicon environment, the oxide was largely envisaged as a relatively passive component,
acting as a dielectric insulator for electrical isolation.
Matsubara et al. made further progress with the growth of the first epitaxial
perovskite on silicon through the use of a spinel buffer layer.4 This work represented a
key step, as it was the first demonstration of the growth of an epitaxial, perovskite oxide
with the ultimate intent of utilizing an active functionality (e.g., piezoelectricity,
ferroelectricity, etc.) found in perovskite materials. Although the concept had been
proposed soon after the invention of the transistor, demonstration of such a growth would
not be accomplished for a number of years.
The starting point for the research presented in this thesis, however, is traced to
work completed by McKee et al. where they investigated the growth of
BaTiO3/BaO/BaSi2/Si heterostructures.5 This work was neither the first epitaxial
perovskite4 nor the first epitaxial alkaline earth oxide6 growth on silicon, however it was
the first to propose the use of a stable silicide structure to enable the transition from the
silicon to the oxide (which is the general concept used to grow the structures studied in
6

this thesis work). Additionally, it was the first result to truly demonstrate the formation
of an epitaxial oxide on silicon without the formation of an interfacial, amorphous SiO2
layer.7,8 Given the motivation for the growth of alternative gate dielectrics (instead of
the commonly used amorphous SiO2) and the need to obtain high quality oxide/silicon
interfaces for MOSFET devices born in the late 1990s, this work represents a critical
result towards these ends. Along with the work by Matsubara et al. it was one of the first
studies to attempt to exploit the functionality of a complex oxide in a silicon
environment. This serves as the underlying idea behind the work presented here, with the
focus on not only understanding the fundamentals of oxide on semiconductor growth, but
also exploiting new oxides and new functionalities as well.

2.2 General Background on Experimental Techniques

Molecular beam epitaxy, reflection high energy electron diffraction, and four
circle x-ray diffraction served as the primary growth and characterization tools used in
this thesis. The following sections provide a brief overview and description of these
techniques.

2.2.1 Molecular Beam Epitaxy

Molecular beam epitaxy (MBE)9 is a thin film physical vapor deposition
technique with demonstrated versatility and flexibility used to grow numerous complex
compounds. In MBE, films are grown through reactions that occur at a substrate surface
7

maintained in ultrahigh vacuum (UHV) conditions, where individual atomic species are
delivered to the substrate in the form of thermally generated molecular beams.
Maintenance of a molecular beam during deposition requires a low pressure growth
environment to avoid scattering processes. While this dictates that growth rates are
relatively slow (typically less than 1 monolayer (ML) / 5s) the control is unparalleled
compared to other deposition techniques. The use and utility of in situ diagnostic tools
during growth enabled by the controlled deposition conditions and UHV environment
make MBE an extremely attractive tool for investigation of phenomena related to
interface and growth science. Although a number of different techniques and diagnostic
tools have been employed, the most well studied and perhaps the most useful is reflection
high energy electron diffraction (RHEED). A detailed description of the RHEED
characterization technique is provided in the next section.
MBE as a viable deposition process first drew significant interest in the late 1960s
and early 1970s as a tool to examine the growth of III-V compound semiconductors.
While the potential of III-V materials for electronic and optoelectronic devices is
limitless, controlled synthesis is complicated by strongly differing vapor pressures of the
constituent elements. The separate controls of the individual atomic species as well as
the substrate temperature itself made MBE an attractive choice to explore the growth of
these compounds.
Based on earlier fundamental studies examining delivery of atomic species,
surface reaction processes, and the fundamentals of III-V growth,10-13 significant progress
was made in the 1980s with MBE. One of the most important advances and perhaps the
most relevant to the work completed in this thesis concerned the progress made with the
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understanding of RHEED as an in situ diagnostic tool to investigate surface structures14,15
and growth evolution as studied through RHEED oscillations.16-18 The understanding of
these techniques has led to the growth of complex superlattice structures and interfacial
engineering at the monolayer level and has been critical in the design and science of
electronics that operate on the quantum scale.
Although much of the fundamental work with MBE was accomplished with III-V
semiconductors, many of these results have been extended to other materials systems
including II-VI semiconductors,19,20 group IV semiconductors,21 metal systems,22 as well
as most recently, oxides.23 MBE growth of oxides serves as the focus of this thesis.

2.2.2 RHEED

RHEED24,25 is a surface sensitive diffraction technique that is characterized by its
nonintrusive nature during crystal growth and its surface sensitivity. In a RHEED
geometry electrons are incident and forward scattered at a grazing angle of ~ 0.5-3.0°.
Electrons generated by an electron gun used for RHEED analysis are typically 10-30 keV
with low divergence, and are usually detected as a reciprocal space diffraction pattern on
a phosphor screen. In many cases (as is the case with the instrument used in this thesis),
a CCD camera is attached to the phosphor screen and interfaced with a computer for
qualitative and quantitative analysis with standard RHEED software.
The unique geometry of the RHEED technique makes it especially useful for
implementation on an MBE system. Indeed, the two techniques complement each other
quite well. MBE offers atomic scale deposition precision in a UHV environment and
9

RHEED offers atomic scale information via an electron beam which can only function in
a low pressure ambient. Although the geometry is optimal from a practical viewpoint,
grazing incidence and the dynamical nature of the diffraction can often make analysis
difficult.
Given the nature of the geometry and the energy of the impinging beam, RHEED
is sensitive to the sample surface to a depth of a few monolayers. As a result, constraints
are placed on the diffraction condition and the reciprocal space lattice devolves to a twodimensional (2D) condition where diffraction is occurring from a 2D plane. Points in
reciprocal space become infinite relrods perpendicular to the surface of the substrate
because of this 2D geometrical constraint. The condition for diffraction becomes the
intersection of the Ewald sphere and the reciprocal space lattice rods. Since the rods are
infinite, every rod contributes to the diffraction event and the resulting pattern (for an
ideal crystal) is a set of spots on a set of concentric rings (Laue circles). With a typical
RHEED geometry usually half on the pattern is visible with the attention on the zerothorder Laue circle. Particular focus is paid to the intersection of the (00) rod with the
zeroth-ordered circle, which is termed the specular reflection. Monitoring the specular
reflection as well as the position, shape, and intensity of the diffraction spots provides
information concerning interfacial and surface structures, strain and relaxation processes,
growth modes, and surface roughness. Details concerning each of these phenomena as
interpreted through RHEED diffraction images and oscillations of the specular intensity
during the growth of the oxides studied in this thesis are provided in detail in the
following sections.
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2.2.3 Four Circle X-ray Diffraction

Four circle x-ray diffraction26 is an extremely useful technique for examining the
structural characteristics of epitaxial thin films or films with a high degree of orientation.
In addition to the standard two circles (θ or ω and 2θ) found in a typical powder
diffraction apparatus, the four circle tool has two additional degrees of freedom
represented by the angular designations φ and χ. (ω is defined as θ – 2θ/2). Figure 2.1
shows a schematic of the four circle geometry. While the ω and 2θ circles enable
probing of the crystalline planes in a film parallel to the surface of the substrate, the φ and

χ circles allow probing of reflections and planes that are not parallel to the substrate
surface. Unlike a randomly oriented powder or a randomly oriented film, an epitaxial
film displays a much lower symmetry where sets of diffraction planes occupy unique
positions in geometric space. Probing these reflections provides a wealth of information
not apparent through studying planes probed in a θ-2θ diffraction scan alone.
Three types of scans were performed during the course of this thesis: a θ-2θ scan,
an ω scan, and a φ scan. A θ-2θ scan (run at χ = 90° and termed an “on-axis scan”) is a
scan where the ω and 2θ circles are moved simultaneously through angular space. As
with any other diffraction process, when the Bragg condition is satisfied, diffraction
events occur. Noting the specific angles at which this Bragg condition is satisfied
provides information concerning the interatomic spacing of the planes parallel to the
surface of the substrate. Peak position, peak shape, and peak width provides quantitative
information concerning the out-of-plane lattice constant, film strain (coherency or
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incoherency), out-of-plane disorder along the film and substrate normal direction, film
thickness, phase purity, and out-of plane crystallographic orientation.
The second type of scan employed in this thesis, termed an ω-scan, is one where
the sample is moved to the angular position to satisfy the Bragg condition for a specific
reflection and the sample is swept through ω angular space while the detector (2θ) is kept
fixed. This type of scan (also conducted in an on-axis geometry) provides information
concerning the miscut of a substrate (i.e., the angular difference between the physical
surface normal and the normal of the crystallographic planes) as well as the spread and
tilt of the film with respect to the substrate surface normal.
The third type of scan employed in this thesis, termed a φ-scan, is one where the
sample is moved to the angular position to satisfy the Bragg condition for a specific
reflection and a set of planes not parallel to the surface of the substrate (at an “off-axis
position” or where χ no long is equal to 90°) is swept through φ angular space while all
other angles are kept fixed. This scan reveals information about in-plane alignment,
quantitative data concerning the in-plane mosaic spread of the film, and the symmetry of
a given set of reflections.

2.3 Criteria for Epitaxial Oxide Growth on Silicon

Although virtually limitless in terms of potential complex metal oxide / silicon
combinations, success in the epitaxial growth of these compounds relies heavily on an
understanding of the fundamental constraints and criteria that govern the growth of these
materials. The next two sections address these concerns, with the emphasis on what
12

materials one could potentially have success growing on silicon based on a
thermodynamic analysis (Section 2.3.1) and the practical and physical implications with
focus on the strategies one might broach to accomplish this growth (Section 2.3.2).

2.3.1 Thermodynamic Stability

Chemical reactivity plays a crucial role when examining heteroepitaxy in complex
systems. To achieve high quality epitaxy, one needs to maintain a stable interface
between the metal oxide and the silicon, and the loss of this interface through chemical
reaction and the formation of interfacial phases (in this case silicates or amorphous silica
and metal) will in a worst case, eliminate epitaxy. Although the consideration of
chemical reactivity and thermodynamic stability is a critical concern for the growth of
any thin film, this concern is magnified further when examining materials that are known
to be extremely reactive (such as silicon) and in the most restrictive case of thin film
growth, epitaxy.
Through consideration of thermodynamic stability along with other basic
guidelines (i.e., solid and not radioactive), the choices for binary metal oxide on silicon
epitaxy become severely restricted.27,28 Indeed, the bulk of these materials fall into two
classes of oxides, alkaline earth oxides and rare earth oxides. These thermodynamic
calculations lead to a critical implication; alkaline earth oxides and rare earth oxides
become a logical starting point for epitaxially integrating oxides with silicon. On a
related note, one could imagine epitaxially integrating silicon-incompatible metal oxides
if an intermediate layer of a stable compound (an alkaline earth oxide or rare earth oxide)
13

is grown first. These two ideas serve as the focus of this thesis, with the fundamental
approach to the growth of any complex oxide being step-wise in nature, beginning with
the growth of a simple, silicon compatible interfacial oxide and then transitioning to more
complex and possibly silicon incompatible structures. Given these limitations and this
approach, the growth of alkaline earth oxides and rare earth oxides serve as a starting
point for all the structures grown in this work (Chapters 5 and 6) and eventually lead to
the growth of more complex oxides and heterostructures (Chapters 7, 8, and 9).

2.3.2 Strategies for Epitaxial Growth

Since the formation of SiO2 (especially at the earliest stages of the growth) can
have a strongly limiting effect on the quality of the subsequent epitaxial oxide growth,
one needs to be concerned with the overall oxygen pressure in the system. Three
strategies have been used to grow epitaxial oxides on silicon. The ultimate goal of all
three methods is to avoid the formation of an amorphous SiO2 layer that would result in
the loss of the substrate’s crystalline template before the oxide has a chance to nucleate
on it. The first strategy is to grow with no excess oxidant.29-32 This could be achieved, for
example, through the use of a single reactant species having a stoichiometric
composition, e.g., by the supply of BaO molecules to the substrate surface. As most
oxides do not evaporate congruently, the supply of stoichiometric molecules of the
desired oxide to the substrate is a rare case unless non-equilibrium evaporation
techniques or specialized chemical precursors are used. Nonetheless, it has been used
recently to grow Y2O3,29,30 CeO2,31 Pr2O3,32 and Gd2O329,30 epitaxial films on silicon. An
14

easier method to deposit films is to use an excess oxidant environment, and the remaining
two methods involve oxidant-rich growth conditions. The excess oxidant flux helps
ensure that the deposited film will be fully oxidized. To prevent oxidation of the silicon
substrate during the critical nucleation stage, two regimes of substrate temperature have
been demonstrated for excess oxygen growth conditions: (1) high temperature, where
SiO has sufficient volatility to keep the silicon surface free of SiO2 for a low flux of
oxidant and (2) low temperature, where the oxidation of silicon by the oxidant is sluggish
due to kinetics. Most reports of the epitaxial growth of oxides on silicon fall into the high
temperature / excess oxygen regime.33-68 Although successful for the nucleation of an
epitaxial oxide layer, these growth conditions typically lead to the growth of a SiO2 layer
at the silicon interface as the film thickens (and SiO can no longer make its way to the
film surface to evaporate) due to the oxygen-rich growth conditions and high diffusivity
of oxygen at high growth temperatures. When a SiO2-free interface is required, either the
first or the last of these three methods is desired. As the first can rarely be satisfied, the
last of the three methods, the low temperature / excess oxygen regime is appealing.5,8,69
It is in this low temperature / excess oxidant regime that assessing kinetic barriers to
oxidation of the species being supplied to the substrate is critical. Issues concerning the
oxidation kinetics of different species are addressed in Chapter 4. This thesis focuses on
growth in the third regime.

2.4 General Background on Crystal Structures
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Although many of the concerns investigated are applicable to the growth of any
epitaxial oxide on silicon, this thesis focuses primarily on the growth of two specific
oxide structures which are especially well suited to epitaxial growth on silicon: (1) the
rock salt structure and (2) perovskite structure.

