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magnetization contrasts; b) Topography image; ¢) MFM phase image; d) 3-dimensional representation of
pillar topography with phase overlaid as color. Arrows in (d) represenent the observed magnetization
directions for SeleCted PIIAIS. ........ccviiii e ns 119
Figure 7-22. (a) Contact mode topography image taken during piezoresponse force microscopy (PFM)
measurement (‘X indicates the site of switching spectroscopy-PFM (SS-PFM) measurement in Fig. 6);
(b) Ferroelectric amplitude image corresponding to (a) (dark indicates low PFM response); (c)
Ferroelectric phase image corresponding to (a) (white and orange correspond to oppositely oriented
domains along the out-0f-plane dir€CLION). ......cc.ciiiiiie e e 121
Figure 7-23. (a) Out-of-plane ferroelectric phase loop in BiFeO3 (BFO) matrix measured using
piezoresponse force microscopy (PFM); (b) Measured tip displacement showing the expected butterfly
[oTo 0N 01=] 4T Y/ o] OSSR SRSORROSRIN 122
Figure 7-24. Vector piezoresponse force microscopy measurement of templated sample. A) Topography;
B) Vertical amplitude response; C) Vertical phase response; D) Lateral amplitude response; E) Lateral
PRASE TESPONSE. ...ttt ettt bbbt bbbt h bbb E b bbb e bt bbbt b e n e 123
Figure 7-25. Lithographic patterning of BFO domain structure via piezoresponse force microscopy. A)
Topography of nanopillar array; B) Applied bias map; C) PFM amplitude image following poling; D)
PFM phase image after POIING. .....cooiiiiiiieee bbb 126
Figure 7-26. A) Nanoscale map of the centroid of the BFO diffraction peak, showing that the lattice
parameter of the BFO film is different in the area of the patterned array than in the unpatterned regions;
B) CCD image of diffracted peak at the BFO (002),. Bragg condition, showing coherent scattering that

may be due to the presence Of @ PHIAT. ... s 128
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Abstract

Multiferroic oxide nanocomposites thin films composed of a ferrimagnetic spinel oxide nanopillar
and ferroelectric perovskite oxide matrix offer magnetoelectric coupling between the matrix and pillar,
which can be used in spintronic devices for logic and memory applications. CoFe,O, (CFO) offers unique
properties as a magnetoelectric material due to its large magnetoelastic response under stain. Previous
work has shown that when CFO is co-deposited with BiFeO; (BFO), nanostructured phase segregation
occurs, with CFO pillars forming in a BFO matrix. This work has also shown that electrical control of the
magnetic anisotropy in the CFO pillar is possible via switching polarization of the ferroelectric BFO
matrix. However potential spintronic device schemes require the ability to control the growth of these

materials to pattern the locations where CFO pillars form, which has thus far been illusory.

This dissertation has focused on the templated growth of multiferroic complex oxide films and
nanostructures via pulsed electron deposition (PED). The relatively new PED technique is similar to the
more traditional pulsed laser deposition (PLD) approach, but with some key differences in growth
kinetics. Uniform epitaxial CFO, BFO and Lag 7,Srq 2sMnO3 films have been grown on various substrates
via the PED technique. All three epitaxial growth modes have been demonstrated in these materials,
representing the first such result for complex oxide films grown via PED. Spontaneously formed epitaxial
CFO-BFO nanocomposites have also been grown via PED and demonstrate unusual strain conditions in
the CFO pillars that is not seen in composites grown via PLD. Analysis of the magnetic anisotropy of
CFO-BFO nanocomposites using vibrating sample magnetometry showed that the magnetic properties
what is expected given the strain demonstrated in the pillars. Finally, patterning of the growth of CFO-
BFO nanocomoposites has been demonstrated for the first time through the patterning of nanoscale CFO
islands on the surface of the substrate to serve as a template for the composite. Electron and scanning
probe microscopy analysis has demonstrated that these patterned composites exhibit similar crystal

guality and multiferroic properties as the spontaneously formed unpatterned films.
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1. Motivation

Multiferroic and magnetoelectric materials have attracted a good deal of attention in recent years for
their potential use in next generation electronic devices."* For decades, the integrated circuit industry has
been governed by Moore’s Law and the International Technology Roadmap for Semiconductors for
complementary metal-oxide semiconductor (CMQS) transistor logic. However, with current power
densities and gate sizes approaching fundamental physical limits, Si-based CMOS logic architectures may
be approaching the end of the roadmap.? The field of spintronics offers one possible alternative to
traditional CMOS logic and memory architectures.*> Spintronic logic and memory devices offer lower
power consumption and non-volatility, which is not possible in CMOS architectures.? In this section, a
brief overview of multiferroic and magnetoelectric materials is presented, followed by a discussion of
some spintronic device concepts, with a focus on the Reconfigurable Array of Magnetic Automata

architecture, which motivated much of this thesis.

1. Multiferroic and Magnetoelectric Materials

Multiferroic materials are materials that simultaneously demonstrate multiple ferroic properties, such
as ferromagnetism, ferroelectricity and piezoelectricity. Magnetoelectric material systems exhibit either
electrical control of magnetic properties, or magnetic control of electrical properties.® Magnetoelectric
systems are closely related to multiferroic materials in that multiferroic materials often demonstrate
magnetoelectric coupling due to the simultaneous presence of ferroelectricity and ferromagnetism.>’ The
ability to electrically control the magnetic moment of a material is a critical feature of most spintronic
logic and memory systems.>* A Venn diagram outlining the relationship between various multiferroic

properties and magnetoelectric behavior is shown in Figure 1-1.
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Figure 1-1. A Venn diagram showing the relationship of multiferroic materials to the class of materials
systems that exhibit magnetoelectric properties. Adopted from Eerenstein, et al.*

In thin film form, multiferroic materials are commonly produced in three different ways. Single phase
materials, such as the hexagonal manganites®® or strained EuTiO;°, can be grown epitaxially as single
layer films which exhibit both ferroelectricity and ferromagnetism. Bilayer films, such as La;.
SrMn0O4/BiFeO;," are designed so that one layer is ferromagnetic while another exhibits
ferroelectricity. Through interfacial coupling effects, such as exchange bias, these bilayers can behave as
magnetoelectric materials. Nanocomposite materials are another candidate system, with a ferromagnetic
nanopillar embedded in a ferroelectric matrix.'>*> These materials become magnetoelectric through strain
coupling at the interface between the pillar and matrix.* Examples of the geometries for these three

configurations are shown in Figure 1-2.
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Figure 1-2. Types of multiferroic films: (left) A single phase film such as EuTiOj or the hexagonal
manganites; (center) A bilayer film where interfacial coupling through effects such as exchange bias produces
multiferroic behavior; (right) A vertical composite such as the spinel-perovskite nanocomposites that produce
multiferroic coupling through strain. Adopted from Ramesh and Spaldin.?

2. Spintronics

1. Spintronic Memory Devices

In modern computer systems, memory technology can be divided into two types of systems: random-
access memory (RAM) and read-only memory (ROM). Static and dynamic RAM systems are used to
store information currently in use by the computer processor, while ROM systems such as hard disk
drives and flash memory store unused data. These two types of memory are needed because RAM
systems are volatile, which means that they do not preserve information when the system is turned off.
Similarly, ROM systems cannot be interfaced directly with the processor, because the energy needed to
read and write bits of information, along with the time needed to do so, is too large to be practical during
intense computations. Spintronic memory such as spin-transfer torque magnetic random access memory
(STT-RAM) offers an intriguing alternative to existing memory technologies in that is both non-volatile
and can be written and read quickly and efficiently enough to compete with existing RAM systems.? In

this way, STT-RAM represents an intriguing possibility for next-generation memory systems.

STT-RAM systems use a magnetic tunnel junction (MTJ) to store a bit of information." In an MTJ, a

magnetic multilayer is grown with two distinct magnetic layers—a pinned layer that is magnetized along

a single direction at all times and a free layer that may point parallel or anti-parallel to the pinned layer—



separated by an insulating barrier which promotes quantum tunneling between the two materials. Because
of the density of states in a ferromagnetic material is dependent on the spin of the electron in the material,
the probability of tunneling across the barrier depends on the relative orientation of the two magnetic
layers.'® If the magnetization of the layers is such that the moments point along the same direction
(parallel), the tunneling magnetoresistance (TMR) is low and representing either a ‘0’ or ‘1°. Likewise, if
the layers are magnetized in opposite directions (anti-parallel) the TMR is high and represents the
opposite bit. By passing a small current through the MTJ, it is possible to read the bit. Through the use of
spin-transfer torque, it is possible to rewrite the bit with new information by passing a current through the
MTJ that is sufficient to switch the free magnetic layer.*” Certain complex oxides, such as the perovskite
manganites, represent intriguing candidate materials for STT-RAM systems due to their high degree of
spin polarization.*® Various groups have fabricated MTJs using epitaxial manganite multilayers and

reported high TMR values at low temperature.****

2. Spintronic Logic Systems

Magnetic quantum cellular automata (MQCA)** and nanomagnetic logic (NML)* have been
proposed as a possible approach to the creation of a magnetic logic alternative to complementary metal-
oxide-semiconductor (CMOS) transistor logic. Both systems share similar approaches to perform Boolean
logic operations without using a transistor. An array of magnetic pillars or dots is fabricated
lithographically such that neighboring dots are in close enough proximity for their dipole moments to
couple anti-ferromagnetically, minimizing the overall magnetostatic energy of the system. By
demonstrating a majority logic gate using metallic materials, researchers have developed a complete logic
architecture that can perform the same logic operations as a CMOS logic system.** Simulations have
shown that NML or MQCA logic schemes could be lower power than the CMOS circuits they are
intended to replace.”® However, an oscillating external magnetic field is required to ‘clock’ the system,

making practical implementation difficult.