2.4.1 Rock Salt Structure

The rock salt structure shown schematically in Fig. 2.2 is one of the simplest
binary metal oxide systems. The example shown in Fig. 2.2, SrO (one of the compounds
grown in this study) exhibits the prototypical rock salt structure with space group Fm3m.
The unit cell of this structure can be considered as an arrangement of two interpenetrating
face-centered sublattices comprised of the anions and cations. In terms of coordination
polyhedra, the anion and cation are at the centers of regular octahedra of the opposite
species with an edge-sharing relationship. The cation coordination number is six. The
alkaline earth oxides (BaO and SrO) and EuO exhibit this crystal structure.

2.4.2 Perovskite Structure

The perovskite structure is shown schematically in Fig. 2.3. The example shown
in Fig. 2.3, SrTiO3, exhibits the prototypical perovskite structure with space group
Pm3m. The general formula for an oxide perovskite is ABO3 with the A site cation in a
12-fold coordination and the B site cation in a 6-fold coordination. In a coordination
polyhedra representation, the structure can also be considered as the A site cation sitting
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at the center of a cube comprised of B-O octahedra. The perovskite structure is
extremely accommodating and A and B can exist with 2+, 4+ (SrTiO3), 3+, 3+ (LaAlO3),
1+, 5+ (NaNbO3), and 0, 6+ (ReO3) valence combinations. Various other substitutions
allowed by charge balance can also take place, including mixed substitutions which can
form with ordered or disordered site occupancy.
Many of the pervoskites in this work show small distortions from the prototypical
cubic cell that result in tetragonal (e.g., BaTiO3, Pb(Zr,Ti)O3) or orthorhombic (SrRuO3)
crystal structures. These distortions, which lower the crystal symmetry, often lead to
interesting properties. For example, these distortions can lead to the tendency of the
metal ions at the centers of the B-O octahedra to shift with respect to the lattice, causing
dipoles and potentially ferroelectric compounds. As stated previously, perovskites
exhibit a wide range of functionality, some of which are explored in this work.
Although the cubic perovskite prototype is three dimensional in nature, this
structure can also be considered as a layered compound comprised of alternating “rocksalt like” sheets. This layered nature makes these compounds especially well suited for
growth by MBE. Additionally, noting this similarity of structures between the rock salt
and perovskite structure provides some insight for the strategies developed and explained
in Chapter 7.
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Figure 2.1: Schematic showing the geometry and angular relationships for a four circle
diffraction experimental setup.
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Figure 2.2: Crystal structure schematic of SrO. Strontium atoms are colored black and
oxygen atoms are colored white.
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Figure 2.3: Crystal structure schematic of SrTiO3. (a) Coordination polyhedra
representation of the structure. Titanium atoms sit at the center of the gray
octahedra. (b) Atom representation of the structure. Titanium is hidden and
sits at the center of the structure. Strontium atoms are colored black and
oxygen atoms are colored white.
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3.0 Experimental Details

3.1 Molecular Beam Epitaxy Deposition System

The vacuum deposition chamber used to complete this work is shown
schematically in Fig. 3.1. The chamber is an EPI 930 molecular beam epitaxy deposition
system1 modified for the growth of oxides on silicon. The vacuum system contains two
in situ diagnostic tools employed in these experiments: (1) Reflection high energy
electron diffraction (RHEED) to probe the film surface during growth and (2) a
retractable quartz crystal microbalance (QCM) used to measure mass flux in the position
of the wafer and conduct oxidation experiments. Fluxes were measured before and after
deposition and showed less than 1% fluctuation over several hours of growth. The
system allows for independent control of nine elemental sources (including the oxidant
sources) and employs computer control over furnaces, substrate heater, and shutters.
The alkaline earth metals used in this study (barium2 and strontium2) were held in
titanium crucibles and deposited onto a silicon substrate by thermal evaporation from
low-temperature effusion cells. Gadolinium3 and lanthanum3 were held in tungsten
crucibles and deposited by thermal evaporation from high-temperature effusion cells.
Europium3 was held in a tungsten crucible and deposited by thermal evaporation from a
low-temperature effusion cell. Aluminum4 was held in a pyrolytic boron nitride (pBN)
crucible and deposited by thermal evaporation from a standard effusion cell. The
titanium source used in this study was from a titanium sublimation pump powered by a
precision power supply (a Ti-ball5 source).6 The oxidant (molecular O2 (99.99% for all
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growths) was introduced into the chamber through a needle valve connected to a tungsten
tube with an outlet diameter of ≈ 0.6 cm a distance of ≈19 cm from the substrate. (This is
an atomic hydrogen source1). Background pressures were measured with an ion gauge
located on the chamber wall ≈ 35 cm from the substrate. The pressures given are those
indicated by the ion gauge and are uncorrected for the gas species being oxygen. The
base pressure for the unbaked chamber was 2 × 10-9 Torr.
Substrate temperatures above 500 °C were measured with an optical pyrometer7
(assuming an emissivity of 0.8) aimed at the surface of the silicon substrate.
Temperatures less than 500 °C were based on thermocouple measurements. The
maximum deviation between thermocouple and pyrometer measurements occurred at
high temperatures (e.g., at 1050 °C registered by the thermocouple, the pyrometer read
840 °C) with decreasing deviation down to room temperature. Details concerning the
specific fluxes, substrate temperatures, and oxidant pressures varied depending on the
material grown and the application in question. Specific details are outlined in each
section.

3.2 Substrates

Films were grown on 2” and 3” diameter silicon8 with (001) orientation held on
molybdenum sample holders with pBN retainer rings. A variety of wafers were used in
this study depending on both application and availability. Dopant and dopant
concentration played no discernable role in the resultant structural properties. A critical
role, however, was played by substrate vicinality, where higher miscut samples resulted
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in generally poorer films. The bulk of the substrates used in this study were rated to
± 0.1°.

3.3 Other Deposition Techniques

Various other deposition techniques were also employed to make some of the
complex heterostructures described in this thesis. A combination of sol-gel processing,
magnetron sputtering, and pulsed laser deposition was used to deposit certain oxide
layers. Details concerning these growths are provided in detail in the relevant sections.
These layers were deposited at the University of Maryland under the direction of Dr.
Ramomoorthy Ramesh and at the University of Wisconsin under the direction of Dr.
Chang Beom Eom.

3.4 X-ray Analysis

The films grown in this study were characterized structurally ex situ using a
Picker four-circle x-ray diffractometer. The diffractometer was equipped with a copper
tube and run under typical operating conditions of 40 kV and 20 mA. Scans were
performed using Cu Kα radiation (λ = 1.54 Å) separated by means of an incident beam
graphite monochromator. Given the inability of the monochromator to distinguish the Cu
Kα radiation from the integral harmonics of this radiation, additional peaks can be seen
in some of the scans. These peaks which result from λ/2 radiation are noted in the figures
when relevant.
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A scintillator counter was used as the x-ray detection source. Each of the four
circle angles was controlled by means of individual stepper motors controlled
electronically through the SUPER program.9 The resolution in each of the angular space
variables of 2θ, ω, φ, and χ are 0.15°, 0.25°, 0.35° and 1.7° respectively, as determined
using a silicon single crystal standard.
Samples were mounted on a eucentric goniometer head, and a solid state laser was
used to align the sample surface to the geometrical center of the diffracting sphere.
Macroscopic surface alignment using this technique was accurate to ±0.2°. Samples were
then aligned to specific crystallographic planes using the x-ray beam itself depending on
the exact nature of the experiment.

3.5 Other Characterization Techniques

Transmission electron microscopy (TEM) was performed using a 200 kV JEOL
2010 scanning transmission electron microscope (STEM). The cross-sectional TEM
specimens were prepared following standard procedures ending with ion milling in a
Gatan Precision Ion Polishing System to electron transparency. All films were imaged at
the University of Michigan by Wei Tian under the direction of Dr. Xiaoqing Pan.
For electrical testing samples were prepared by standard photolithography
techniques followed by platinum deposition using a lift off and wet etching method.
Standard ferroelectric tests were carried out using a RT 6000 tester.10
Piezoelectricity measurements were made with an atomic force microscope
(AFM) using a conducting silicon cantilever. The measurements were made with the tip
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of the silicon cantilever in contact with a top electrode to enable quantitative analysis and
eliminate effects due to variation in tip size and shape. Capacitors were polarized using
an 8V DC bias with a 2V AC bias as the drive voltage. The resultant piezoelectric
deformation was probed using light deflected off the silicon cantilever and detected using
a photodiode and a standard lock-in measurement. This technique was used to physically
measure the capacitor displacement as a function of field and was calibrated using a
single crystal quartz standard. Calibrations were made between each sample
measurement. Similar techniques have been used previously to study ferroelectric and
piezoelectric response in thin films.11-18
Electrical transport (I-V) data for high resistance samples was measured with a
Keithley19 617 electrometer as both the voltage source and current meter. For low
resistance samples, a Keithley19 228A was used as the voltage source and an HP20 3478A
multimeter as the current meter interfaced to a computer for data acquisition. Samples
were prepared for vertical transport measurements by depositing aluminum on the wafer
backside (for backside contact) and subjected to an anneal for 30 min in air. The sample
was then attached with silver paste to a copper gasket through which backside connection
was made. Top electrodes were deposited as described previously. All electrical
characterization was carried out at the University of Maryland under the direction of Dr.
Ramamoorthy Ramesh.
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Figure 3.1: Schematic of the MBE deposition chamber used for the growth of epitaxial
oxides on silicon.
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4.0 Kinetics of Oxidation

As outlined in Chapter 2, the growth strategy explored in this work falls under the
classification of growth in a low temperature / excess oxygen regime. Although this
regime benefits from the sluggish kinetics for silicon oxidation, the drawback is the
potential for sluggish oxidation kinetics of the deposited metal species as well.
Consequently, assessing kinetic barriers to oxidation of the species being supplied to the
substrate is critical in the successful growth of oxides on silicon. As a result, the
threshold for oxidation of the metal systems, i.e., the absolute minimum pressure where
one can oxidize the metal and grow a film, represents an important process parameter.
Oxidation of the metallic species can be a significant roadblock for growth of
these oxides on silicon in an MBE regime. One solution is to use some type of activated
oxygen species. For example, solid oxygen sources,1 oxygen plasmas,2-4 and ozone5 have
all been used to promote oxidation in oxide film growth while lowering the overall
chamber pressure. Although highly effective for growing on oxide substrates, use of an
activated oxidizing species would optimally be avoided when growing on silicon. One
would like to fully oxidize and grow at as low a temperature and as low an oxygen
pressure as possible, oxidizing the deposited species, while avoiding oxidation of the
substrate.
This chapter addresses the issues related to oxidation kinetics and describes a
series of experiments utilizing the in situ QCM on the MBE examining both the threshold
for oxidation of relevant metals which form silicon compatible oxides as well as
oxidation catalysis to promote oxidation in some poorly oxidizing metal systems.
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4.1 QCM Experiments – General Description

In each experiment the mass accumulation rate as measured by the QCM was
plotted (e.g., Figs. 4.1-4.7) as a function of time as a solid, heavy line. During the course
of these depositions the background oxygen pressure in the chamber was increased at
various intervals, and the changes in the mass accumulation rate were recorded. The
labeled, solid dark lines indicate the positions corresponding to the mass accumulation
rate of the pure metal and fully-oxidized metal oxide. (The significance of the higher
oxidation state line in the barium plot is addressed in the next section.) Sources were left
to equilibrate for two hours (i.e., the appropriate shutter was opened and pure metal in
vacuum was deposited on the QCM) before the collection of data in the plots shown here.
This equilibration was completed to eliminate any effects due to transients associated
with opening of the source shutter and the accompanying small changes in temperature at
the QCM (during the onset of deposition) which can have effects on the measured QCM
rates. Small transients upon the introduction of oxygen into the system can be seen in
some of the plots (titanium, lanthanum, and barium) due to the exothermic oxidation
reaction which can cause small changes to the QCM temperature and resultant rate
reading. Small transients can also result due to oxidation of material previously
deposited on the QCM during the collection of the data set. In all cases, the effect of this
transient was eliminated by waiting the appropriate amount of time until the steady state
condition was reached. Only data points recorded once the steady state rate was reached

34

were used in the quantitative calculations. Experiments were conducted with metal
deposition rates between 1013-1014 atoms/cm2s.

4.2 Single Species Oxidation

The plots showing oxidation data for individual metallic species are shown in
Figs. 4.1-4.7. As one might expect, different elements exhibited different oxidation
behavior. This can be viewed more easily if the data is plotted as the oxygen to metal
ratio in the metal oxide as a function of oxygen partial pressure. Figure 4.8 shows such a
plot for all the elemental species examined in this study for ease of comparison. The
results of these oxidation studies demonstrate three important results: (1) the alkaline
earth oxides are optimal candidates for growth on silicon from an oxidation perspective,
i.e., barium and strontium can be fully oxidized at partial pressures in the 10-9 to low 10-8
Torr range, (2) similar metals oxidize oxidize similarly (i.e., the rare earths behave
similarly and the alkaline eraths behave similarly) and (3) full oxidation of other species
(such as aluminum) can become a limiting factor if one wants to oxidize the metal
species without oxidizing the silicon underneath and potentially eliminating the
possibility of growing an epitaxial film. (The bare silicon substrate, for example, will
form 0.5 ML of oxide at room temperature upon exposure to 1 × 10-6 Torr O2 for less
than ten seconds).6 A strategy developed to overcome this critical limitation is described
in the next section.
The general concept of the influence of a metal’s work function on the oxidation
of the metallic species has been previously noted by Braaten et al.7 A summary of the
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single element oxidation behavior presented in Fig. 4.9 confirms this relationship. Figure
4.9 shows a plot of “ease of oxidation” for the different metals studied. Here, ease of
oxidation is defined as the pressure at which the metal is at half of its fully oxidized
oxidation state (i.e., where deposited strontium is at an average oxidation state of 1+).
(Some apparent exceptions to this general rule can exist (e.g., the case of titanium), and
for potentially other transition metals that can exhibit multiple oxidation states where the
low oxidation state may be easily achieved, but the fully oxidized condition may be
difficult to attain. For the purposes of this plot, the barium and strontium are considered
to be 2+ in their fully oxidized state, the aluminum, europium, gadolinium, and
lanthanum to be 3+, and the titanium to be 4+).
It should be noted that for growth in the low temperature, excess oxygen regime
in which these films are grown, it is the system kinetics that will ultimately determine
failure or success. The oxidation of aluminum serves as a prime example, for while
aluminum oxide is thermodynamically quite stable, the kinetic barrier to oxidation will
limit one’s ability to form the oxide in the first place.