3. Reconfigurable Array of Magnetic Automata

The need for an external magnetic clocking field is a significant impediment to implementation of the
nanomagnetic logic systems discussed in the previous section. Fabrication of these systems is also
problematic, as it is not trivial to perform the top-down lithography needed to produce the metallic islands
in close enough proximity to achieve the dipolar coupling. To overcome these problems, an alternative
approach has been proposed known as the reprogrammable array of magnetic automata (RAMA), which
makes use of multiferroic materials that allow for electrical control of magnetic anisotropy.® Other groups
have proposed similar systems which employ ferroelectric materials for magnetoelectric control of a
nanomagnetic logic system.??’

RAMA uses a similar approach to logic operations as in NML, but uses multiferroic complex oxides
instead of metals to create the magnetic pillars and introduces a matrix surrounding the pillars. In this
approach, ferrimagnetic CFO pillars are fabricated and surrounded with BFO. The CFO pillars couple
anti-ferromagnetically, as in NML, but do so with moments lying perpendicular to the plane of the array.
The BFO matrix allows for magnetoelectric control of the pillars, which may allow the circuits to be
reprogrammable. A uniform square array of pillars is patterned and then programmed by applying an
electric field to the pillars that will not be a part of the circuit. This bias will change the ferroelectric state
of the BFO matrix and strain the pillar, decoupling it from the MQCA circuit. As an alternative to the
magnetic clocking field used in NML, it may also be possible to use the ferroelectric matrix as a means of

electrically clocking the system for easier transmission of data in the logic circuit. A full schematic of the

proposed design is shown in Figure 1-3.
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Figure 1-3. Schematic of Reprogrammable Array of Magnetic Automata (RAMA) logic architecture. A
square array of CFO pillars with perpendicular magnetic anisotropy in a BFO matrix is produced. Individual
pillars are addressed using wires above and below the array to write a ferroelectric domain in the BFO and
create an MQCA logic circuit.

Micromagnetic simulations indicate that the RAMA architecture can perform the same types of logic
operations as in the nanomagnetic logic schemes previously presented in the literature.?® It is found that
for pillars with diameter of 20 nm, a pitch (distance from center of one pillar to its neighbor) between 50
nm and 65 nm is sufficient for an error rate that becomes vanishingly small at room temperature. For
larger pillar diameters, comparably larger pitches are needed. In the case of a 50 nm pillar, a pitch slightly

greater than 100 nm is sufficient to produce dipolar coupling between the pillars.?



4. Overview of Thesis

The work performed in this thesis was motivated by the material needs to implement the
Reconfigurable Array of Magnetic Automata (RAMA) presented in this chapter. A novel technique to
direct the self-assembly of CoFe,O, pillars in a BiFeO; matrix is presented. Arrays of pillars with pitches
as small as 100 nm have been fabricated using this technique. Unpatterned composites have also been
fabricated and their magnetic and ferroelectric properties characterized and explained. Additionally,
benchmarking of the novel pulsed electron-beam deposition technique has been performed and a variety
of epitaxial growth modes have been demonstrated and explained for the first time in the literature.
Chapter 2 presents the background of the materials systems of interest, including BiFeOs, CoFe,0y,,
epitaxial nanocomposites comprised of these materials, and discusses previous techniques to pattern the
growth of oxide nanocomposites. Chapter 3 deals with the experimental procedures for the growth of
epitaxial oxide films and the nanofabrication techniques employed to pattern these materials.
Characterization techniques, including as x-ray diffraction, electron microscopy, and scanning probe
microscopy, are discussed in Chapter 4. In Chapter 5, experimental results for uniform thin films of
BiFeO3, CoFe,04, and Lag 72Sro2sMn0O5 are presented, their magnetic and ferroelectric properties
characterized, and the epitaxial growth modes discussed as a means of benchmarking the pulsed electron-
beam deposition process. Unpatterned BiFeOs-CoFe,O, hanocomposites are presented in Chapter 6 and
their multiferroic properties are characterized and explained. In Chapter 7, experimental results
demonstrating the directed self-assembly of BiFeO;-CoFe,0, nanocomposites are presented. The
microstructural and multiferroic properties of these materials are explained and compared to the
unpatterned composites demonstrated. Chapter 8 summarizes the key findings and discusses possible

directions for future work.



2.  Background

This research has focused on the epitaxial growth of complex oxide films and nanocomposites to
enable next generation spintronic devices. In this chapter, | will discuss the science governing the growth
of epitaxial thin films, which plays a critical role in understanding the structural properties of the films
examined in this work. 1 will also discuss the properties of the materials examined, including CoFe,0,
and BiFeO;. Finally, previous results in the patterning and directed self-assembly of epitaxial films and

nanocomposites will be presented.

1. Epitaxial Thin Films

Epitaxial film growth is a wide ranging field that encompasses all classes of materials, including
metals, semiconductors, and oxides. The growth of epitaxial films is governed by surface chemistry,
kinetics, and elastic properties of materials. There are two forms of epitaxial growth: homoepitaxy, which
refers to the growth of a film consisting of the same material as the single crystal substrate, and
heteroepitaxy, which is the growth of a different film material than the substrate. In this section, a brief
overview of epitaxial growth modes and strain relaxation in heteroepitaxial films will be presented. The
description will focus only on physical vapor deposition approaches, as chemical vapor deposition was

not employed in this work.

1. Growth Modes

Epitaxial films can form in one of three different growth modes: layer-by-layer (Frank-van der
Merwe) growth,” island (Volmer-Weber) growth,* and layer-plus-island (Stranski-Krastanov) growth.*
Layer-by-layer growth occurs when the deposited film uniformly wets the surface of the substrate,
growing one atomic layer at a time. A special form of layer-by-layer growth is step-flow growth, whereby
adatoms diffuse along the surface of the substrate until reaching a step edge, where the adatom then binds
to the surface.® In island growth, clusters of atoms nucleate on the surface of the substrate and form

individual islands that are multiple atomic layers in height.* In this case, the film does not wet the surface



of the substrate, leaving some regions uncoated while the islands grow in height. As additional material is
deposited, more islands nucleate and the islands eventually coalesce to produce a columnar epitaxial film.
The special case of Stranski-Krastanov growth occurs when the initial interface energy between substrate

and film promotes layer-by-layer growth. However, as the film increases in thickness, strain energy due to
lattice mismatch between the film and substrate promotes island formation as a means of strain

relaxation.® A schematic of the three different growth modes is shown in Figure 2-1.
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Figure 2-1. A schematic of the various growth modes possible during thin film growth.

Competition between nucleation in the formation of islands and crystal growth in the case of layer-
by-layer growth is a key governing feature in epitaxial film growth. The growth mode of a thin film is
determined by the interfacial energy between the film and substrate, the surface energy of the film and the
surface energy of the substrate.* If one assumes that the atoms in the vapor are in equilibrium with those

on the film surface it is possible to write the criteria for layer-by-layer growth as:



Ay =yr+vi—¥s<0 (2-1),

where yg is the surface energy of the film, y; is the interfacial energy between the film and substrate, and
ys IS the substrate surface energy. The interfacial energy is governed by the chemical bonds between the
substrate and film and the strain interactions due to lattice mismatch. In the case of island growth, the
surface energy of the film or the interfacial energy between the materials is large enough that the film will

not wet the surface and layer-by-layer growth is impossible. In this case, island nucleation occurs.

2. Film Strain
In heteroepitaxial growth with a film and substrate, strain is governed by the lattice mismatch

between the two materials. The calculated lattice mismatch is given by:

__ 2(af—as) N ar—as _
f=aa e (2-2),

where f is the dimensionless lattice mismatch, as is the substrate lattice parameter, and as is the bulk lattice
parameter of the film.* In the case of layer-by-layer growth, the film grows with an in-plane lattice
parameter equal to the lattice parameter of the substrate. This is referred to as coherent strain and results
in a biaxial strain in the film.*® A schematic showing the strain in a heteroepitaxial film is shown in Figure

1. The strain energy, E., in the film is given by:
E,=Ydf?/(1—v) (2-3),

where Y is the Young’s modulus of the film, d is the film thickness, and v is the Poisson’s ratio of the
film. For sufficiently small film thicknesses, d, the strain energy in the film is small enough to preserve

coherent growth.