4.2.1 Notes Concerning Individual Plots

The following sections describe brief notes concerning the individual oxidation
experiments.

4.2.2 Oxidation of Strontium, Europium, Aluminum, and Titanium
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These four species behave as expected and with oxidation or nearly full oxidation
achieved in the pressure window examined in this study (i.e., pressures reasonable using
the MBE technique). Titanium could not be entirely oxidized to a 4+ state at pressures
needed to both maintain an MBE deposition regime as well as preserve the source
material. However, reaching a 3+ state was achieved at pressures conducive for the
growth of epitaxial oxides on silicon.

4.2.3 Oxidation of Barium

Barium showed an oxidation state higher than the 2+ state typically found in
group II metals even in depositions at low pressures. This is not unexpected, since
barium has also been shown previously to exist in a 4+ state in the pressure regime in
which these experiments were conducted.8 Figure 4.10 shows a temperature-pressure
phase diagram for the Ba-BaO-BaO2 system. The experimental window is highlighted on
the figure.9,10

4.2.3 Oxidation of Lathanum and Gadolinium

Examination of the lanthanum and gadolinium oxidation charts seemingly show
oxidation states higher than the 3+ state normally associated with these metals.
Thermodynamically higher oxidation states in these metals are not expected. For these
materials, this can be explained as noise in the QCM signal. The noise level for La can
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be seen on Fig. 4.8 as an error bar, which is representative of the magnitude of
experimental noise for all the species studied in this thesis.

4.3 Multiple Species Oxidation and Oxidation Catalysis

In addition to single element oxidation, the oxidation of codeposited metal species
was investigated. The data are shown in Figs. 4.11-4.15 for strontium/titanium,
barium/titanium, lanthanum/aluminum, barium/strontium, and
lanthanum/strontium/aluminum respectively. These experiments were conducted in a
similar fashion as those described in Figs. 4.1-4.7 with oxygen introduced into the
deposition chamber once the deposition of all the metal species had begun. Although
oxide MBE growth strategies (shuttered layer-by-layer, block-by-block, codeposition)
have been investigated for years, fundamental questions still exist concerning the optimal
deposition technique. This experiment examines the oxidation behavior of codeposited
metals in an MBE environment.
The motivation for looking at these specific oxidation studies in the
stoichiometries investigated stems from ternary and quaternary compounds of potential
interest for growth on silicon. Each of these systems, strontium/titanium (SrTiO3),
barium/titanium (BaTiO3), lanthanum/aluminum (LaAlO3), barium/strontium ((Ba,Sr)O –
the alkaline earth lattice matched to silicon at room temperature), and
lanthanum/strontium/aluminum (LaSrAlO4), represents an oxide that is either
thermodynamically stable in contact with silicon or (in the case of the titanates) can be
made stable if the interfacial layer is the alkaline earth layer of the structure.
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Careful examination of the oxidation behavior reveals that certain difficult to
oxidize species can be fully oxidized when codeposited with easily oxidized species at
pressures much lower than with the deposition of the pure metal alone. This behavior can
be seen most dramatically in the example shown in Fig. 4.16. The plot in Fig. 4.16 shows
the oxidation behavior for an 80% aluminum (species difficult to oxidize) / 20%
strontium (species easy to oxidize) mixture. By plotting this data (Fig. 4.17) in a similar
fashion to the data plotted in Fig. 4.8 the results become more apparent. The aluminum
species has been fully oxidized in the presence of a small amount of strontium at
pressures an order of magnitude lower than just the aluminum metal alone.
The oxidation behavior witnessed here has been seen previously with other
systems, though the use of an alkali metal catalyst and has been attributed to surmounting
kinetic barriers to oxidation.11-13 Similar behavior is seen here with the alkaline earth
metals. In their previous work on alkali metals,11 Braaten et al. attribute this type of
catalytic behavior to the ability of an easily oxidized metal to increase the rate of
dissociation of oxygen at the substrate surface. These results also support the trend that
lower work function materials result in higher oxygen incorporation.11 The analogous
results are demonstrated here for the first time with the alkaline earths.14
The results of this study are fortuitous, since the use of a small amount of
codeposited alkaline earth metal may allow the oxidation of a host of difficult to oxidize
species. This thesis focuses primarily on the deposition of the more easily oxidized
metals (alkaline earths and rare earths) because of their thermodynamic stability with
silicon. However, as more complex oxides are investigated, oxidation will remain a key
issue and play a critical role in the successful growth of these materials.
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5.0 Alkaline Earth Oxides on Silicon

Given the favorable oxidation kinetics and the thermodynamic stability addressed
in the previous chapters, alkaline earth oxides serve a logical choice for epitaxial growth
on silicon. This chapter further describes the crucial and advantageous structural aspects
of the alkaline-earth oxide/silicon system, which enable these materials to grow in an
epitaxial and highly crystalline manner. The step-by-step transition from the silicon to
the alkaline earth oxide is described in detail, with emphasis placed on the favorable
interface stability, structural, and strain considerations for each stage of the growth.

5.1 RHEED Evolution

One of the easiest ways to describe the transition from silicon to alkaline earth
oxide is by examining the RHEED evolution through this process. Figure 5.1 shows
various paths taken to effect the transition from silicon to alkaline earth oxide. RHEED
images along the [110] azimuth of silicon at different stages of the growth processes
illustrated in Fig. 5.1 are shown in Fig. 5.2(a-h). These figures will be referred to
extensively over the next few sections to describe the transition and growth of the oxide.
The variation in process temperature and alkaline-earth metal dose as outlined in Fig. 5.1
demonstrate that some latitude does exists in achieving an epitaxial alkaline-earth oxide
on silicon. While some variation can be seen in the RHEED images in Fig. 5.2, the key
elements (clean, reconstructed silicon surface, formation of a submonolayer silicide, and
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metal overlayer) are common to paths that will ultimately yield epitaxial oxides. These
steps are described in detail in the next sections.

5.1.1 Reconstructed Silicon

Since the goal of this work is achieving an abrupt crystalline interface, beginning
the growth process with a clean, crystalline silicon surface is of critical importance.
Excessive carbon contamination can lead to the formation of SiC, which will severely
degrade the epitaxy in the layers that follow.1 Figure 5.2(a) shows a RHEED image of a
reconstructed, double-domain (2 × 1) Si surface, which represents the first step of this
multistep growth. To obtain this surface, a silicon wafer was put under an ultraviolet
(UV) lamp for one minute (with the UV lamp creating a localized ozone atmosphere) as
an ozone treatment, and then loaded into the deposition chamber and heated in vacuum to
840 °C for 20 minutes. All amorphous SiO2 on the substrate surface, which could hinder
epitaxy must be eliminated prior to growth, and the (2 × 1) Si that results provides an
excellent template for subsequent epitaxial growth.

5.1.2 Silicide Formation

The second stage of the growth process is the deposition of the alkaline-earth
metal (in this example strontium) and the formation of a submonolayer silicide at
~700 °C (see PATH 1 in Fig. 5.1). At 1/6 monolayer (ML) of deposited strontium dose2
the RHEED pattern evolves into a 3 × reconstruction. At 1/2 ML of deposited strontium
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dose, the RHEED pattern returns to a 2 × pattern with maximum intensity (Figs 5.2(b)
and 5.2(c), respectively). Although the true composition of the surface yielding the 1/2
order streaks remains an unresolved issue3,4 and the determination of its exact nature
remains a formidable task,5,6 the character of the surface no longer resembles that of pure
silicon, nor that of strontium metal.7,8 In fact, the nomenclature itself of this layer
remains a debatable issue. Previous work has predicted, that although a Sr-Si bond
exists, the properties of such a layer do not resemble that of a bulk silicide, but rather that
of a chemisorbed strontium on a silicon surface.9 The semantics may or may not be a
moot point, however, for ease of description in this thesis, this layer will be referred to as
the “submonolayer silicide.”
The formation of the submonolayer silicide is a critical step in the process, and no
success was achieved in situations where a silicide is not first grown. The complete role
of this layer is multiple and complex. Principally, it forms an excellent template (in
terms of lattice constant) for the subsequent growth of the oxide. Additionally, this
silicide structure (based on RHEED observation) exhibits a much higher resistance to
oxidation that the silicon surface alone, in agreement with Ref. 7. (The ultimate chemical
nature of this interfacial silicide layer upon exposure to oxygen is discussed in Sec. 5.1.4)
Finally, the formation of the submonolayer silicide allows the next step of the transition,
the deposition of an alkaline-earth metal overlayer.
As stated previously, there is a dosage window in terms of deposited strontium
that leads to epitaxial oxide growth. This can be seen by following the dotted path
(PATH 2) on Fig. 5.1 where instead of 1/2 ML, a 1/4 ML silicide is grown. Although the
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RHEED evolution is slightly different, the deposition of the 1/4 ML presents a viable
path to epitaxial growth (Figs. 5.2(f-h)).

5.1.3 Alkaline Earth Metal Deposition

For the next step of the transition, (see Fig. 5.1) the substrate temperature is
cooled considerably and additional alkaline-earth metal is deposited until the RHEED
pattern in Fig. 5.2(e) is observed which is indicative of an ordered 3 × structure. Slight
changes in substrate temperature will have a significant effect on the quality of this
ordered strontium metal overlayer, which can be observed even when deposited at room
temperature. The pattern in Fig. 5.2(e) shows a RHEED image resulting from the
deposition at 120 °C. The quality of this 3 × reconstruction will not limit one’s ability to
grow epitaxial alkaline-earth oxide in the next step. The critical idea, however, is that
this heteroepitaxial stack now consists of the silicon substrate, submonolayer silicide and
submonolayer metal overlayer. In many other systems (including the rare earths) similar
behavior is not observed.10 Often the further deposition of metal will result in the
formation of a thick silicide layer even at room temperature.11 Formation of a thick
silicide in many cases can lead to decreased crystalline quality and multiple film
orientations. Additionally, in many applications (i.e., where a field effect between the
overlying dielectric or ferroelectric and underlying silicon is desired) the formation of a
thick silicide should be avoided to prevent the screening of the desired field effect by this
intermediate silicide layer. The formation of a stable submonolayer silicide and
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subsequent metal overlayer, which is a relatively uncommon phenomenon, makes
alkaline-earth metals and oxides so amenable to this process. This metal overlayer,
which plays a role in the initial stages of oxidation will be explained in more detail in the
next section.
As with the previous layer, the true nature of the layer in this third step of the
deposition is not definitively clear. Conclusive determination of the character of this
layer as a metal is ambiguous at best, even through the use of high-resolution x-ray
photoelectron spectroscopy.5 However, based on previous low energy electron
diffraction (LEED) studies12 and our own work looking at oxidation of this layer, we
believe it to be consistent with a physisorbed metallic strontium overlayer or (again, for
ease of description) a “submonolayer metal.” Furthermore, epitaxial alkaline-earth oxide
can be obtained over a range of strontium dosage at this stage. An epitaxial oxide has
been grown for deposited strontium doses ranging from 3/8 to 1 ML (although the 3 ×
reconstruction will disappear), which gives credence to the idea that this layer is, in fact,
a metal which gets incorporated into the film during the onset of oxidation in the next
step of the process. (Potentially an even thicker strontium metal layer could be
successful, however, we have explored only to 1 ML of deposited strontium dose).

5.1.4 Oxidation

The general growth procedure that has yielded consistently high quality results
has been to slowly increase the partial pressure of oxygen into the chamber to a
background pressure of approximately 5 × 10-9 Torr and begin depositing the alkaline
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earth metal while simultaneously raising the oxygen pressure to approximately 13 × 10-8 Torr. One of the functions of the deposited metal overlayer described in the
previous section is to help ease the transition into the formation of the oxide. This can be
seen through inspection of the RHEED as the 3 × metal overlayer evolves to a 1 × while
the oxygen partial pressure is increased to 5 × 10-9 Torr. A continued increase of the
oxygen pressure in this step or beginning the deposition of the alkaline earth metal too
slowly will result in diminished epitaxial quality and some amorphous content, which can
been seen in the RHEED. When the procedure is implemented in the correct pressure
regime the patterns in Figs. 5.3(a) and 5.3(b) result. The patterns shown in Fig. 5.3 are
from the growth of lattice matched Ba0.70Sr0.30O on (001) silicon (lattice matching and
solid solution of the alkaline-earth oxides are addressed in the next section).
Questions still exist concerning the ultimate composition and structure of the
interfacial silicide upon exposure of the silicon/silicide/metal stack to oxygen. Wang et
al. have predicted based on first principles calculations the transformation of the silicide
layer to a silicate in the presence of oxygen.4 The stability of this layer in an oxygen
environment might suggest a transformation to a silicate. Whereas an alkaline-earth
metal / silicon interface might lead to promoted oxidation of the underlying silicon13,14
(through the catalytic behavior described previously), the formation of a silicate could
serve as a protective layer and stem the formation of amorphous SiO2. As with the
silicide, questions of nomenclature exist, and the most correct terminology for the
interface may be described as “a layer consisting of silicon, strontium, and oxygen,”
however the true chemistry is still debated.
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5.2 Lattice Matching and RHEED Oscillations

Besides the advantageous oxidation behavior described in the Chapter 4, alkalineearth oxides are able to grow epitaxially at extremely low temperatures due to the highly
ionic nature of their bonding.15 For example, epitaxial growth of MgO has previously
been demonstrated at temperatures down to 140 K.16 The patterns
shown in Fig. 5.3 were taken for films grown at room temperature. Reduction of the
growth temperature not only minimizes the potential for diffusion and interfacial
reaction, but also minimizes the possibility of unwanted oxidation of the silicon substrate.
From a process control and repeatability perspective, this third regime for the growth of
epitaxial oxides on silicon mentioned in Section 2.3.2 is the best. The extremely low
temperatures at which the alkaline earth oxide layer may be grown epitaxially makes this
desired regime accessible for the growth of lattice-matched (Ba,Sr)O epitaxial layers on
silicon.
Another critical advantage to the alkaline-earth oxides is the ability to tune the
lattice constant over a wide range of values utilizing solid solutions of different alkalineearth oxide constituents. Given a lattice constant of silicon of 5.43Å, the solid solution of
Ba0.72Sr0.28O results in a perfectly lattice-matched oxide. Despite the significant
miscibility gap known to exist in the BaO-SrO system,17 (the phase diagram is shown in
Fig. 5.4) work by Hellman et al. previously demonstrated complete solid solution for
SrO-CaO thin films (another alkaline earth oxide system with a complete miscibility gap
in bulk form) grown on MgO at room temperature.18 Enhanced miscibility in epitaxial
films vs. bulk is well established in other systems,19,20 including oxides.21 Here similar
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results are seen (complete solid solution) for the growth of BaxSr1-xO on silicon. This
solid solubility allows for the tuning of the lattice constant of the oxide to be either
perfectly latticed matched to the silicon to create a coherent interface, or optionally
modified to engineer an intentional strain which has been shown to modify the properties
of epitaxial layers in other systems.22,23 The implications and differences between
growing a lattice-matched oxide and a non-lattice-matched oxide can be seen clearly in
the RHEED intensity oscillations during growth. Figures 5.5 and 5.6 show RHEED
intensity oscillations of the specularly-reflected spot (along the [110] azimuth of silicon)
for pure SrO and lattice-matched (Ba,Sr)O, respectively, grown on (001) silicon at 25 °C.
The oscillations for the mismatched SrO show markedly decreasing intensity and
dampening of the oscillations, in direct contrast the oscillations shown in Fig. 5.6. The
sharp decrease is due to relaxation of the mismatched SrO at a very small critical
thickness; analogous RHEED oscillations have been reported for mismatched compound
semiconductor heteroepitaxy.24
Corroborating data can be seen by looking at the diffraction patterns themselves at
different thicknesses during the growth. Figures 5.7 and 5.8 show RHEED images taken
along two azimuths ([110] and [100], respectively) at 2 ML and 5 ML of SrO coverage.
The pattern at 2 ML of SrO (along the [110] azimuth) show sharp spots on a ring as
would be expected for a coherent interface and flat surface. At 5 ML of coverage, the
spots extend into diffuse streaks. This can be seen most clearly upon inspection of the
specularly reflected spot along either azimuth. The diffuseness seen in the 5 ML
coverage patterns can be attributed to the roughening of the surface as well as the
insertion of dislocations and defects that accompany the onset of relaxation in the oxide
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structure. The implications of maintaining a coherent interface are described in more
detail in Chapter 7.
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Figure 5.1: Process flow diagram showing the temperature and deposited strontium dose
for two different growth paths. The diagram indicates that although the
RHEED signature may vary slightly, some latitude does exist in terms of
doses that lead to epitaxial, alkaline earth oxide. The letter labels correspond
to the respective RHEED images in Fig. 5.2.
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Figure 5.2: RHEED images along the [110] azimuth of silicon at various stages of
growth for two distinct paths as outlined in Fig. 5.1. All RHEED images are
shown before the introduction of oxygen into the chamber.
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Figure 5.3: (a) RHEED image along the [110] azimuth of silicon after the growth of 3
ML of Ba0.70Sr0.30O grown following PATH 1 in Fig. 5.1. (b) RHEED image
along the [110] azimuth of silicon after the growth of 3 ML of Ba0.70Sr0.30O
grown following PATH 2 in Fig. 5.1. These two images demonstrate the
ability to grow epitaxial alkaline earth oxides using various deposition paths.
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Figure 5.4: BaO – SrO phase diagram.17
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Figure 5.5: RHEED intensity oscillations of the specularly reflected spot along the [110]
azimuth of silicon at 25°C during deposition of SrO in 3 × 10-8 Torr O2.
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Figure 5.6: RHEED intensity oscillations of the specularly reflected spot along the [110]
azimuth of silicon at 25°C during deposition of Ba0.72Sr0.28O in 3 × 10-8 Torr
O2 .
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Figure 5.7: RHEED images along the [110] azimuth of SrO at 2 and 5 ML of SrO
coverage.
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Figure 5.8: RHEED images along the [100] azimuth of SrO at 2 and 5 ML of SrO
coverage.
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6.0 Growth of Alkaline Earth Oxide – Rare Earth Oxide Solid Solutions and Rare Earth
Oxides

6.1 (Ba,Sr)O – Gd2O3 Solid Solutions

Alkaline earth oxides show significant promise for silicon integration, however,
they are still plagued by some major limitations. For example, although stable in direct
contact with silicon at low temperatures, BaO will react with silicon at elevated
temperatures.1-3 Such reaction is consistent with thermodynamic predictions.4 If a film
(such as the one represented in Fig. 5.8) is heated to a temperature above 620 °C (as
measured by an optical pyrometer) the pattern will become amorphous (as seen by
RHEED).1,5 Reaction with the carbon dioxide and water vapor in air upon removal of the
wafer from the vacuum chamber also proves to be a serious limitation for many of the
alkaline earth oxides. One potential solution to improve these properties is to grow solid
solutions of alkaline earth and rare earth oxides (e.g., Gd2O3 as demonstrated here), since
rare earth oxides show significantly improved stability in air as well as temperature
stability when in contact with silicon.
As with the alkaline earths, there exists very little solid solubility between
alkaline earth and rare-earth oxides at low temperatures. The phase diagram for BaOGd2O3 has not been determined, however, other alkaline-earth oxide – rare-earth oxide
systems show little or no solid solubility even at elevated temperatures.6-10 A typical
example for an alkaline earth oxide / rare earth oxide mixture is shown in Fig. 6.1. This
figure shows the phase diagram for the BaO – Dy2O3 system.10 In addition to the lack of
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solid solubility on either side of the diagram, most of these systems show a number of
complex intermediate phases and multiphase regions which would be highly undesirable
from a growth standpoint. Like the previous case concerning alkaline earth oxide –
alkaline earth oxide solid solutions, the bulk phase diagram does not correspond to what
is seen in thin film form (i.e., very large regions of solid solubility). Figure 6.2 shows a
RHEED image at the completion of growth along the [110] azimuth of silicon, and Fig.
6.3 shows the corresponding RHEED oscillations from the specular reflection for 25 ML
of 16 % Gd–doped Ba0.70Sr0.30O, i.e. Ba0.59Sr0.25Gd0.16Oy demonstrating the ability to
grow these solid solutions. The frequency of the RHEED oscillations as well as the
absence of impurity phases in the RHEED patterns are fully consistent with the 16% Gd
in this film going into the rock salt structure of (Ba,Sr)O. Despite the significant rareearth oxide content, reaction between the film and underlying silicon was observed and
an amorphous reaction product still formed at ~ 600 °C.
The ability to outflank the phase diagram and create metastable solid solutions is
predicated on the fact that the film deposition is accomplished in a nonequibrium regime
(e.g., room temperature). Whereas this is a highly effective technique for growing
alkaline earth oxide – alkaline earth oxide solid solutions because of the demonstrated
ability of alkaline earth oxides to grow in a low temperature environment11 the same is
not true for the growth of alkaline earth oxide - rare earth oxide solid solutions. Pure rare
earth oxides (e.g., Gd2O3 and Y2O3)12 are often not grown epitaxially on (001) silicon in a
low temperature environment and are typically grown crystallized at temperatures of ~
550°C.13 The limit of the solid solubility of Gd2O3 in (Ba,Sr)O thus becomes a balance
of maintaining a nonequilibrium, low temperature growth condition while simultaneously
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providing enough temperature to crystallize the structure. Based on this interplay, at
room temperature, the solid solubility of the Gd2O3 in (Ba,Sr)O was found to be at least
25%.14 Figure 6.4 shows a RHEED image at the completion of growth along the [110]
azimuth of silicon. Films with higher concentrations of Gd2O3 (over 40%) grew
amorphously when deposited at room temperature.15 At concentrations of this level and
higher, additional temperature allowed this structure to crystallize, however higher
temperature also resulted in phase separation and a multiphase sample that was no longer
an alkaline earth oxide – rare earth oxide solid solution (and subsequently of no interest
in making a high quality interface).16

6.2 Epitaxial EuO Growths

From a structural viewpoint, the Gd2O3 – (Ba,Sr)O system presents a
representative test case to investigate the growth of alkaline earth oxide - rare earth oxide
solid solutions. From a device viewpoint, however, creating solid solutions of the rare
earth oxide EuO with (Ba,Sr)O represents a more interesting case for investigation.
EuO is the only known binary ferromagnetic oxide (Curie temperature (Tc) of
69 K)17,18 predicted to be thermodynamically stable in contact with silicon, based on
thermodynamic calculations.19 Electrically, semiconducting ferromagnets such as EuO
are extremely versatile. Oxygen deficient EuO, for example, exhibits a metal-insulator
transition below Tc and colossal magnetorestrictive (CMR) behavior surpassing
manganate based perovskite CMR oxides.20-22
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EuO has also been shown to exhibit a large magneto-optical (MO) effect at
temperatures near the Tc.23 As a result, EuO has been examined as a possible material for
MO storage media applications.24 Other potentially interesting systems have been
investigated that aim to exploit the interaction between electronic transport and
magnetism through the use of a variety of heterostructures. The use of EuO in
nonmagnetic metal/ferromagnetic insulator25 and superconductor/ferromagnetic26
heterostructures has been explored.
Studies using spin resolved x-ray absorption spectroscopy have also shown that
below Tc, large splitting in the conduction band occurrs (0.6 eV) with states close to the
bottom of the conduction band nearly fully spin polarized.27 Consequently, EuO shows
extreme promise for spintronics applications. One interesting application would be to
utilize EuO as a spin filter to inject 100% spin polarized electrons into silicon. While the
creation of spin polarized electrons in silicon is a nontrivial task and various approaches
have been proposed utilizing quantum dots,28 the creation of EuO / Si heterostructures
has the potential to develop into a host of interesting device possibilities. Given the need
to minimize spin scattering at the EuO / Si interface, a high quality, epitaxial EuO layer
represents a logical route.
Despite the versatility of this compound, a relatively small body of work has been
completed on EuO. In addition to the heterostructures described previously,25,26 EuO has
been demonstated to grow epitaxially on MgO and SrTiO3 substrates.29,30 The balance of
the remaining thin film work has been completed with polycrystalline films or EuO
single crystals. In addition to the superior electronic and magnetic properties, EuO is an
intriguing material from a growth perspective. Unlike most of the lanthanides, Eu can be
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oxidized to a 2+ state and readily forms an oxide with the rock salt structure.31 Given this
consequence, the growth of EuO resembles the growth of an alkaline earth oxide (with
the exception of BeO, alkaline earth oxides form the rock salt structure) which offers
significant benefits for silicon integration (see Chapter 5). EuO has also been shown to
grow well in a low temperature (300°C) and low pressure (1 × 10-8 Torr) regime.29
Additionally, EuO has a bulk lattice constant of 5.1426 Å,32 almost exactly the same as
SrO (5.160 Å).33 When considered together, these factors make the adaptation of the
alkaline earth oxide results presented in Chapter 5 to EuO a natural extention. The next
sections describe various experiments outlining a number of strategies to grow EuO / Si
heterostructures with specific attention to the differences and the similarities with the
alkaline earth oxide systems.

6.2.1 Eu Reconstructions

Given the penchant for europium to behave in a similar fashion as the alkaline
earth metals (rather than the other rare earths) the submonolayer reconstructions
described in Section 5.1 using strontium were investigated using europium. Indeed, very
similar reconstructions were observed using europium metal on a reconstructed silicon
surface. Figure 6.5 shows a RHEED image along the [110] silicon azimuth of a
europium silicide structure analogous to the strontium silicide structure described in
Section 5.1.2 (i.e., formed with 1/2 ML of europium metal deposited on a clean,
reconstructed 2 × silicon surface at ~ 700 °C). Indeed, the bulk crystal structures of
EuSi2 and SrSi2 are closely related.34 To test the ability of the europium silicide to act as
80

a template for the subsequent growth of an oxide (and behave in a similar fashion as that
of the strontium silicide) a lattice matched (Ba,Sr)O was grown on top of the silicide
layer. Figure 6.6 shows a RHEED image along the [110] azimuth of 5 ML of (Ba,Sr)O
grown using an interfacial europium silicide (with all other steps for the growth of an
alkaline earth oxide as described in Chapter 5). This successful result is the first
demonstration on a nonalkaline earth silicide to effect the transition from silicon to
epitaxial oxide.
In a similar fashion, the metal overlayer on silicon reconstruction described in
Section 5.1.3 occurs for the europium system as well. Figure 6.7 shows a 3 ×
reconstruction of europium metal (1/2 ML deposited at 100 °C) on the submonolayer
europium silicide. (For completeness, the deposition of europium metal on strontium
silicide was also investigated. Similar reconstructions were seen regardless of which
silicide was used, further indicating that the strontium silicide and europium silicide are
very similar in nature.)