As film thickness increases, the elastic strain energy, E., increases linearly with the thickness. At a
critical thickness, d., the strain energy becomes too large to preserve coherent epitaxial growth and misfit
dislocations form to relax strain.*® The Matthews-Blakeslee critical thickness,® d., is given by the

transcendental equation:
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where b is the burger’s vector of the dislocation and £ is a constant between 0.701 and 2.72, which is a
proportionality constant for the radius of the strain field around the dislocation in units of d.. A schematic
showing the film strain due to lattice mismatch and the relaxation process through the formation of misfit
dislocations is shown in Figure 2-2. Initially, dislocations form with a low density because the strain
energy is insufficient to support sufficient dislocations to fully relax away all strain. As the thickness
increases further, the dislocation density increases, relaxing strain and driving the lattice parameter of the

film closer to the bulk value.

Aim < Asup  Ailm
— < d < dc

d>d.

asub
— ST Misfit
dislocation

Figure 2-2. Schematic showing the growth of a heteroepitaxial film with strain due to lattice mismatch. (left)
For thicknesses less than d. the film is coherently strained to the substrate in plane lattice. (right) For
thicknesses greater than d, misfit dislocations form with a dislocation density that is thickness dependent.

2. CoFe204

CoFe,0,4 (CFO) is a ferrimagnetic oxide with unusual magnetic properties that make it an ideal
candidate for multiferroic and magnetoelectric devices. CFO has the cubic inverse spinel crystal
structure, with Co®* ions occupying half of the B-site locations in the crystal, and Fe** ions at the
remaining B-site locations and all A-site locations.®” This crystal structure corresponds to the space group
Fd3m. * Reports on the CFO lattice parameter vary slightly, but the most accepted value in the literature

is 8.38 A.* A rendering of the spinel CFO crystal structure is shown in Figure 2-3.
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Figure 2-3. Rendering of a single unit cell of CoFe,O, using VESTA.*’ Fe*" ions occupy all tetrahedrally
coordinated sites (brown) and half of the octahedrally coordinated sites (blue), while Co? ions occupy the
remaining octahedral sites.

Due to the high degree of spin-orbit coupling in CFO, the magnetocrystalline anisotropy coefficient,
K4, has been reported to be 4x10° erg/cm?®, while the magnetostriction coefficient, 10, can be as large as -
5.9x10.*? The negative value for 1, means that uniaxial compressive strain along a particular <100>-
type axis will induce uniaxial magnetic anisotropy in the same direction, making the axis of strain into the
magnetic easy axis of the material. In the CFO magnetic lattice, the Fe** ions couple anti-
ferromagnetically, producing no net magnetization, while the Co?* ions couple ferromagnetically to give
the material its magnetic moment. The saturation magnetization for CFO has been reported to be between
3.7 and 3.9 pg/Co ion.*

Much work has been done studying the effects of substrate choice on the magnetic properties of
epitaxial CFO films. MgO (001)*****>***” and SrTiO; (001)***® are commonly used as substrates for
CFO films. MgO substrates share an excellent lattice match with the CFO film, as the MgO lattice

parameter (a = 4.21 A) is almost exactly half of the CFO lattice parameter (a = 8.38 A).** This
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commonly leads to MgO (002) || CFO (004) epitaxial correspondence and perpendicular magnetic
anisotropy due to biaxial in-plane tensile strain in the film that results from the small lattice mismatch
(0.5%)."***” Films grown on SrTiO3 (STO) are also of interest because of its use as a substrate for many
perovskite multiferroic materials. STO has a lattice parameter of 3.91 A, which tends to seed films in the
STO (002) || CFO (004) epitaxial configuration but leads to compressively strained films due to the lattice
mismatch.* It has also been shown that due to the lattice mismatch of ~7% that CFO films will grow via

the VVolmer-Weber epitaxial island growth mode on STO.*

3. Perovskite Oxides

The perovskite class of complex oxides shares a similar ABO; crystal structure shown in Figure 2-4.
In the ideal cubic perovskite structure, A-site ions are located at the corners of a simple cubic lattice, B-
site ions are located at the body center site and O ions are located on the face centered sites. The effect
of this structure is to place the B-site ion at the center of an octahedron of six O% ions. Different materials
may have different crystal space groups due to various distortions of the oxygen octahedra that surround

the B-site ion.>°

Figure 2-4. Rendering of perovskite unit cell using VESTA.* Yellow ions represent A site ions, blue ions
represent B site ions, and red ions are O ions. The O ions form an octahedron surrounding the B site ion.
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4. BiFeOs3

BiFeO; (BFO) is an anti-ferromagnetic, ferroelectric, making it a popular choice for many
multiferroic applications. Bulk BFO has a rhombohedrally-distorted perovskite >'crystal structure, with a
Bi* ion at the A-site and a Fe** ion at the B-site, which produces an R3c space group.”* The
rhombohedral distortion is the result of a tilting of the oxygen octahedral cage which surrounds the central
Fe**. If the rhombohedral distortion is neglected, the unit cell can be represented with a pseudo-cubic
lattice parameter of 3.965 A

Ferroelectricity in the crystal is the result of the distortion of the ideal perovskite structure into the
rhombohedral unit cell that is observed in BFO. A net ferroelectric polarization of 6.1 uC/cm? along the
<111> axes was first observed in single crystal BFO in 1970.>* A commonly observed problem dating
back to the first measurements has been the presence of leakage current when an electric field is applied
to the material. It was not until 2003 that an epitaxial BFO film was demonstrated and the material
became the focus of significant interest.> In the seminal work of Wang et al., the authors grew epitaxial
BFO films and found enhanced ferroelectric polarization of 55 pC/cm?.*® Other measurements
demonstrated that the value of the piezoelectric ds; coefficient was between 40 and 90 pm/V depending
on film thickness. Theoretical models have determined that the spontaneous polarization in BFO that
induces ferroelectricity can primarily be attributed to the large Born effective charge on the Bi*" ion.*
Switching of ferroelectric domains in BFO has also been shown to induce a transient strain in the film,
which may be useful for magnetoelectric devices.”

Epitaxial BFO films are regularly grown on STO, which has a cubic perovskite crystal structure,
similar to BFO, and on conductive Nb-doped SrTiOz>>* (Nb:STO) when a bottom electrode is required
for ferroelectric measurements. When the films are grown on STO, the BFO crystal changes from a
rhombohedral unit cell to a distorted monoclinic unit cell with space group Cm, due to the epitaxial strain

at the substrate interface.>>*"*” Recent studies of BFO thin films grown with coherent epitaxial strain on

LaAIO; (LAO) substrates have demonstrated particularly interesting results. LAO is a rhombohedral
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perovskite with space group R3¢ and a pseudocubic lattice parameter of 3.79 A.** BFO films grown in
the rhombohedral phase under coherent strain with LAO would be under a significant -4.5% compressive
strain, which would be expected to produce an out-of-plane expansion of the lattice parameter for a c/a
ratio of approximately 1.07.%° Films grown under these conditions were found to exhibit a larger than
expected out-of plane expansion, with c/a ratios of 1.23, suggesting that the BFO film had undergone a
phase transition due to the epitaxial strain in the film.®® Theoretical models using density functional
theory predicted that such a strain would induce a phase transition from the bulk rhombohedral phase
(R3m) to phase with a bulk tetragonal structure (P4mm), which produces a film with a Cc space group.®
In the bulk phase, rotation of the oxygen octahedra in the unit cell is not present, which was confirmed in
the thin film by synchrotron x-ray diffraction studies.®® Further experiments confirmed that the parent
structure is in fact P4Amm by growing Ba-doped BFO such that the film is fully lattice matched with LAO
and does not distort to the Cc structure.®” Renderings showing the rhombohedral and tetragonal structures
of BFO are shown in Figure 6. Very recent results have also shown that when a tensile in-plane strain is
applied by growing BFO on a NdScOs substrates (pseudocubic lattice parameter of 4.01 A) a different

strain induced phase transition occurs, producing an orthorhombic phase of indeterminate space group.®®

Figure 2-5. (left) The unit cell of unstrained BiFeO; in the rhombohedral space group. (center) The
pseudocubic unit cell of rhombohedral BiFeO; showing the octahedral tilt pattern. (right) The tetragonal unit
cell of BiFeO; showing the ionic displacements in the material. All images rendered in VESTA.*
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The so-called “morphotropic phase boundary” present in BFO is of particular interest for its potential
to impart large strains by driving the system between the rhombohedral and tetragonal phases. When
tetragonal-phase (T-phase) films are grown to thicknesses greater than ~25 nm the strain begins to relax
and regions of rhombohedral-phase (R-phase) BFO begin to develop with uniform stripes of epitaxial T
and R phases present.®® Various works have shown that it is possible to electrically pole the system
between this “stripe” state and the T phase.®**’° In particular, it has been shown that strains in excess of

1% can be induced in localized regions of the film through electrical poling.®®

5. Spinel-Perovskite Nanocomposites

When mixed together to form a composite thin film, CFO and BFO have very interesting properties.
It has been shown that when a ferroelectric perovskite oxide, such as BFO, is codeposited with a spinel
oxide, such as CFO, the two materials will spontaneously phase segregate due to their immiscibility." """
This spontaneous phase segregation is the result of the different surface energies between the spinel and
perovskite phases, where the {001} surfaces of perovskites are the minimum energy surfaces, while the
{111} surfaces of spinels represent the minimum energy surface.” The choice of substrate orientation
thus affects the morphology of the resulting nanocomposite, since the perovskite phase will have the
minimum surface energy on a (001) substrate, while the spinel phase will have the minimum energy on a
(111) substrate. When grown on (001) substrates, which are commonly chosen to be STO, these
composites segregate such that spinel pillars form in a perovskite matrix.”* The CFO pillars form faceted

structures in BFO, with edges along the <110>-directions and pyramidal faces above the surface with

<111> facets to minimize the surface energy.” A schematic of this structure is shown in Figure 2-6.
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Figure 2-6. (a) Cross-sectional view of CFO pillar; (b) Top-down view of pillar.