6.2.2 Transition and Growth of EuO and Solid Solutions

Although the reconstructions for the silicide and the metal overlayer were nearly
identical for the europium and the alkaline earth metal systems, the transition to the
europium oxide structure was not as straightforward. While the alkaline earth oxides can
be grown epitaxially at room temperature and colder,35 the same is not true for epitaxial
EuO, and films grown at room temperature were amorphous. To help stabilize the
structure and promote the low temperature growth of EuO, EuO – BaO solid solutions
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(similar to the solid solutions described for the Gd2O3 – (Ba,Sr)O system in Section 6.1)
were investigated.
Figure 6.8 shows a RHEED image along the [110] azimuth taken after the growth
of 25 ML of a Eu0.33Ba0.67O solid solution. The corresponding RHEED oscillations from
the specular reflection are shown in Fig. 6.9. As with the previous case investigating the
growth of Gd2O3, the frequency of the RHEED oscillations as well as the absence of
impurity phases in the RHEED patterns are fully consistent with the film being a single
phase, single domain epitaxial oxide. Additionally, concentrations as high as 33% EuO
were attempted and could be incorporated into the BaO-based rock salt structure at room
temperature without the film being amorphous.14

6.2.3 EuO / Si and Buffer Layers

Although these results suggest significant promise, the effect of using a solid
solution rather than a phase pure EuO on the electrical and magnetic properties are as yet
untested, and a more elegant system involves the direct deposition of pure EuO on
silicon. Thusfar, the direct deposition of epitaxial EuO on (001) silicon has not been
successful. One potential limiting factor may be the need for the higher temperatures
required to successfully crystallize the EuO. Although much lower that other rare earth
oxides, the elevated temperatures (as compared to the alkaline earth oxides), the presence
of oxygen in the growth ambient, and immediate proximity to the silicon (which is highly
sensitive to oxidation) may prove be an incompatible set of growth criteria.
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One solution to address this issue is to utilize epitaxial, silicon compatible buffer
layers to move away from the silicon surface to help minimize unwanted silicon
oxidation. Given the ability to grow BaO, SrO, and solid solutions and the similarities in
structure and lattice constant between the these materials and the EuO, alkaline earth
oxides serve as an obvious route. Figure 6.10 shows a RHEED image along the [110]
azimuth after the growth of 625 Å of EuO on a 5 ML buffer layer of SrO on silicon. The
streaks are elongated as one would expect with a relaxed oxide overlayer. Figure 6.11
shows a θ-2θ diffraction scan of the same film shown in Fig. 6.10. The FWHM in 2θ and

ω of the 002 EuO reflection are 0.30° and 0.93°, respectively. (EuO is water and air
sensitive and will degrade to hydroxide or carbonate if not sufficiently capped before
removal from the chamber. The cap on this sample (aluminum metal) was 1250 Å thick.)
The φ scan of the 202 EuO reflection (FWHM in φ of 1.2°) shown in Fig. 6.12
corroborates that the EuO is epitaxial with the dominant growth orientation of (001) EuO
|| (001) Si and [100] EuO || [100] Si.
A number of different buffer layers and growth schemes were attempted to grow
an optimized EuO layer. The buffer layers were grown at different temperatures,
thicknesses, and compositions, and the EuO layers were all grown at ~ 400-450°C in a
1 × 10-8 Torr O2 ambient (i.e., minimum temperature and pressure conditions shown to be
successful for the growth of epitaxial EuO on oxide substrates).36 Table 6.1 summarizes
the key findings.
Two important results can be seen from this table: (1) the inability to grow an
epitaxial EuO structure on an alkaline earth oxide buffer layer less than 5 ML thick and
(2) the inability to grow an epitaxial EuO on a buffer layer of pure BaO or a (Ba,Sr)O
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solid solution with significant BaO content. One possible explanation for the first result
may be explained as the need to move away from the silicon before the 400 °C EuO
deposition is attempted to avoid oxidation of the silicon at such high substrate
temperatures. A second possible explanation may stem from the need to ‘establish’ a
layer of finite thickness with a rock salt character to help promote the growth of the rock
salt EuO structure.37 Examination of the oxidation curve (shown in Chapter 4) seems to
suggest that growth at 1 × 10-8 Torr O2 would promote the formation of a higher
oxidation state europium oxide (Eu2O3), however, this phase was not seen in either in situ
RHEED or ex situ x-ray analysis. In effect, the growth of EuO would thus be
accomplished with epitaxial stabilization where the similarity of structure and near lattice
match help to promote the growth of the EuO rock salt phase.38-40 The second result was
unexpected and is more difficult to explain, given the success demonstrated by other
researchers with the growth of epitaxial EuO on BaO buffered SrTiO3,29 the success of
EuO grown directly on yttria stabilized ZrO2 and CaF2 substrates36,41 (indicating that EuO
can be grown directly on substrates with the fluorite structure), as well as the success
demonstrated here with the growth of EuO - BaO solid solutions. Experiments following
the procedure outlined in Ref. 29 were attempted for the growth of EuO on BaO buffered
silicon at the growth conditions provided as well as over a range of conditions (Tgrowth =
25-500 °C, PO2 = 10-8-10-7 Torr) with no successful growths resulting. The full details
concerning the growth of EuO are as of yet not fully elucidated.
As with the previous case of EuO solid solutions, the ability of the EuO with a
5 ML SrO buffer layer to act as a medium for spin polarization and subsequent spin
injection into the silicon without spin scattering through the buffer layer remains an
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unresolved issue and will be the focus of future studies with this material system.
Previous work with spin scattering in other systems, however, suggests that the chance of
success (i.e., minimum spin scattering) with such a heterostructure is high.42 Such a
heterostructure shows promise for previously unexplored physics and device science.
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Figure 6.1: BaO – Dy2O3 phase diagram.10
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Figure 6.2: RHEED image along the [110] azimuth of silicon of 25 ML of
Ba0.59Sr0.25Gd0.16Oy.
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Figure 6.3: RHEED intensity oscillations of the specularly reflected spot along the [110]
azimuth of silicon at 25°C during deposition of Ba0.59Sr0.25Gd0.16Oy.
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Figure 6.4: RHEED image along the [110] azimuth of silicon of 25 ML of
Ba0.56Sr0.19Gd0.25Oy.
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Figure 6.5: RHEED image of europium silicide along the [110] azimuth of silicon
formed using the same process for the growth of the alkaline earth silicide
described in Section 5.1.2.
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Figure 6.6: RHEED image along the [110] azimuth of silicon of 5 ML of (Ba,Sr)O
grown on europium silicide.
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Figure 6.7: RHEED image along the [110] azimuth of silicon showing a 3 ×
reconstruction of europium metal on a submonolayer silicide.
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Figure 6.8: RHEED image along the [110] azimuth of silicon of 25 ML of Eu0.33Ba0.67O
at a substrate temperature of 25 °C.
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Figure 6.9: RHEED intensity oscillations of the specularly reflected spot along the [110]
azimuth of silicon at 25 °C during deposition of Eu0.33Ba0.67O.

96

Figure 6.10: RHEED image along the [110] azimuth of silicon after the growth of 625Å
of EuO on 5 ML of a SrO buffer layer.
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Figure 6.11: θ-2θ diffraction scan of a 625 Å EuO / 13 Å SrO / SrSix / Si (001)
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Table 6.1: Summary of EuO on Buffer Layers on Silicon Growths
Sample

Buffer
Layer

#482
#487
#490a
#490b
#490c
#490d
#490e
#493
#498
#499
#500

SrO / (Si)
SrO
SrO
SrO
Ba0.75Sr0.25O
BaO
BaO
SrO
SrO / Ba0.75Sr0.25O
SrO
SrO / Ba0.75Sr0.25O

Buffer Layer
Thickness
(ML)
10
5
2
3
5
9
16
12
2/4
4
5/5

EuO Growth
Result
Successful
Successful
Unsuccessful
Unsuccessful
Unsuccessful
Unsuccessful
Unsuccessful
Successful
Unsuccessful
Unsuccessful
Successful
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7.0 Transition and Growth of the Perovskite

This chapter describes the transition from the alkaline earth oxide structures
described in Chapter 5 to the more complex perovskite structure. Perovkites (and
specifically the titanates described here) not only offer additional chemical stability, but
also the promise of increased functionality and a platform to introduce new, epitaxial
material systems into a silicon environment. A number of strategies were pursued to
effect this transition; some are summarized below. Specific attention is paid to the route
that provided the highest quality, most reproducible path to an epitaxial perovskite
structure in direct contact with silicon.

7.1 Structural and Processing Considerations

As described in Chapter 2, the perovskite structure is closely linked to the rock
salt structure exhibited by the alkaline earth oxides studied in this thesis. SrTiO3 (the
compound which serves as the focus of much of this thesis and a simple prototypical
example), for example, can be described as alternating layers of SrO and TiO2 with the
SrO layers in a rock salt configuration. Given the demonstrated ability to grow high
quality, thin SrO layers (as thin as a single monolayer) as described in Chapter 5, the
natural extension would be to then deposit a TiO2 layer followed by another SrO, etc.,
building up the crystal, harnessing the layering techniques enabled by MBE deposition.
From a theoretical point of view, this is a viable path, but from a logistical point
of view, this is quite difficult. One of the difficulties stems from the same issues that
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plague the growth of the rare earth oxides described in Chapter 6, i.e., the inability to
grow highly crystalline structures at low temperatures. Perovskite oxides can be quite
difficult to grow and even though some weakly crystalline films have been grown in
some material systems at 300 °C,1-3 the optimal growth temperature for many peroskites
lies in the 500-600 °C range (or higher for many of the complex perovskites). SrTiO3
films, for example, grown at room temperature will be amorphous. In cases where there
is a high degree of thermal and chemical stability between the film and the substrate,
growth temperature is often not a material concern. For example, in the case of
homoepitaxial SrTiO3, growths have been demonstrated up to temperatures of 1200 °C.4
The case of the heteroepitaxial growth of oxides on silicon, however, requires a more
elegant processing strategy, one that offers a balance of maintaining the integrity of the
interface in a system with poor thermal and chemical stability, while simultaneously
forming the fully crystallized, epitaxial perovskite structure.

7.2 Layering Sequence and Titanium Control

As described for the growth of epitaxial EuO on silicon in Section 6.2.3, the
elevated temperatures need to crystallize the perovskite structure (as compared to the
alkaline earth oxides), the presence of oxygen in the growth ambient, and immediate
proximity to the silicon (which is highly sensitive to oxidation) prove be an incompatible
set of growth criteria. One solution to address this issue is to utilize multiple alkaline
earth oxide layers to move away from the silicon surface before the deposition of the
perovskite. Hypothetically this presents an optimal solution, given the ability to form a
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perfectly lattice matched alkaline earth oxide and the compatibility of the alkaline earth
oxide and perovskite structures. The proposed transition is shown schematically in Fig.
7.1.
The path shown in Fig. 7.1 offers a highly plausible path for the transition,
however, in actuality represents an oversimplified view of the actual deposition process,
and has thusfar, not led to a successful perovskite growth. The subtlety and crucial point
of interest lies in the behavior of the primary titanium layer deposited. Based on RHEED
observations and utilizing techniques to understand surface terminations,5,6
experimentation has revealed that a single titanium oxide layer on multiple rock salt
layers does not respresent a stable configuration.7 Indeed, upon heating after a cold
deposition or immediately upon deposition at elevated temperatures (i.e., 600 °C or
greater) the TiO2 layer will be pulled into the alkaline earth oxide stack to form SrTiO3
(i.e. alternating SrO and TiO2 layers) to minimize the free energy of the system. The
process described here is shown schematically in Fig. 7.2. In the case of more than two
rock salt layers and a single TiO2 layer, the equilibrium structure will be a film with a
double rock salt termination (see Fig. 7.2). In the case of two rock salt layers and a single
TiO2 layer, the equilibrium structure will be a film with a single rock salt termination
layer. The high mobility of the titanium and its tendency to move toward an equilibrium
arrangement makes the path proposed in Fig. 7.1 untractable.

7.3 Lattice Matching and Implications
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Understanding the dynamics of the TiO2 species within the structure and the
nuances of the growth forces a reevaluation of the simple scheme presented in Fig. 7.1.
In essence, the transition to the perovskite structure is not simply the growth of the
perovskite on an alkaline earth oxide layer, but rather, the transformation via a topotactic
reaction of the initial alkaline earth oxide layers into the initial perovskite.
The consequences of such a transformation on deposition strategy can be seen
through consideration of the lattice constants of the relevant species in Fig. 7.3. Figure
7.3 shows the lattice constants for silicon, (Ba,Sr)O and (Ba,Sr)TiO3 over the entire Ba/Sr
composition range. If one’s ultimate goal is to create the best lattice matched alkaline
earth oxide possible, then Ba0.72Sr0.28O represents the best solid solution mixture. If
one’s goal is to create the best lattice matched perovskite, however, and given that the
transition to perovskite entails transformation of the initial alkaline earth oxide layers, the
best lattice matched perovskite (using these constituent elements) is phase pure SrTiO3.
As a result, pure SrO (rather than Ba0.72Sr0.28O) should be the alkaline oxide of choice to
effect this transition.
This consequence can be seen in a tangible fashion through examination of the
x–ray diffraction data. Figure 7.4 shows the θ-2θ scans for two SrTiO3 films (78 Å total
thickness) grown under the same conditions except for the composition of the initial
alkaline earth oxide layers. The plot showing the film grown with an initial alkaline earth
oxide layer of pure SrO shows sharper peaks and a number of thickness fringes (which
are indicative of overall film smoothness and quality) as compared to the film initiated
with the lattice matched alkaline earth oxide.
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Further quantitative evidence can be seen through examination of the rocking
curve as well as the φ scan of the 101 SrTiO3 reflection in Figs. 7.5 and 7.6. The films
show FWHM in ω of the 002 reflection of 0.48° and 1.6° when using SrO and (Ba,Sr)O,
respectively. The films show FWHM in φ of 1.4° and 3.2° when using SrO and (Ba,Sr)O,
respectively. Visually, these consequences can also be seen in the high resolution crosssectional TEM image shown in Fig. 7.7. The image (for a film grown using intial
(Ba,Sr)O layers) shows a highly crystalline interface free of amorphous matter, but also
an interfacial region of disorder due to the inherent lattice mismatch in the system. These
quantitative and qualitative results are directly related to the nature of transition (i.e., a
transformation of the initial alkaline earth oxide layers into the initial perovskite.)

7.4 Optimized Perovskite Transition

With an understanding of the dynamics of the transition from alkaline earth oxide
to perovskite and extensive experimentation, an optimized SrTiO3 deposition process was
developed which led to the highest quality and most reproducibility. The process is as
follows:
a. Deposition of 2 ML of SrO as described in Chapter 5 of this thesis.
b. At room temperature and an O2 background pressure of 2 × 10-8 Torr,
deposition of 1 ML of TiO2.
c. Heating of the oxide stack to ~ 500-550 °C.8
d. Normal shuttered depostion5 of SrTiO3 starting with an initial TiO2 layer at
500-550 °C and 1 × 10-8 Torr O2.
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The process is shown schematically in Fig. 7.2 (II). Figure 7.8 shows the path taken in
this process and Fig. 7.9 shows RHEED images after each stage of the deposition. Films
as thin as 39Å and as thick as 1000Å were grown and examined by x-ray diffraction
using the strategy outlined above. Typical FWHM values in ω of the 002 reflection and
in φ of the 101 reflection for these films were 0.45-0.55° and 1.0-1.4°, respectively. The
best FWHM results recorded for all the films studied were 0.45° in ω for the 002
reflection and 0.5° in φ for the 101 reflection. Figure 7.10 shows the x-ray diffraction
data for a 39 Å SrTiO3 film, the thinnest film investigated in this study.
Instead of using a shuttered deposition (in Step (d)), films could also be grown
using codeposition or pseudo-codeposition with similar results. (The film shown in Fig.
7.10 was a film grown using a codeposition process, for example.) Codeposited films
tended to remain coherent to larger thicknesses, and also tended to be smoother, but
required slightly higher temperatures for epitaxial growth. Films that were codeposited at
~ 450-500 °C tended to become polycrystalline as films were grown thicker (as opposed
to shuttered films which could be grown at these temperatures). Codeposited films
required slightly higher temperatures than the shuttered depositions to ensure that the
films were fully epitaxial, unless significant recovery time was allowed between the
codeposition of subsequent SrTiO3 cells. Figure 7.11 shows the intensity from the
specular reflection after the codeposition of a single cell of SrTiO3 at ~ 530°C. The spike
in the data occurs during the deposition itself, and the recovery time was longer than the
data collection time shown on this plot. This data shows that a weakly crystalline film
was deposited and became more crystalline the longer the recovery step. At temperatures
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in this range, typical times for full recovery were 30-60 min.9 Recovery times were
shorter if the deposition temperature was raised, or if the temperature was raised and the
sample heated after the deposition process (i.e., vacuum anneal). While this “deposition
and anneal” scheme resulted in high quality films, it proved to be lengthy and intractable
for the deposition of thick films.

7.5 Alternative Approaches

As stated in the preface to this chapter, multiple approaches were taken to grow
an epitaxial perovskite on silicon. One approach that was extensively investigated was
the deposition of SrTiO3 on an alkaline earth oxide buffer layer at room temperature and
2-3 × 10-8 Torr O2 amorphously, and then recrystallization of the entire oxide stack in
vacuum. The use of recrystallization techniques (i.e., solid phase epitaxy) in an MBE
environment has been used previously in semiconductor systems (GaAs),10 related oxide
systems (LaAlO3),11 and specifically for the growth of oxides on silicon (SrTiO3).12
Although highly crystalline interfaces between the silicon and the oxide were obtained
with this strategy and stacks as thick as 300 Å were shown to be effectively crystallized,
films grown with this approach were rougher and less coherent13 (as determined by
RHEED). A typical RHEED image of a film where 200 Å has been recrystallized is
shown in Fig. 7.12. The presence of transmission spots indicates that the film is rough.
Fully coherent films (i.e., films that are not relaxed, where the in-plane lattice constant of
the SrTiO3 is the same as the silicon substrate) are of interest in this system for a number
of applications where a minimum of interfacial defects is desired (i.e., a transistor
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architecture). The strain that would be present in a coherent SrTiO3, for example, has
also been predicted to induce ferroelectricity14 and create a new functionality from an
already very versatile material.
Given the demonstrated success of this technique (solid phase epitaxy) to produce
a highly crystalline interface, a number of strategies with slight variations were
attempted. Recrystallization of single cells of SrTiO3 deposited at room temperature as
well as multiple cells all showed comparable FWHM values in both ω and φ.
Recrystallization of multiple cells provided a faster route to achieve an epitaxial SrTiO3
film, but resulted in films that were rougher than those attempted with multiple
recrystallization steps. As films grown with all these approaches showed significantly
larger FWHM values in both ω and φ than the process described in Sect. 7.4, this solid
phase epitaxy approach to grow thick SrTiO3 was abandoned.
The only material difference between films that were recrystallized using a single
step process as opposed to those using a multiple step process was the temperature at
which the film crystallized and/or the amount of time required for full recrystallization.
Recrystallization using a single step required higher temperatures (or longer times) than if
multiple steps were taken. This can be explained by the ability of a material to
recrystallize more easily when the solid phase epitaxy occurs via homoepitaxy (which
would occur in a multiple step recrystallization process) rather than heteroepitaxy. The
recrystallization temperature for a single step process (or the first step of a multiple step
process) was ~ 500-550 °C while subsequent recrystallization steps required temperatures
of only ~ 450 °C and much shorter recrystallization times. Figure 7.13 shows the
intensity of the specular reflection during the recrystallization of the first SrTiO3 cell and
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a second recrystallization of SrTiO3 in a two-step recrystallization process. Although
similar to the low temperature codeposition and recovery scheme outlined in Sect. 7.4,
these films were deposited amorphously and showed full recrystallization, while the
codeposited films (described in Sect. 7.4) were always crystalline (if only weakly so as
identified by RHEED and never amorphous in nature) and subjected to a recovery anneal.
This subtle difference may account for superior properties for the ‘crystalline and
recovered’ films seen in terms of rocking curves, coherency, and smoothness.
As a point of note, films grown using the process outlined in Sect. 7.4 but with a
single ML of SrO rather than 2 ML had characteristics strongly resembling films grown
using solid phase epitaxy.15 This result seems to suggest that there may be an inherent
difference in a process involving the transformation of perovskite from an alkaline earth
oxide as compared to simple recrystallization of a perovskite stack on an alkaline earth
oxide.
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Figure 7.1: Schematic, hypothesized transition from the alkaline earth oxide layers (SrO)
to the formation of the perovskite (SrTiO3). The transition begins with (a)
multiple alkaline earth oxide layers, followed by (b) the deposition of a TiO2
layer, followed by (c) alternating SrO and TiO2 layers.
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Figure 7.2: Schematic, actual transition from the alkaline earth oxide layers (SrO) to the
formation of the perovskite (SrTiO3) using more than two SrO layers (I) and
two SrO layers (II). The transition begins with (a and d) multiple alkaline
earth oxide layers, followed by (b and e) the deposition of a TiO2 layer,
followed by (c and f) the incorporation of TiO2 into the stack (i.e., the
transformation of the alkaline earth oxide layers into the initial perovskite).
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Figure 7.4: θ-2θ diffraction scans for 78 Å SrTiO3 films grown using initial SrO layers
and Ba0.73Sr0.27O layers.
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Figure 7.7: High resolution TEM image of the interface between the perovskite and the
silicon for a film grown using intial (Ba,Sr)O alkaline earth oxide layers.
The 5 ML (Ba,Sr)O layer at the interface that was present before the growth
of the overlying SrTiO3 was completely transformed into (Ba,Sr)TiO3.
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Figure 7.8: Process flow diagram showing the relevant temperatures for the transition
from alkaline earth oxide to perovskite. The letter labels correspond to the
respective RHEED images in Fig. 7.9.
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Figure 7.9: RHEED images taken after Step (a), Step (b), Step (c), and Step (d) (1000Å
thick SrTiO3) of the optimized perovskite growth process described in
Section 7.4.
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Figure 7.11: Plot showing the recovery of the intensity of the specular reflection after the
growth of a single SrTiO3 cell using a codeposition process at 530 °C.
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Figure 7.12: RHEED image along the [110] azimuth of silicon of 200 Å of recrystallized
SrTiO3 using a single recrystallization step.
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Figure 7.13: Plot showing the first and second SrTiO3 recrystallizations of a multistep
recrystallization process.
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8.0 New Functionalities – Applications and Integration

The direct integration of an epitaxial SrTiO3 layer on silicon remains a formidable
task even though significant progress has been made by a number of groups investigating
alternative gate dielectric materials for MOSFET applications.1,2 The chief difficulties lie
in three key areas: (1) the inherent multivalent nature of the titanium species in the
SrTiO3, (2) the difficulty of controlling oxygen stoichiometry in SrTiO3 which makes
obtaining fully insulating films difficult, and (3) the general lack of thermodynamic
stability of the SrO / Si interface at elevated temperatures. Of these three, controlling the
oxygen stoichiometry is the most difficult to address (as for example, one could with a
post deposition oxygen anneal but with the concomitant danger of forming SiO2 and
destroying the epitaxial oxide/silicon interface) since in MOSFET applications the
integrity of the interface is crucial if one wants to attain good channel mobilities and
switching characteristics.
Although SrTiO3 may never be implemented as a practical alternative gate
dielectric from an industrial viewpoint and remain only as a scientific curiosity because
of some of its limitations, SrTiO3 has utility and potential in other areas of silicon
integration, specifically as a platform for the integration of more complex oxide (or
nonoxide) structures. The use of epitaxial SrTiO3 / Si was first proposed as a novel
substrate in 1999 and first demonstrated with the growth of LaAlO3 / SrTiO3 / Si
heterostructures.3 Since then, a number of different systems have been investigated for
complex compound integration using SrTiO3 / Si including lead based ferroelectics4 as
well as recent work with GaAs.5 In each of these cases, the fundamental need was not
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maintaining the integrity of the silicon oxide interface, but rather having a compatible
(and isostructural in the case of the complex perovskites) material (i.e., not the very
reactive and structurally different silicon surface) to serve as a platform for silicon
integration. The use of epitaxial SrTiO3 on silicon in these applications renders the three
difficulties of SrTiO3 integration moot, since it is the structural characteristics of the
SrTiO3 which are of key interest, not its electrical properties (which are highly dependent
on the oxygen stoichiometry and valence states).
The first half of this chapter describes the use of epitaxial SrTiO3 on silicon as a
platform to integrate a novel system on silicon, specifically a lead based relaxor
ferroelectric. The second half of this chapter decribes the use the use of lanthanum doped
SrTiO3 to act as a conducting platform to integrate lead based ferroelectrics.

8.1 Pb(Mg1/3Nb2/3)O3 – PbTiO3 / SrTiO3 / Si Heterostructures

8.1.1 Introduction

Piezoelectric materials used in microelectromechanical systems (MEMS) offer
significant promise in a number of industrial situations, ranging from medical
applications to microscale sensing and analytical tools. Oxide ferroelectrics such as
Pb(Zr,Ti)O3 (PZT) with their superior piezoelectric properties represent a logical path to
create novel devices where large responses (and highly effective MEMS devices) can be
realized. Although true in the bulk state, the piezoelectric properties are severely
diminished when deposited in thin film form. This drawback which has limited interest
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in integration of these compounds into mainstream silicon based MEMS has been
explained with the inability to move 180° domain walls in this films, which serves as a
major contribution to the piezoelectric response in PZT.6
Several other systems closely related to PZT have recently been investigated as
alternatives with superior properties. One of these compounds is an ordered solid
solution of Pb(Mg1/3Nb2/3)O3 and PbTiO3 (PMN-PT) which has shown ultrahigh
piezoelectric coefficients (over 2500 pm/V) in single crystal form.7 Because of the
structure and symmetry of PMN-PT, unlike PZT based ferroelectrics, piezoelectric
response is independent of domain wall motion. Consequently, achieving superior
piezoelectric response in thin film form is a distinct possibility, and may justify the
expense of integrating these oxides in silicon based MEMS technology. Many of the
difficulties currently limiting PMN-PT lie with processing of the material itself, not with
aspects of integration. The results shown here focus on issues related to silicon
integration and the piezoelectric properties. A detailed description of some of the
limiting processing issues for PMN-PT can be found in Refs. 8 and 9.