Numerous works have shown that changing the ferroelectric polarization in the matrix induces a
change in the magnetic anisotropy of the ferrimagnetic spinel pillar.”*”7*7>7¢ A particularly intriguing
result was presented by Zavaliche, et al,> which showed that a change in the coercivity of the CFO
nanopillars could be induced by selectively poling the BFO matrix via piezoresponse force microscopy
(PFM). This result was attributed to transient strains induced in the CFO pillar during the ferroelectric
switching process. However, work by others using x-ray nanodiffraction has shown that it may be
possible to induce a non-volatile strain in Pb(Zr,Ti)O; by poling the ferroelectric film via PFM,.”" If such
a non-volatile strain state were possible, it would represent an exciting prospect for use in the
Reconfigurable Array of Magnetic Automata (RAMA) architecture.®

Some works have reported perpendicular magnetic anisotropy in CFO-BFO composites due to out-of-
plane compressive strain in the CFO films.”®”>® This strain is believed to arise from the vertical interface
between the CFO pillar and the BFO matrix, which, if coherent, would yield a compressive strain.
However, other works have shown that the interface between the two films is fully relaxed.” Thus, the
origin of the perpendicular anisotropy found in some composite films is not fully understood.

Spinel-perovskite hanocomposites have also been grown with a variety of other materials. Other

ferroelectrics, such as BaTiOs,"” PbTiO;*"* and Pb(Zr, Ti)Os***"®> have been used with CFO pillars to
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produce composite magnetoelectric materials. Composites have also been grown with a tetragonal-phase
BFO matrix through the use of an LAO substrate, which changes the magnetic anisotropy of the CFO
pillar.®***” An intriguing recent work demonstrated that by growing metallic SrRuO; (SRO) as the matrix
material with a CFO pillar, it is possible to optically control the magnetic anisotropy due to the

photostrictive properties of SRO.*

6. Patterned Complex Oxides and Nanocomposites

Previous work in patterning multiferroic nanocomposites has been limited. One method to produce
patterned magnetoelectric composites is to use a porous anodic aluminum oxide (AAQ) film as a liftoff
mask during deposition, which produces a hexagonal array pattern.** In one approach, a BaTiOs-
CoFe,O4 (BTO-CFO) multilayer is deposited onto the AAO film on an STO substrate, which yields a
small amount of magnetoelectric response.*® Another technique is to use the AAO film to form CFO
islands and then overcoat the islands with ferroelectric Pb(Zr,Ti)O3z (PZT), which yields a composite that
is both ferroelectric and ferromagnetic.®* Others have used a SiN membrane as a shadow mask to grow
ferromagnetic Lag7Sro3sMnQ; islands and overcoat them with ferroelectric PbTiOs, which produces an
epitaxial composite structure with sub-micron dots and intriguing ferroelectric domain structures.*
However, none of these techniques offers the degree of magnetoelectric control found in the BFO-CFO 1-
3 epitaxial nanocomposites.®>” Additionally, the AAO and membrane masks are not practical for the
formation of a square array of pillars needed for the proposed memory and logic architectures. Another
approach involves the use of block copolymers to order the formation of polycrystalline CFO pillars in a
polycrystalline PZT matrix using a sol-gel process.’* This technique also produces a hexagonal array of
pillars, but demonstrates a stronger magnetoelectric response than found in the other works. Larger,
micron-scale polycrystalline CFO islands embedded in a PbTiO3; matrix have been fabricated using e-

beam lithography via a liftoff process, but such techniques are more difficult for smaller nanoscale islands
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and may not produce the epitaxial pillars and matrix that are desired.®®> A bottom-up technique to

arbitrarily define the location of individual pillars in the composite would be ideal for future technologies.

Limited work has been performed examining the formation of spinel islands on the surface of a
substrate. Using an electron-beam lithography (EBL) liftoff process, one group patterned an array of pits
in polymethyl methacrylate (PMMA) resist and spin coated CFO on an STO substrate using a sol-gel
technique.® This process resulted in square arrays CFO islands of sizes ranging from 100 to 500 nm in
diameter with pitch of 1 um. After annealing, the authors found that the CFO islands facetted to form the
same kind of dome structure that is seen in the epitaxial nanocomposites discussed above. A (001)-
oriented face sits on the top of the islands, with {111}-type facets rising from the substrate. Faceting of

this type is also seen in CFO nanoparticles, which preferentially form {111} facets.”

Templated self-assembly is a popular technigue to control the formation of a self-assembled
structure.’®** In this approach, the surface of a substrate is modified to constrain how a pattern will form
during thin film deposition. Focused ion beam (FIB) patterning of a Si substrate to form pits has been
shown to be effective in creating a preferred nucleation site for the formation of Ge epitaxial quantum
dots.’®*” Similarly, EBL has been used to form SiC on the substrate surface, which acts as a nucleation
site during Ge quantum dot growth.® The approach chosen in this work was to define a CFO island on

the surface of the substrate to act as a template for the self-assembly.

A similar technique was independently pursued by another group® and was recently published after
the initial results in this thesis.'® In this work, the group fabricated (Fe,Zn);O, nanoscale pads with lateral
dimensions ranging from 100 nm to 3 pm and deposited a BFO film on top of the template substrate.
They found that BFO adatoms preferentially diffuse off of the pads if the diffusion length is sufficient for
the adatoms to reach the edge of the pad. This phenomenon is a result of the large interface energy
between the spinel and perovskite phases, which is the same physics that governs the growth of the

epitaxial nanocomposites. Following the demonstration of directed self-assembly in this work, the same
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group also demonstrated the patterning of Fe pillars in a matrix of LaSrFeO, using a similar technique to

what was presented here. 0%
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3. Thin Film Growth and Nanofabrication

1. Epitaxial Thin Film Growth

1. Introduction
Ferroelectric, multiferroic and correlated oxides have traditionally been grown by several
different techniques, including chemical vapor deposition (CVD), sputtering, pulsed laser deposition
(PLD) and molecular beam epitaxy (MBE).* Detailed discussion of films grown by CVD and sputtering
is beyond the scope of this work, though high quality epitaxial films can be grown using both

techniques.’®®

MBE became a popular technique for the layer-by-layer growth of complex oxides with the
increase in research in the high temperature superconductors and is now in wide use for the growth of
magnetic and correlated oxide films as well.***!% MBE techniques, such as reflection high energy
electron diffraction (RHEED),"® have been employed to grow multilayer and superlattice films and

examine interfacial phenomena that depend on precise, atomic-layer control of film thickness and surface

termination. %’

PLD is a popular laser ablation approach to the growth of complex oxide films due its unique ability
to grow a stoichiometric film.*® This capability makes it ideal for complex oxides, where maintaining the
stoichiometry of the various cation elements within the crystal is critical. In recent years, MBE
approaches to film growth have been applied to PLD, which has led to the term “laser MBE” to describe
films grown via PLD with in situ RHEED apparatus to monitor film epitaxy.'®'* It is now widely
accepted that films, multilayers and superlattices grown using the laser MBE technique may have crystal
and interface quality comparable to those grown via traditional MBE.* However, PLD may be
inconvenient because of the need for a large, expensive excimer laser and an optics setup to focus the

laser beam into the deposition chamber, and the toxic gases.

A relatively new technique, pulsed electron-beam deposition (PED), offers an intriguing alternative to

PLD. Instead of a laser source to ablate the target, a high current, high voltage electron pulse is employed.
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This allows for a self-contained deposition system which allows multiple sources to deposit
simultaneously. The PED technique uses a channel spark mechanism to produce energetic electron
pulses.’® When directed at a target these pulses penetrate the surface material and cause rapid
evaporation due to non-equilibrium heating. The pulse duration is ~ 100 ns with energies on the order of a
Joule. PED has many similarities to PLD, such as average pulse duration, energy and non-equilibrium
ablation of target materials. Table 3-1 lists the characteristic properties of Pulsed Electron Beam Sources.
Due to the smaller absorption depth of electrons as compared to UV photons, PED is capable of

depositing wide band gap materials, semiconductors, highly reflective metals, and organic materials.