8.1.2 Experimental Details

All films were grown starting with 150-200Å of epitaxial SrTiO3 on silicon using
the process outlined in Chapters 5 and 7 describing the growth of the alkaline earth oxide
and transition to the perovskite. The samples used in this study consisted of PMN-PT /
SrRuO3 / SrTiO3 / Si heterostructures with the SrRuO3 serving as a bottom electrode for
piezoelectric probing which was contacted from the top side of the wafer using
126

lithography.10 (Bottom electrode contact is described in more detail in Sect. 8.2.1)
SrRuO3 was grown by 90° off-axis sputtering11 in an atmosphere consisting of 60 mTorr
Ar and 40 mTorr O2 with the substrate held at 680 °C. Details concerning the growth of
the SrRuO3 can be found in Ref. 12.
The PMN-PT layers were also grown by 90° off-axis sputtering in an atmosphere
consisting of 120 mTorr Ar and 80 mTorr O2. The substrate temperature was held at
600 °C during deposition. Details concerning the growth of the PMN-PT can be found in
Ref. 9. It should be noted that the growth conditions presented here are too aggressive to
maintain the integrity of the SrTiO3 / silicon interface. However, they are well below the
threshold required to disturb the quality of the SrTiO3 layer (which has been shown to
occur at temperatures over 800°C).13 Since bottom electrode contact is made to the
SrRuO3 layer (and not from the backside of the silicon), the integrity on the interface
should have no appreciable effect on the resultant electrical properties. PMN-PT layers
were grown with thicknesses of 0.4-4.0 µm.

8.1.3 Structural Characterization

Figure 8.1 shows a θ-2θ scan for one of the heterostructures (0.4 µm PMN-PT
layer) tested in this study. The FWHM of the PMN-PT 002 reflection was 0.30° and
0.65° in 2θ and ω, respectively. To examine orientation and epitaxial quality in these
films a φ scan (FWHM φ = 1.4°) of the 202 PMN-PT reflection was completed and
shown in Fig. 8.2. Together these scans reveal the dominant growth orientation of (001)
PMN-PT || (001) SrRuO3 || (001) SrTiO3 || (001) Si and [110] PMN-PT || [110] SrRuO3 ||
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[110] SrTiO3 || [100] Si. For samples with thicker PMN-PT layers, small impurity peaks
could be seen due to the formation of a pyrochlore impurity phase. The total elimination
of a small amount of pyrochlore impurity is difficult even for samples grown under
optimal conditions on oxide substrates due to the relatively poor thermodynamic stability
of the PMN-PT in relation to the pyrochlore phase.9

8.1.4 Piezoelectric Characterization

Local probing of individual PMN-PT capacitors was made on individual
structures (50 µm diameter) using the AFM piezoelectric response technique described in
Chapter 3. As a benchmark and means for comparison, PMN-PT / SrRuO3
heterostructures were grown on single crystal (001) SrTiO3 substrates and subjected to
the same lithographic patterning and piezoelectric testing.
Figure 8.3 shows the measurement of the piezoelectric response coefficient (d33)
for both types of heterostructures (samples grown on single crystal SrTiO3 and SrTiO3
buffered single crystal silicon) as a function of field for films of three different
thicknesses. For both types of heterostructures, as the samples were grown thicker,
piezoelectric response increased. This type of behavior can be attributed to the fact that
thicker samples more closely resemble the bulk (i.e., where the film is less constrained by
the substrate). Substrate confinement and strain effects can exert a strong influence on
many properties, and it plays a large role here because the piezoelectric response
examines displacement (and thus, strain) as a function of field.

128

Of additional significant note, the PMN-PT films grown on the SrTiO3 buffered
silicon outperform the films grown on single crystal SrTiO3. The d33 coefficient for the
3.6 mm PMN-PT film grown on SrTiO3 buffered silicon was in excess of 400 pm/V,
which represents the highest measured value in thin film form to date.

8.2 PZT / (La,Sr)CoO3 / La-doped SrTiO3 / Si Heterostructures

8.2.1 Introduction

The motivation for looking at the heterostructures described in this section stems
from the recent interest in integrating ferroelectric thin films with complementary metaloxide-semiconductor (CMOS) technology to make high density nonvolatile memories.
In architectures currently being pursued, bottom electrode contact is usually made to the
ferroelectric though a polycrystalline silicon plug.14 As a result, the entire overlying
stack (including the ferroelectric) is polycrystalline. By growing a polycrystalline stack,
the highly anistropic polarization of the ferroelectric cannot be fully exploited. One
alternative approach is to use an epitaxial stack (including an epitaxial silicon plug) that
would not only ensure a maximize polarization but it would also provide uniformity of
properties over large areas and from capacitor to capacitor, which can be a serious
limitation for polycrystalline films as the grain size approaches the size of the memory
cell.
To operate a memory cell with current architecture designs, direct manipulation of
the ferroelectric from the underlying silicon is essential and necessitates a conductive
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buffer layer between the silicon and the ferroelectric (as opposed to the top side contact
utilized in the previous study investigating PMN-PT). The use of non-oxide, epitaxial
conductive buffer layers such as TiN for complex oxide-silicon integration has been
previously widely investigated.15-17 The stability of TiN, however, in an oxygen ambient
required to grow complex oxides is a critical limitation.18 Optimally one would like to
use an oxygen compatible, epitaxial conductive buffer layer, with a commonsense
approach being an oxide conductor. Given the success displayed previously with
epitaxial SrTiO3 to integrate complex ferroelectrics and the ability to dope SrTiO3 to
make it conductive,19-21 epitaxial, doped SrTiO3 serves as a logical choice. In this set of
experiments, lanthanum was used as a dopant sitting on the strontium site, making the
doped SrTiO3 an n-type conductor.
Since the goal of the architectures investigated here requires bottom contact to the
ferroelectric made from the silicon substrate itself, deposition concerns become much
more stringent than in the previous case examining the properties of PMN-PT. In this
study, maintaining the integrity of the interface as well as the conductive properties of the
La-doped SrTiO3 is critical to the success of the device. Figure 8.4 illustrates
schematically the key difference between the experiment described in Sections 8.1 and
8.2.

8.2.2 Experimental Details
All films were grown starting with 200-600Å of epitaxial La-doped SrTiO3 on
silicon using the process outlined in Chapters 5 and 7 describing the growth of the
alkaline earth oxide and transition to the perovskite. Various doping levels were used
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and are described in the following sections. The lanthanum doping level showed no
material effect on the details of the growth process. Structural and electrical
characterization were completed on these samples before the deposition of the subsequent
layers that comprise the heterostructure. The samples used in this study consisted of
La0.5Sr0.5CoO3 22 / PZT / La0.5Sr0.5CoO3 / La-doped SrTiO3 / Si heterostructures with the
La0.5Sr0.5CoO3 layers grown by pulsed laser deposition (PLD) and magnetron sputtering.
PZT layers were grown by both PLD and the sol-gel method. Specific details concerning
the fabrication of the heterostructures are found in Refs. 23 and 24 and are mentioned
here when material.

8.2.3 Structural Characterization

Figure 8.5 shows a θ-2θ x-ray diffraction scan of the heteroepitaxial stack
examined in this study (where all the oxide layers except for the initial La-doped SrTiO3
were grown by PLD) which consists of 700 Å La0.5Sr0.5CoO3 / 1200 Å PbZr0.2Ti0.8O3 /
700 Å La0.5Sr0.5CoO3 / 300 Å La0.17Sr0.83TiO3 grown on (001) silicon. La0.5Sr0.5CoO3
was used as the contact electrode to the PbZr0.2Ti0.8O3 to eliminate polarization fatigue in
the ferroelectric.25 The scan indicates the La0.5Sr0.5CoO3 and La0.17Sr0.83TiO3 layers have
(001)-orientation and the PbZr0.2Ti0.8O3 has both (001) and (100)-orientations. The
FWHM for the 002 reflection of the La0.5Sr0.5CoO3 is 0.76° and 1.40° in 2θ and ω,
respectively, and the FWHM for the 002 reflection of the (001)-oriented PbZr0.2Ti0.8O3 is
0.68° and 1.65° in 2θ and ω, respectively. FWHM values for the (100)-oriented
PbZr0.2Ti0.8O3 and the La0.17Sr0.83TiO3 could not be obtained because of lack of resolution
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among the perovskite phases in the θ-2θ scan (see Fig. 8.5). Figure 8.6 shows a φ scan of
the 202 reflection of the PbZr0.2Ti0.8O3 with a FWHM in φ of 2.5°. A φ scan of the 202
La0.5Sr0.5CoO3 reflection (not shown here) appears nearly identical to the scan in Fig. 8.6
with a FWHM of 2.4°. Together these scans reveal an in-plane, epitaxial orientation
relationship of [110] La0.5Sr0.5CoO3 || [110] PbZr0.2Ti0.8O3 || [110] La0.17Sr0.83TiO3 || [100]
Si and [110] La0.5Sr0.5CoO3 || [011] PbZr0.2Ti0.8O3 || [110] La0.17Sr0.83TiO3 || [100] Si for
the (001) and (100)-oriented PbZr0.2Ti0.8O3 respectively.
A low magnification TEM image in Fig. 8.7 shows the entire heterostructure
which exhibits flat and abrupt interfaces between each of the oxide layers. Figure 8.8
shows a high resolution image of the interface between the La0.17Sr0.83TiO3 and the
silicon. This image indicates the formation of ~ 40Å of SiO2 which occurred during the
deposition and processing of the La0.5Sr0.5CoO3 and PbZr0.2Ti0.8O3 overlayers due to the
need for relatively high oxygen pressures during growth.26 Although an amorphous layer
is formed, this SiO2 neither limits the ability to grow an epitaxial stack nor does it
significantly reduce the ability of the La0.17Sr0.83TiO3 to act as a conducting contact to the
silicon which maintains its integrity during the subsequent deposition processes.24 This
behavior may be attributed to the fact that the SiO2 barrier is thin enough that electron
tunneling from the silicon to the La0.17Sr0.83TiO3 can still exist. Another potential
explanation is the presence of both titanium and strontium as (determined by electron
dispersive spectroscopy (EDS)) in the SiO2 which may mediate conduction in the
amorphous layer. EDS across the amorphous interface showed the three species
(Si:Ti:Sr) in a 0.90 : 0.048 : 0.043 ratio (atomic concentration).
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8.2.4 Sol- gel Deposited Pb(Zr,Ti)O3

Although the heterostructure and device structure deposited by PLD described in
Sect. 8.2.3 functioned well regardless of the thin layer of SiO2 that formed at the interface
due to the very aggressive environment required for the ferroelectric deposition, an
optimal and more elegant heterostructure has a crystalline, epitaxial stack free of any
extraneous layers whatsoever (especially free of SiO2 which could potentially increase
the drive voltage of the device required for ferroelectric switching). To achieve such a
heterostructure, a less aggressive ferroelectric deposition strategy using sol-gel deposition
was investigated.
Figure 8.9 shows a θ-2θ x-ray diffraction scan of the heteroepitaxial stack
examined in this study (where the initial La-doped SrTiO3 was grown by MBE, the
La0.5Sr0.5CoO3 layers grown by magnetron sputtering at room temperature, and the
PbZr0.6Ti0.4O3 grown by sol-gel27) which consists of 700 Å La0.5Sr0.5CoO3 /
1200 Å PbZr0.6Ti0.4O3 / 700 Å La0.5Sr0.5CoO3 / 300 Å La0.17Sr0.83TiO3 grown on (001) Si.
Figure 8.10 shows a φ scan of the 202 reflection of the PbZr0.6Ti0.4O3 with a FWHM in f
of 6.6°. As expected, the epitaxial quality of the low temperature, sol-gel deposited film
is much poorer than the film deposited by PLD.
TEM characterization of the heterostructure is shown in Fig. 8.11 which is a
cross-sectional dark field image of the heterostructure. Selected area diffraction patterns
confirm the epitaxial growth of each layer previously determined by x-ray analysis.
Despite the less aggressive deposition conditions involved with the sol-gel process, a
small amorphous SiO2 layer (< 40 Å) still formed at the La-doped SrTiO3 / Si interface.
133

Capacitors (50 µm diameter) patterned from this heterostructure were subjected to
electrical measurements carried out in a vertical geometry to ensure a conductive path
between the silicon substrate and the bottom of the ferroelectric stack. PZT films showed
resistivity values of 1-3 × 1010 ohm-cm. Figures 8.12 and 8.13 show ferroelectric
response under quasistatic (low frequency) and dynamic (short pulse testing) conditions,
respectively. The remanent polarization and coercive voltage were 25 mC/cm2 and 1 V
respectively at 5 V. Additional ferroelectric testing on the same samples probed using a
horizontal geometry (through capacitive couple using two top side electrode contacts)
revealeded no significant change in the symmetry, magnitude, and shape of the hysteresis
loops, suggesting that the 40 Å interfacial SiO2 played no material role in the vertical
electrical property measurements (i.e., as with the PLD films, although the small
interfacial layer existed, it does not hinder the ultimate operation of the device structure).
Additionally, examination of the pulse width dependence data shown in Fig. 8.13 shows
no difference when measured using either the vertical (contact through the silicon
substrate) or horizontal geometry (capacitively coupled) (not shown), suggesting there is
no appreciable resistance drop across the La-doped SrTiO3 / silicon interface for pulse
widths down to 1 µsec. Figure 8.14 shows fatigue data for samples subjected to
polarization fatigue testing using bipolar cycles of 5 V at 1 MHz. Samples showed no
significant degradation to switching levels in excess of 1012 cycles.
From a strict device perspective the samples prepared using the sol-gel technique
perform well using the standard geometry for ferroelectric memory cells described in
Sec. 8.2.1 (where manipulation of the ferroelectric is made directly from the underlying
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silicon itself) despite a thin, interfacial amorphous layer that could never be totally
eliminated from the stack.
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Figure 8.1: θ-2θ diffraction pattern of a 0.4 µm (001) PMN-PT / SrRuO3 / SrTiO3 / Si.
Silicon is marked as (*).
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Figure 8.2: φ diffraction scan of the 202 PMN-PT reflection.
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Figure 8.3: Piezoelectric response (d33) measured for different thicknesses of PMN-PT
grown on (a) MBE-grown SrTiO3 / Si and (b) single crystal SrTiO3
substrates.
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Figure 8.4: Schematic showing the contact methods for the experiments described in
Sections 8.1 and 8.2. (a) Contact for the PMN-PT experiments made
independent of the silicon substrate. (b) Contact for the PZT experiments
made from the backside of the silicon wafer. This is the architecture relevant
for FRAM applications.
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heterostructure. Silicon is marked as (*).
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Figure 8.7: Low magnification cross-sectional TEM image of the same heterostructure as
in Fig. 8.5.
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Figure 8.8: High resolution cross-sectional TEM image of the La-doped SrTiO3 / Si
interface of the same heterostructure as in Fig. 8.5.
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Figure 8.9: θ-2θ diffraction scan of a (La,Sr)CoO3 / PZT / (La,Sr)CoO3 / SrTiO3 / Si
heterostructure. (The PZT was grown by sol gel). Due to the width of the
peaks resolution could not be obtained among the perovskite phases. Silicon
is marked as (*).
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Figure 8.10: φ diffraction scan of the 202 PZT reflection for the film grown using sol gel
deposition.
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Figure 8.12: Hysteresis loop for the PZT grown on silicon by sol gel deposition.
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Figure 8.13: Pulse width dependence for the PZT grown on silicon by sol gel deposition.
The pulse width dependence for films measured in the vertical and
horizontal geometries showed no observable differences.
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Figure 8.14: Fatigue behavior for PZT grown on silicon by sol gel deposition measured
using an 8.6 µs pulse width. The sample shows no fatigue to in excess of
1012 cycles.
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9.0 Perspectives and Future Directions

This chapter briefly describes perspectives concerning the implications of this
research and its future directions, as well as some preliminary results in other complex
oxide systems. The results presented here are believed to have a high probability of
future success and should stimulate a host of interesting experimentation. This chapter is
organized with comments concerning topics of the thesis addressed in Chapters 4-8.