Maximum discharge voltage 20 kV
Electrical efficiency 30 %
Stored Energy 3]

Gas pressure 4 —30 mTorr
Discharge time ~80-100ns
Repetition rate 1-100 Hz

Electron energy in the beam <15keV
Electron current 1.5 kA
Electron beam diameter at the target ~2-3mm
Beam Current density < 10° Alcm®
Power in the beam <15MW
Power density in the beam <500 MW/cm®
Maximum Range of electrons 0.4 pym

Table 3-1. Pulsed Electron Beam Sources parameters.™
The technique, first referred to as “pseudospark ablation”, was initially demonstrated in 1990 via the
growth of a YBaCuO (YBCO) film.'*! Since that time, PED technology has progressed and the conditions

required for optimized growth have been studied.*?

To date, many of the oxide films grown via PED
have been high temperature superconductors, such as YBCO***** and (La,Sr),Cu0,.***® One group
also grew the correlated magnetic oxide Lag sPdy 4MnggRU 03 using the technique.119 In most of these
cases, however, the films grown were deposited at high growth rates, leading to either textured films or

thick epitaxial films with rough surfaces and particulate on the surface. For films grown via this technique

to be comparable to those grown via conventional or laser MBE, reduced growth rates and particulate-free
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films are needed. In particular, optimal film growth conditions typically occur with thermalized adatoms,
which have velocities governed by their thermal energy rather than the energy imparted during

ablation.*?°

2. Pulsed Electron Deposition Procedures

In this thesis, all complex oxide thin films are grown using a Neocera Pulsed Electron-Beam
Deposition (PED) system. PED is a relatively new technology for thin-film deposition, but has been
shown to produce high quality complex oxide thin films.”?***>**' PED is somewhat similar to the more
common pulsed laser deposition (PLD) technique, but differs in some key ways. Most notably, the
optimal deposition rate for PED is roughly four times lower than that for PLD to deposit material.*> The
growth conditions for samples in this work, such as substrate temperature, gun voltage, and operating
pressure and gas mixture, were varied depending on the material being deposited and the desired film
morphology. The appendix to this thesis provides a chart with a detailed list of the growth conditions for

each sample shown in this work.

A view inside the system vacuum chamber is shown in Figure 3-1. The electron guns are mounted to
the side of the chamber and electron pulses from each gun are directed to the target surface via an alumina
tube mounted inside the end of the electron gun. Two different configurations of the gun were used during
this work, as the system design was evolved by the manufacturer over the time. Initial films were grown
with an alumina tube protruding from the electron gun held in place by a cooling water coil, which kept
the tubes from overheating. This configuration can be seen in Figure 3-1(A) on the right electron gun. The
updated design incorporates a metallic sleeve that encases the tube and is believed to improve the
electrostatic conditions to prevent electrical discharge to the cooling water coil. This configuration is
shown on the left gun in Figure 3-1(A). An alumina cap is mounted to the end of the sleeve to prevent any

shorting between the sleeve and the tube. Examples of the sleeve and tube are shown in Figure 3-2.
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Figure 3-1. Photographs of the PED system. (A) A view inside the chamber showing the left electron gun with
the new metallic sleeve and the right electron gun with the older cooling coil holder, the substrate holder and
heater, and the target stage. (B) An image of the plume produced during ablation of the CoFe,0, target.

Figure 3-2. (A) Dlsassembled sleeve (top) tube (bottom) and alumina cap (left). (B) Assembled system.

The two materials that are the primary focus of this research are CFO and BFO. Additional
Lag 72Sr02sMn0O; (LSMO) films have been grown to demonstrate the epitaxial growth modes possible in

films grown via PED and for use as a bottom electrode for ferroelectric measurements. In the case of
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CFO, a stoichiometric CoFe,0, target is used to synthesize films with the same composition. A
stoichiometric LSMO target was also used for those films. For BFO two different targets have been used.
Films were grown using a Bi; 15FeQOj3 target and a Bi; ,FeOs target. The additional Bi is required due to the
high volatility of Bi at elevated temperatures, which leads to the loss of Bi from the films.'? Ceramic
targets (diameter = 1 inch) used in this work were fabricated by Kurt J. Lesker Inc. The targets are placed
in an alumina dish and held on the carousel stage beneath the electron gun. A representative target and
alumina dish are shown in Figure 3-3. To ensure uniform ablation of the targets, the carousel rasters the
target about its center and the target itself rotates beneath the electron gun. This technigue allows for
ablation of the entire target surface during the deposition process, and minimizes the formation of any
“racetrack” grooves. For this work, the targets were rotated at a rate of 20°/sec and rastered at a rate of
2°/sec. The rotation rate produces a rotational period of 13 seconds to complete 360°, while the raster rate
produces a period of 15-20 sec to traverse the entire target (the target surface covers an angle of

approximately 20° out of the carousel’s circumference).

Figure 3-3. Alumina holder (left) and ablated Bil.2FeO3 target (right). Target is 1 inch in diameter.

A load-lock chamber is attached to the main chamber to quickly transfer samples without breaking
the vacuum in the main/growth chamber. This chamber also uses a turbo-molecular pump manufactured
by Pfeiffer Vacuum Inc. Samples are mounted on an inconel holder using commercially available Fast
Drying Silver Paint (Ted Pella Inc.). The use of different varieties of silver paste is believed to change the

actual substrate temperature slightly and changes the growth conditions, so it is important that only the
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Fast Drying Silver Paint is used. An example of three mounted substrates is shown in Figure 3-4. The
sample holder is placed within a transfer collar that sits on the heater stage within the chamber. The stage
heater is lowered into close proximity with the sample holder, but not placed in direct contact so as to
allow the sample holder to rotate for uniform deposition. The sample holder is rotated at an angular
velocity of 120°/sec. The presence of the space between the sample and heater means that the temperature
setting used within the computer control program is not equal to the substrate surface temperature.
Previous calibrations were performed using a thermocouple mounted to a sample holder to determine the
relationship between the set temperature and the temperature on the surface of the sample holder.'® This
graph is shown in Figure 3-5. These calibrated temperatures should be treated as estimates, given that the
system is not equipped with a pyrometer or other system to directly measure the substrate temperature. In

previous works, an uncertainty in the substrate temperature of 25 °C has been assumed.'®

Figure 3-4. Sample plate with substrates mounted using fast drying silver paint.
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Figure 3-5. Temperature calibration data showing substrate temperature as a function of setpoint
temperature.'?

26



3. Substrate Preparation

Substrates in this study were prepared in different ways depending on the desired surface properties.
For samples that did not require a specific surface termination, substrates were cleaned via sonication in
acetone and isopropanol before use, but not treated with any etching or annealing process. The “as-
received” substrates (Crystec GMBH) show minimal roughness and exhibit step-edges, making

treatments unnecessary if single surface terminations are not needed for a sample. Representative atomic

force microscopy (AFM) surface topography scans are shown in Figure 3-6.
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Figure 3-6. As received SrTiO3 (A) and LaAlO3 (B) substrates showing multiple terminations and minimal
surface roughness with visible step edges. Note the presence of twinning in the LaAlO3 substrate due to the
rhombohedral room temperature crystal structure.

To prepare TiO,-terminated surfaces on SrTiO; (STO) and Nb-doped SrTiO; (Nb:STO) substrates, a
commonly used etching and annealing technique was employed.*® Substrates were initially cleaned using
an ultrasonic agitator for 5 minutes each in acetone and isopropanol baths, followed by 10 minutes in
deionized water. The substrates were then etched for 30 seconds in a bath of commercially available
buffered oxide etchant (Sigma-Aldrich) containing hydrofluoric acid. The samples were then rinsed in
deionized water for at least 1 minute and annealed in an open air tube furnace for 1 hour at 1100 °C. This

procedure produced atomically smooth substrates with regular step-edges for STO and atomically smooth
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substrates with jagged step-edges that were generally multiple unit cells in height for Nb:STO.

Representative AFM scans of both surfaces are shown in Figure 3-7.
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Figure 3-7. A) AFM topography scan for representative SrTiO; substrate; B) Line profile along gray line in

(A); C) AFM topography scan for representative Nb-doped SrTiO; substrate; D) Line profile along gray line

in (C).

MgO (001) substrates were prepared to have atomically-smooth surfaces for growth of CoFe,O,. The

substrates were sonicated in acetone and isopropanol baths and annealed at 1200° C for 1 hour in a tube

furnace. The resulting surface had wavy step-edges and sparse surface islands and pits due to internal

contaminants diffusing to the surface, but was otherwise smooth.*?*

2. Nanoscale Fabrication Techniques

To direct the self-assembly of CFO-BFO epitaxial nanocomposites, nanoscale fabrication in a
cleanroom environment was performed to pattern small CFO islands on various substrates. All

fabrication work presented here was performed at the National Institute of Standards and Technology
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Center for Nanoscale Science and Technology in Gaithersburg, Maryland. In this section, the procedures
for amorphous Si sputtering, electron-beam lithography (EBL), and reactive ion etching (RIE) of the
patterned samples are described. A schematic outlining the entire fabrication process is shown in Figure

3-8.
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Figure 3-8. (a) Initial structure before patterning; (b) HSQ resist spun onto Si cap; (c) Resist is patterned to
form dots using e-beam lithography; (d) Pattern is transferred through the Si cap using RIE; (e) Pattern is
transferred through CFO film using Ar mill. The STO substrate is partially etched during this process.

1. Silicon Sputtering

The Si capping layer was grown at room temperature using an RF sputter system in the NIST Center
for Nanoscale Science and Technology (CNST) NanoFab. The system has a base pressure of better than
3x10° T. An Ar atmosphere of 3.7 mTorr was used, with 400 W RF power applied to an undoped Si
sputter target. This produces a deposition rate of 1.1 A/sec based on recipes provided by NIST staff. In
practice, the deposition rate varies by ~10% from run to run due to long term drift in the equipment
between uses. Deposition times were 180 seconds to produce films with calibrated thickness of
approximately 20 nm. The Si film is expected to be amorphous and produces what appears to be a

conformal coating of the CFO islands.'*
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2. E-beam Lithography Patterning

Dow Corning XR-1541 hydrogen silsequioxane (HSQ) negative tone e-beam resist was used for
patterning. The resist was diluted in a 1:1 mixture with methyl isobutyl ketone (MIBK) to form a 3%
solids content HSQ solution. HSQ is currently the most used negative tone resist available for EBL and
has been used to produce 10-nm nanopillar arrays with pitches (center-to-center distance) as small as 25
nm."****” However, HSQ has been shown to adhere more readily to Si than to other materials, which
necessitates the Si capping layer on top of the CFO film.™ The resist was spin coated on the sample at
3000 rpm for 35 seconds to produce a resist thickness of between 60 and 70 nm, as measured by optical

ellipsometry.

Electron beam lithography (EBL) was performed using a Vistec VB300 EBL and JEOL JBX 6300-FS
systems at the CNST NanoFab with area exposure doses of 5-30 mC/cm? with an accelerating voltage of
100 kV. The EBL pattern was designed so that a variety of pillar shapes, widths and pitch sizes would be
patterned onto the same sample. Alignment marks surrounding a 100 pm x 100 pm square of width 1 um
were also patterned to aid in finding the pattern after development. To account for some variation during
the patterning, development and etching process, several copies of the same pattern were made on each
sample with a variety of doses. This “dose array” improved the effective yield on samples throughout the

process.

The pattern was developed using either 25% TMAH developer for 1 minute or CD-26A developer for
3 minutes followed by a rinse in a 1:9 mixture of CD-26A:DI water for 1 minute and then a final rinse in
deionized water. After development, the alignment marks were clearly visible using a standard optical
microscope and arrays with smaller pitches had sufficient feature density to be visible in some cases. This
optical inspection served as a good indicator of patterning and development success. Further inspection
via scanning electron microscopy was performed in some cases to verify that the nanoscale features

developed properly.
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3. Reactive Ion Etching

A Unaxis 790 reactive ion etching system was used to transfer the pattern through the Si and CFO
films through a two-step etching process. An initial etch using a mixture of O, and SF¢ was performed to
selectively remove the exposed amorphous Si capping layer. The mixture was calibrated sample-to-
sample to remove a sufficient amount of Si to prepare the substrate for the next etch. The base pressure of
the system was less than 5x10™* Torr and the operating pressure was 10 mTorr. The RF power was set to
a value to produce a DC bias of 330 V, with powers ranging from 100 to 125 W. The Si cap is partially
removed during the process and the patterned HSQ pillars are preserved. A second etch is performed
using the same RIE system, with 50 sccm Ar flow, 8 mTorr operating pressure, 500 W RF and a 750 V
DC bias. This produces a CFO etch rate of 3-5 nm/min with some variation from sample to sample. Si
and HSQ rates are considerably higher. The etching time was varied so as to fully remove the CFO layer
and re-expose the substrate for each sample. Typical etch times were 150-210 seconds in total. The
completion of the etch was confirmed through AFM inspection of the arrays, which showed that step-
edges from the original substrate treatment were visible and that the surface topography no longer showed

the island morphology that develops during the growth of the CFO film on the Nb:STO substrate.
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4. Thin Film Characterization Techniques

1. X-Ray Diffraction

1. Diffraction System

X-ray diffraction was employed to characterize thin film thickness, strain, structural phase, and other
properties using a Rigaku Smartlab diffractometer. The system is equipped with a Cu x-ray source,
parallel beam optics and optional monochromators, which produces a monochromatic x-ray beam with
wavelength of 1.54 A.**® Samples are mounted on a goniometer with 4-circle diffraction capabilities.
These capabilities allow for determination of both out-of-plane and in-plane lattice parameters of the thin

film samples prepared using the PED system.

For all results presented in this work, the Ge (220) two-bounce monochromator was used during
measurement. Incident and receiving optical slits were generally between 0.2 mm and 2 mm for
diffraction measurements, depending on the signal intensity and angular resolution desired in the
measurement. For most measurements, all slits were set to 1 mm. Scan speeds were set such that
integration times would be sufficient to reduce the effects of background noise in the data. In most cases,
one second integration time (i.e. time to collect a single data point) per step was sufficient, though some
CoFe,0,4-BiFeO3 nanocomposite films required longer integration time due to the low density of CoFe,0,
pillars. Prior to measurement, the samples were mounted on the goniometer on an amorphous glass slide.
An standard sample alignment procedure was executed to align the optics with the sample weight and tilt.
Further alignment was performed manually to align the goniometer to the single crystal substrate
diffraction peak by iteratively scanning the goniometer o and 26 angles with decreasing slit sizes. This
procedure removed the impact of substrate miscut or misorientation on the final measurement, i.e. peak

intensities and shapes.
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2. Diffraction Measurement Techniques

1. 20 scan
For many films, out-of-plane diffraction measurements were performed by scanning o and 26 such
that the step in ®, Aw, was equal to half the step in 26, /2A(20). This configuration is analogous to the
traditional 6/20 scans in powder diffraction but allows for the alignment to the substrate peak that is
needed for single crystal substrates. In epitaxially grown films, it is common to see what are referred to
as thickness fringes. These thickness fringes are oscillations in the diffracted intensity around a thin film
diffraction peak in reciprocal space which result from refraction of the incoming x-rays at the interface

between the film and the substrate. The periodicity of the thickness fringes, 4#;, in radians is given by:

_ A
Am " 2Tcos Op (4_1)

where T is the film thickness, 63 is the Bragg diffraction angle and A is the x-ray wavelength.'*®
Empirically, these fringes are measured most commonly in epitaxial films that grow with few defects and
a coherent or semi-coherent interface with the substrate. The presence of these fringes is indicative of
reasonably high quality of thin films. In some cases, the thicknesses of the films were calculated using

the periodicity of the thickness fringes.

2. Reciprocal space mapping
Reciprocal space maps are commonly used to characterize the in-plane strain conditions of an
epitaxial film. In these measurements, diffracted intensity is measured over a two-dimensional parameter
space. Most commonly, the goniometer coordinates that are varied are 26 and w. This approach allows
for the determination of both in-plane and out-of-plane reciprocal lattice components using the
formulas'®:

Q.= 2”//1 (cos(20 — w) — cos w)
Q, = 2”//1 (sin w + sin(26 — w)) (4-2).
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Many samples in this work were characterized via reciprocal space mapping in order to determine the

degree of strain relaxation in the thin films which were grown.

To perform reciprocal space maps, an asymmetric diffraction condition was generally chosen to
reduce the degrees of freedom in the system. A particular substrate diffraction peak containing a non-
zero in-plane coordinate was chosen which would also be in the vicinity of a thin film peak. For films
grown on perovskite substrates, such as SrTiO; and LaAlOs, the {103} planes were usually ideal. Using
the Diffraction Space Simulation (DSS) package in the Rigaku Guidance software system, the 26
diffraction peak for the substrate was calculated, along with the angle y, which becomes non-zero if the
reciprocal lattice point has a non-zero in-plane component. If a symmetric scan were performed, the
calculated value for y from the DSS package would be entered into the goniometer control. However, in

an asymmetric scan, the value for w is not equal to 26/2, but instead given by:

w=?—){ (4'3)

which also satisfies the diffraction condition.*”® The values for « and 26 were then entered into the
goniometer control and a 360° scan of the goniometer variable ¢ is performed to find the diffraction peaks
that satisfy this Bragg condition. In general, there are multiple peaks present in the ¢-scan since the
Bragg condition for {H 0 L} is satisfied by (HO L), (OHL), (-HOL)and (0-H L) and a scan in ¢ will
pass through all four such diffraction conditions. One of the peaks was chosen for ¢ and the built-in
Guidance alignment about the substrate peak was performed to optimize the value of @ accounting for
substrate miscut. Finally, a reciprocal space map is performed by independently scanning « and 26, with
optical slit sizes similar to those used for the scans described above. The range of 20 and w values is
chosen to incorporate all the desired substrate and film peaks, with integration times sufficient to reduce
the effects of statistical noise. The measurement is made by starting at a particular (26, w) coordinate

given by:

(201 (1)) = (ZBB' Wp — 6) (4-4)
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where 26 and wg are the coordinates of the Bragg peak chosen and 4 is an offset angle. At each starting
point, a 26/w scan is performed over the chosen range of 26 with the step in 26 equal to twice the step in
w. Data analysis is performed using the Rigaku 3D Explore software, which uses the formulas given in
Equation 4-4 to convert the goniometer coordinates, (26, w) to reciprocal space coordinates, (Qx, Q). A

schematic showing the configuration of these coordinates is shown in
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Figure 4-1. Geometry of diffraction system for reciprocal space maps. Green angle marks indicate equivalent
angles centered about the dashed line.