9.1 Kinetics of Oxidation

The data presented in Chapter 4 of the thesis represent a small, yet important
fraction of the oxidation behavior of different metals of interest for silicon integration.
Clearly, the oxidation behavior of all elemental species of interest would prove to be a
phenomenal resource. The temperature dependent oxidation data would also prove to be
useful, however, conducting this experiment with the QCM apparatus would be quite
difficult. Some preliminary work (including temperature dependent studies) has been
completed using XPS as a tool to examine oxidation behavior in some relevant
systems,1,2 however, a comprehensive and immediately applicable series of experiments
has yet to be completed. In the same vein, a more thorough understanding of the
catalysis process described in Chapter 4 could prove useful in trying to optimize an
interface. As stated, the catalysis demonstrated with the use of alkaline earth oxides may
play a key role in the successful integration of other complex oxide systems.
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9.2 Alkaline Earth Oxides on Silicon

The topic of alkaline earth oxides on silicon has received considerable interest
from multiple groups for a myriad of reasons. Given the reconstructions seen with
alkaline earth silicides, the favorable oxidation kinetics, and the low temperature growth
behavior, they represent a near optimal system for epitaxial growth on silicon. The
alkaline earth oxides also represent a model system to examine because of their inherent
simplicity of structure which makes theoretical calculations as well as complex
characterization data more tractable.
A number of questions still remain concerning the ultimate nature of the interface.
First principles calculations from different groups have resulted in conflicting opinions
concerning the chemical character of the interfacial silicon – alkaline earth oxide
monolayer.3,4 More detailed structural and chemical analysis of the interface, perhaps
using synchrotron radiation and in situ growth, may provide an experimental answer.
Current research in this area is underway.
A careful and systematic study of the relaxation process of the alkaline earth
oxide on silicon represents another key area for additional study. The relaxation data
shown in this thesis is based on RHEED oscillations and not rigorous lattice constant
measurements which could be accomplished using ultrathin films and the correct capping
medium or a better in situ technique (The alkaline earth oxides are not air stable and
prove to be a challenge to characterize through ex situ means). Despite the difficulty, the
data would provide useful information concerning coherency of the interface which plays
a key role in the quality and orientation of subsequent layers. This information may also
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provide key insight into a very interesting (and not extensively studied) heteroepitaxial
system, the interface between a pure covalent (Si) and highly ionic material (BaO).5

9.3 Rare Earth Oxides on Silicon

The preliminary results presented here concerning the growth of EuO on silicon
may prove in the long run to be the most stimulating data in this thesis. With the field of
spintronics receiving increased attention for quantum computing applications, the search
for methods to create high degrees of spin polarization and control of spin polarized
electron transport (the basic elements of spintronics) are at the forefront of interest. A
EuO / silicon heterostructure may establish itself as an optimal system, or at least a
system that allows researchers to study some of the basic phenomena of spin injection
and spin lifetime in a silicon host.
The second area of potential future focus, which was first presented in this thesis
is the ability to use a rare earth silicide (EuSix) as an effective transition layer to grow an
epitaxial oxide on silicon. Previous research with epitaxial oxides on silicon has focused
almost exclusively on the use of alkaline earth silicides. Rare earth silicides may offer
some significant advantages, including better thermal stability, better lattice matching for
previously unexplored overlayers, and better platforms for the transition to other complex
perovskite oxide systems (e.g., LaAlO3, LaScO3, etc. which are being pursued for gate
dielectric applications).

9.4 Transition and Growth of the Perovskite
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Besides further optimization in the process to improve the overall crystal quality,
coherency, and flatness of the perovskite on silicon samples, an area of potential future
interest is the extension of the techniques outlined in Chapter 7 to new perovskite
systems. Preliminary work looking at aluminate and ruthenate perovskites6 has revealed
some significant differences among how the these materials behave. Key differences
exist in the areas of metal oxidation behavior, surface mobility of the metallic species,
and crystallization behavior. Some of these differences may become limiting factors in
the utilization of these techniques to grow certain perovskites epitaxially on silicon.
A number of other perovskites, however, have yet to be explored. Of particular
interest may be the manganates, the vanadates, and the chromates, all of which are
hypothesized to behave with characteristics (oxidation, mobility, and crystallization)
closely related to the titanates. Successful adaptation of the perovskite growth techniques
to new systems could provide insight into new functionalities and new oxide/silicon
electronic and magnetic structures.

9.5 New Materials and New Functionality – SrTiO3 / Si as an Epitaxial Platform

The ability of SrTiO3 / silicon to act as an alternative substrate material and
platform for complex epitaxial integration with silicon has virtually limitless potential. In
addition to the creation of new devices utilizing MEMS and ferroelectrics, integration of
oxides on silicon may provide a path to explore some of the fundamental physics
surrounding the role strain plays in the properties of the materials. Given the strongly
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differing thermal expansion and mechanical property characteristics of oxides and
silicon, experiments looking at the growth of epitaxial oxides on silicon may play a key
role in determining some of the critical issues that affect the transition from research
experimentation to full integration. Although more difficult to grow, epitaxial oxides
offer a degree of control far superior to polycrystalline films, which serve as the focus of
much of the research conducted presently.
In addition, SrTiO3 / silicon will be used to integrate even more esoteric systems.
Indeed, the high quality integration of GaAs on silicon through a SrTiO3 has been
demonstrated,7 and research continues into using SrTiO3 on silicon as well as other
oxides on silicon for compound semiconductor / silicon integration. Such an approach
may revolutionize the current focus of compound semiconductor / silicon integration.
Current research is underway investigating the use of SrTiO3 / silicon as a potential
platform for epitaxial diamond integration. Given the recent, significant success of some
groups with the growth of diamond / Ir / SrTiO3 heterostructures, the potential for success
in this arena is very promising.8-10

9.6 Other Complex Oxides - Superlattices

Superlattices offer significant opportunity to study a number of interesting
phenomena which are related to strain effects, dimensional confinement, dopant
modulation, and finite size effects. Fabrication of these structures on silicon presents a
particular challenge from a growth perspective given the stringent growth conditions
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dictated by the delicate nature of the oxide / silicon interface. Despite the inherent
difficulties, various superlattice systems have already begun to be investigated.
Figure 9.1 shows a θ-2θ diffraction plot of a BaTiO3 / SrTiO3 superlattice grown
on silicon. The multiple superlattice peaks indicate a high degree of both long and short
range order in the structure. The use of BaTiO3 in this superlattice may prove to be an
effective means to integrate an out-of-plane polarizable ferroelectric into a silicon
environment. Thusfar, no ferroelectric with out-of plane polarization has been
successfully grown on silicon while maintaining the integrity of the oxide / silicon
interface. Such a heterostructure has potential application in ferroelectric field effect
transistors as well as quantum computing architectures.
Figure 9.2 shows a θ-2θ diffraction plot of a LaTiO3 / SrTiO3 superlattice grown
on silicon. The motivation for such a superlattice stems from recent work by Onishi et
al., where LaTiO3 / SrTiO3 superlattices (grown on oxide substrates) demonstrated
extremely high carrier mobilities and unique transport behavior.11 The interesting
characteristics seen in these structures were attributed to the delta doping nature of very
short period superlattices and the ability to manipulate carrier location in the superlattice
structure. Not only interesting from scientific view, these heterostructures have potential
application in ferroelectric random access memory applications, as described in Chapter
8.
A final area of interest of potential structures concerns the growth of EuO / SrO
superlattices on silicon. Heterostructures such as these could be used to look at finite size
and dimensionality effects in ferromagnetic materials as well as the effect of
nonferromagnetic buffer layers on spin scattering processes. Although superlattices such
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as these have yet to be fabricated, the success demonstrated in Chapters 5 and 6 with the
growth of SrO and EuO, respectively, indicate that high quality, abrupt interface, short
period superlattices comprised of alkaline earth and rare earth oxides are within reach.
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Figure 9.1: θ-2θ diffraction pattern of a 355 Å (BaTiO3)5 / (SrTiO3)10 superlattice.
Silicon is marked as (*).
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10.0 Conclusions

The integration of epitaxial, functional oxides with semiconductors is a field with
enormous scope and tremendous potential. The work completed in this thesis presents
important steps toward the understanding of oxidation in an MBE regime, growth
strategies, and application and integration issues. Using an understanding of oxidation
and deposition fundamentals, the growth of various epitaxial oxides on silicon by MBE
has been demonstrated.
The strategy pursued for oxide on silicon heteroepitaxy (as relegated by the MBE
technique and constraints imposed by growth on silicon substrates) fell into the category
of growth in a low temperature / excess oxidant regime. Consequently, oxidation kinetics
played an important role in determining growth feasibility as well as potential growth
methodology. The room temperature oxidation behavior of various metal systems,
including certain alkaline earths, rare earths, and aluminum (metals who form silicon
compatible oxides) was investigated. The general ease of oxidation of the alkaline earths
(and hence, the potential for growth in a silicon friendly environment) provided further
motivation for studying alkaline earth oxide on silicon epitaxy. Oxidation experiments
also demonstrated the ability of alkaline earth metals to act as catalysts to promote
oxidation in poorly oxidizing systems (e.g., aluminum) which may prove a critical
observation for future investigation into new epitaxial oxide on silicon systems.
Alkaline earth oxides (including BaO, SrO, and solid solutions) were grown
epitaxially on silicon using techniques developed to exploit the advantages of the alkaline
earth oxide on silicon system. Such advantages include issues related to chemical
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stability, oxidation kinetics, growth temperature, interfacial structures, and lattice
matching. Analysis of RHEED during growth emphasized the critical need to keep
growth temperatures and oxidant pressures low and oxides thin to avoid relaxation.
The growth of rare earth oxide / alkaline earth oxide solid solutions and rare earth
oxides were also investigated. Limitations and difficulties of rare earth oxide growth
were addressed. Nevertheless, three significant results were accomplished with this
work: (1) the growth of metastable rare earth oxide / alkaline earth oxide solid solutions
which promoted the low temperature growth of the generally difficult to grow rare earth
oxide materials, (2) the first reported demonstration of the growth of an epitaxial oxide
on silicon using a rare earth silicide (rather than an alkaline earth silicide which has been
commonly used) which represents an alternate and potentially superior means to achieve
epitaxial growth, and (3) the first reported growth of epitaxial EuO on silicon which has
significant promise for investigating electron spin phenomena in the field of spintronics.
Epitaxial SrTiO3 (an oxide perovskite) was grown on silicon utilizing various
growth strategies with the optimal strategy (from a structural point of view) being the
transformation of the initial alkaline earth oxide layers into the initial perovskite
structure. This strategy exploited the general ease of oxidation and very high mobility of
titanium at low temperatures, which in turn, permitted the preservation of the integrity of
the silicon oxide interface. SrTiO3 and La-doped SrTiO3 buffered silicon were used as a
platform for integration of other complex, functional oxides. The piezoelectric
compound PMN-PT grown on SrTiO3 buffered silicon exhibited d33 values in excess of
400 pm/V, the highest reported for growth on silicon substrates. Epitaxial, ferroelectric
Pb(Zr,Ti)O3 in a device relevant FRAM architecture was also integrated with silicon
161

using a low temperature sol gel process and showed remnant polarization of 25 µC/cm2
and fatigue free switching behavior to 1012 cycles. By integrating ferroelectrics and
piezoelectrics, the ability of SrTiO3 to act as a platform for complex, functional oxide on
silicon integration was demonstrated.
Future research in this field should focus on three keys areas: (1) a more detailed
examination of the interfacial structures between the alkaline earth oxides and silicon and
investigation of alternative silicide structures (2) extension of the EuO results presented
in this work, and more generally the continued integration of new functionalities into a
silicon environment, and (3) extension of the SrTiO3/Si results and use of SrTiO3
buffered silicon as a platform for integration of new materials systems. Continued
pursuit in all three areas will each further the basic premise presented in this research, the
integration of epitaxial, functional oxides into a silicon environment.
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