3. X-rayreflectivity (XRR)

X-ray reflectivity (XRR) is a common technique used to determine the thickness of films."® Just as
thickness fringes occur around the (H K L) diffraction peaks when there is a smooth interface with a
substrate, oscillations also occur around the (000) point in reciprocal space. The (000) point occurs at
w=260 = 0°. Scattering of incoming x-rays near the reciprocal space origin is governed primarily by
refraction, rather than by Bragg diffraction. By performing a 26/« scan from 0° to approximately 5°, it is
possible to measure the thickness, or Kiessig fringes, which are produced due to refraction between the
substrate and film interface."” At extremely small angles—generally less than 1°—the incoming beam is
totally reflected by the air-film interface. The angle at which total external reflection ceases is called the

critical angle, o, and is given by:

sina, =,/2(1 —n) (4-5)
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where n is the refractive index of the film. The refractive index is a density dependent quantity, so
different materials have different critical angles, but all are generally between 0.3° and 1.0°. At angles
less than a. the incoming beam is fully reflected and measured by the detector. For angles greater than o,
the intensity decays with increasing angle and undergoes oscillations which are governed by the thickness

of the film. The thickness of the film, T, is given by:

2n
T=" (4-6)

where 4Q, is the period of oscillation in reciprocal space.*”® Film roughness and the difference in density
at the interfaces affects the rate of decay of the reflected intensity, with rougher films decaying more

rapidly with increasing angle. For multilayer films, a more complex reflectivity profile results due to the
additional interfaces present in the sample. Theoretical models are generally very effective for fitting the
profiles and determining the thicknesses and densities of each layer, along with the interfacial roughness

between layers.

X-ray reflectivity measurements are fully automated in the Rigaku Guidance software package. The
sample was mounted on the stage and the optical alignment routine was performed with the Ge (220) 2-
bounce monochromator mounted. The default XRR routine in the system scans over a range of [0°, 10°]
in 26, with slit sizes 0.05 mm for both the incident and first receiving slits. In practice, the scattered beam
was generally below the noise level at angles greater than about 5° and the scans were often aborted
above those angles to save time. The scan time (minutes for a 10° scan) was chosen depending on the
material of interest, the expected roughness and the calibrated thickness of the film. For most single layer
samples with thicknesses of 50 nm or less, a scan time of 20 minutes was sufficient. Curve fits of the
intensity profile were then performed using the Rigaku GXRR analysis software, which allows for
calculation of film thickness, density and surface roughness. A screen capture of a fit performed using
the software package is shown in Figure 4-2. Although CFO-BFO nanocomposites are not uniform, if the

area fraction of CFO is sufficiently small a reflectivity oscillation from the BFO matrix is generally found
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to be present. In these samples, fitting the profile by assuming that the material was composed entirely of

BFO produced reasonable matches to the measured profiles and was taken to be an accurate model.
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Figure 4-2. Screen capture of representative x-ray reflectivity fit for BiFeO3 film grown on SrTiO;, showing

the critical angle and oscillation period.

2. Magnetic Characterization

The magnetic properties of the samples were characterized via vibrating sample magnetometry

(VSM) and magnetic force microscopy (MFM). MFM will be discussed in detail below, as it is a

scanning probe microscopy technique. The VSM is a commonly used system, first developed by Simon
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Foner in 1959, to measure the total magnetization of a material in response to an applied magnetic
field."*® VSM systems operate by mounting the sample along a nonmagnetic rod, which is placed
between the poles of an electromagnet. The rod is driven at a specific vibrational frequency that moves
the sample along the axis of the rod. A pickup coil is mounted such that the sample oscillates within the
coil, which induces an alternating electromotive force (emf) in the coil. The frequency of the emf is equal
to the vibrational frequency of the rod and the amplitude is proportional to the magnetization of the
sample. The measured emf is compared to a reference signal with the same frequency as the vibrating
sample using a lock-in amplifier.**! In this fashion, the instantaneous magnetization of the sample is
detected. Magnetic hysteresis loops are performed by applying an external field with the electromagnet in

the system, scanning the field in time and measuring the magnetization of the sample at regular intervals.

VSM measurements in this work were performed using two cryogenic Quantum Design systems, the
Physical Property Measurement System (PPMS) and the VersaLab. The PPMS is a cryogenic system
capable of applying magnetic fields up to 7 Tesla using a superconducting coil inside of a liquid helium
dewar. The system is capable of variable environmental temperatures from less than 5 K to 400 K, which
allows for temperature dependent magnetization measurements and characterization of samples with
magnetic phenomena that occur below room temperature. The VSM is sensitive to sample
magnetizations as small as 107 emu, which is sufficient to detect the magnetization of ferromagnetic

films on 5x5 mm substrates only a few nanometers thick.

The VersalLab system operates in a similar fashion to the PPMS, but does not use liquid helium or a
superconducting coil. Instead, a cryogenic pump is used to achieve minimum temperatures of 50 K. The
applied field is limited to 3 Tesla and the system is sensitive to magnetizations as small as 10°® emu. For
many applications, however, these capabilities are more than sufficient. For room temperature
measurements that did not require applied fields of greater than 3 Tesla, the VersalLab so as not to

unnecessarily consume the liquid helium that is needed to operate the PPMS.
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Hysteresis loops were performed by mounting samples on two different sample holders. Samples
were mounted on an acrylic plastic holder with double sided tape for in-plane VSM measurements. For
perpendicular measurements, samples were mounted in a metallic diamagnetic holder with a notch cut
into it to hold a 0.5 mm thick substrate. The substrate was held in place by an acrylic insert that provided
a pressure fit to maintain stability. For in-plane measurements, a 5 mm bore coil was used that provided
ideal signal to noise characteristics. For out-of-plane measurements, a larger bore coil was used to allow

the entire 5 mm square substrate to be measured without the need for dicing. Examples of all these

configurations are shown in Figure 4-3.

Figure 4-3. a) VSM coils used in the VersaLab and PPMS (left) 5 mm bre, (right) large bore for
perpendicular measurements; (b) Example of sample mounted for in-plane VSM measurement; (c) Example
of sample mounted for perpendicular VSM measurement.

3. Electron Microscopy

1. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was employed throughout this work for nanoscale imaging of
both EBL patterned samples and unpatterned nanocomposites. Several different field-emission SEM
systems were employed depending on the site of the research and the availability of the systems. A Zeiss
Supra system at the University of Virginia, along with a Zeiss Ultra-60 and a Zeiss NVision 40 dual-beam
SEM/focused ion beam (FIB) system at the NIST Center for Nanoscale Science and Technology (CNST)
were all used for SEM imaging. Imaging was performed using the in-lens detector to measure secondary

electrons emitted from the sample.*® Due to the insulating nature of nanocomposite films, low electron
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gun voltages of 2 kV were used whenever possible. SEM imaging was employed exclusively for

observation, with no efforts made to perform quantitative analysis of the materials.

2. Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a valuable technique for the characterization of thin
films, providing atomic resolution of crystals under proper conditions. In this technique, a high energy
electron beam (100-300 keV) bombards a sample that has thickness of less than 100 nm. By focusing the
beam that is transmitted through the sample, it is possible to acquire structural and chemical information
of the portion of the sample that the electrons passed through. It is also possible to perform chemical
analysis of the samples by analyzing the energy spectra of x-rays that are emitted when the electron beam
excites the atoms in the crystal. In this section, | will discuss the experimental techniques employed in
this work and describe the analytical procedures used to interpret the results. Dr. Kerry Siebein, a
microscopy expert at the National Institute of Standards and Technology helped prepare the samples and

acquire the TEM images and data presented here.

1. Sample Preparation

To prepare the samples for TEM analysis, a dual-beam scanning electron microscope (SEM)/focused
ion beam (FIB) system was used to extract a cross-sectioned lamella. An FEI Helios 650 system was used
for this work with a Ga ion source and a field emission electron gun. The system is equipped with several
gas injection system (GIS) sources, which are used to inject a variety of different precursor metal-organic
gases for deposition. To deposit these materials, either the SEM or FIB gun is used to crack the precursor
gas on the surface of the sample. The system is also equipped with an Oxford Omniprobe sample

manipulator, which is used during the TEM sample preparation process to lift lamella from the substrate.

Figure 4-4 shows the progression of the lamella extraction process from a patterned nanocomposite.
For the patterned nanocomposite, initial 1 um tall, 1 um diameter Pt metallic pillars were deposited

around the array of interest for use as alignment marks using the electron gun with a beam current of 800
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pA and 5 kV accelerating voltage. Both patterned and unpatterned nanocomposites were then coated with
approximately 100 nm of amorphous carbon using a Gatan Precision Etching and Coating System. The
carbon serves as a conductive coating to reduce the effects of charging that occur due to the insulating
nanocomposite film. The samples were then placed in the dual-beam system for the lift-out process. A 2
um thick initial Pt rectangle with length of 20 um and width of 2 um was deposited along the <110>
surface axis using the ion beam source with 30 kV and 0.23 nA beam conditions. This serves as a
protective coating during the extraction process. An image of the rectangle on the patterned sample is
shown in Figure 4-4(A). The FIB gun is then used to etch a trench into the substrate surrounding the Pt
rectangle, with gun conditions set to 30 kV, 9.3 nA. A reduced beam current of 2.5 nA is used to clean
any residual material from the trench. The sample is then tilted to undercut the substrate beneath the Pt
rectangle. Using the Omniprobe manipulator, a micron scale tip is then mounted to the lamella by
depositing Pt using the ion beam source with a beam current of 24 pA at the interface between the probe
and lamella. This step is shown in Figure 4-4(B). With the probe attached, the lamella is then cut from the
substrate using the FIB with a beam current of 2.5 nA. The sample is then attached to a Cu TEM grid by
depositing Pt with the ion beam source with 80 pA current. The probe is then cut free using the FIB,
leaving the lamella attached to the grid. This is shown in Figure 4-4(C). Finally, a portion of the sample is
progressively thinned from its initial 2 pm thickness to less than 100 nm using the ion gun with 230 pA

beam current. A view of the final thinned lamella is shown in Figure 4-4(D).
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Figure 4-4. Preparation process for TEM lamella. A) Deposition of Pt protective barrier along <110> axis. B)
Trench milling and Omniprobe attachment to lamella. C) Mounting of lamella on Cu grid. D) View of final
thinned lamella.

2. High resolution TEM Analysis

Cross-sectional high-resolution TEM (HRTEM) was used in this work to characterize the interfaces
of both patterned and unpatterned CoFe,O, (CFO)-BiFeO; (BFO) nanocomposites. During HRTEM
imaging, the parallel electron beam illuminates the entire region of interest, with the sample magnification
determining the area that is illuminated. In the image plane on the detector, the phase shift of electron
waves coherently diffracted through by the specimen is used to reconstruct the real-space crystal structure
of the sample.™® This reconstruction occurs as a result of the superposition of the diffracted electron
waves on the surface, which interfere either constructively, giving a bright region, or destructively, giving
a dark region. To perform these measurements, the sample is tilted until the incident beam is parallel to
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the desired crystal zone axis and the electromagnetic lenses are then focused and the beam stigmation
adjusted to achieve optimal resolution. In the case of a TEM system that does possess aberration
correction for the magnetic lenses (as is the case in this work), a slight defocus of the transmitted beam
must be used to achieve optimal resolution in the image plane. The thickness of the sample affects the
intensity of the transmitted beam, with thicker regions providing lower contrast than ideal thin regions.
This is a result of absorption of the electrons through incoherent processes as they travel through the

width of the sample.

Using HRTEM, cross-sectional images of both patterned and unpatterned samples were examined
along the [110] Nb-doped SrTiO; (Nb:STO) substrate zone axis. This axis was chosen due to the nature of
the faceting of the CFO pillars, which produce {110}-type in-plane facets. Thus, by examining the
samples along this zone axis, the CFO pillars will have uniform thickness along the beam axis. The
interfaces between the CFO pillars and the Nb:STO substrate, the BFO matrix and the substrate, and the
CFO pillar and the BFO matrix were all characterized to determine the coherency of the interfaces.
Bright-field images with magnification of between 56,000x and 620,000x were acquired for both samples.

Image processing was performed using the Gatan Digital Micrograph analysis software.

To analyze crystal faces and measure lattice strain, fast Fourier transform (FFT) analysis of the
images was performed. These images are analogous to the selected-area electron diffraction images that
are often used to measure lattice parameters using TEM. By measuring the distance in reciprocal lattice
units between indexed peaks, it is possible to calculate the lattice parameter of the pillar and the
pseudocubic lattice parameter of the matrix. Line profiles of the reciprocal space peaks were calculated
and non-linear least-squares fits were performed to determine the peak position. The uncertainty in the

calculated lattice parameters was determined based on the uncertainty in the fit of the peak position.
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3. High-angle Annular Dark Field STEM

High-angle annular dark field scanning TEM (HAADF-STEM) is a commonly used technique to
obtain chemically sensitive contrast from a sample. In HAADF-STEM, unlike TEM, the electron beam is
focused to the smallest achievable area and scanned across the region of interest to achieve a spatial
reconstruction of the sample.*** The image is reconstructed using incoherent elastically-scattered
electrons. These electrons scatter to higher angles than those in phase-contrast TEM. By placing an
annular detector in the beam path that allows the unscattered beam to pass through, the incoherently
scattered electrons are measured. The intensity of the scattering at each scanning point is used to generate
the HAADF-STEM image. This approach is referred to as “Z-contrast imaging”, because the scattering
intensity is proportional the atomic number, Z, of the atom that scatters the electron. Thus, HAADF-
STEM images are more readily interpreted to understand chemical composition of a material than are

HRTEM images.

The same samples that were characterized using HRTEM were also analyzed using the HAADF-
STEM detector in the Titan microscope. The beam was focused to a minimum probe size of
approximately 2 A and images with 2000x2000 pixels were acquired at various magnifications. Due to
the thickness of the samples, it was not possible to obtain atomic resolution using STEM due to electron
absorption through the film. The Gatan TEM Imaging and Analysis software on the Titan microscope was
used to acquire the images. To analyze the images, the Fiji image processing software, which is an open-

source platform based on ImageJ was employed.*®

4. Energy Dispersive X-ray Spectroscopy

During TEM analysis of a sample, the electron beam incident on the sample in some cases may excite
core level electrons of the atoms in the sample, ionizing the atoms. This excited state will then rapidly
relax back to a ground state electronic configuration, which results in the emission of an x-ray. Through
the use of energy dispersive x-ray spectroscopy (EDS), it is possible to use measure the energy of the

emitted x-rays to determine the chemical composition of the sample. By placing an x-ray spectrometer

44



with line of sight view to the sample, an x-ray spectrum can be acquired from the sample using the

electron beam as the excitation probe.

Using STEM mode in this work, EDS maps were taken of both patterned and unpatterned
nanocomposites with spatial resolution of 1-2 nm. The electron beam was scanned over the sample and an
EDS spectrum was acquired at each point in a grid, with side lengths of 20 to 50 nm depending on the
feature. An example of one such EDS spectrum is shown in Figure 4-5. A HAADF-STEM image was
initially used to select the region of interest, and the HAADF intensity at each point was also measured
during the map to correlate structural features with the chemical composition. Measurements using the
Gatan TEM Imaging and Analysis (T1A) software package took between 30 and 60 minutes and were
automatically corrected for drift by imaging a reference region outside of the region of interest. After data
collection, post-processing was performed using TIA. The intensity of the various x-ray peaks from
different elements were generated by integrating the area of the peak over the width of the peak. The
integration regions are shown by the green rectangles in Figure 4-5. A spatial map of these intensities was
automatically generated by the software as a grayscale image. This image was then edited using the GNU
Image Processing (GIMP) software to produce a false color image which overlaid multiple elemental

maps into a single image with different colors.
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Figure 4-5. Energy Dispersive X-Ray Spectroscopy (EDS) spectrum showing relevant x-ray peaks for
CoFe,0,-BiFeO3; nanocomposite grown on SrTiOs.

5. Description of Microscope

All TEM and STEM experiments were performed on an FEI Titan 80-300 scanning transmission
electron microscope. The microscope uses a high-brightness Schottky field emission source, with
accelerating voltages between 80 kV and 300 kV. All images and spectra in this work were acquired at
300 kV accelerating voltage. The system does not have aberration correction, limiting resolution to
between 1 and 2 A in STEM mode. A Fischione HAADF-STEM detector is used for STEM image
acquisition. For EDS measurements, the system is equipped with an EDAX Si(Li) detector that can be
inserted above the sample plane. All images are acquired using a Gatan Orious camera with 2000-by-

2000 pixel resolution.

4, Scanning Probe Microscopy

Scanning probe microscopy (SPM) is a common technique to characterize the morphology of thin
film samples, along with their magnetic and ferroelectric properties. Initially developed by the inventors

134

of the scanning tunneling microscope (STM) ~**, atomic force microscopy (AFM) is a simpler technique

which involves the scanning of a nanoscale tip mounted on a cantilever along the surface of a sample

46



while either maintaining constant contact with the surface (contact mode) or oscillating the tip at the
mechanical resonance frequency of the cantilever (tapping mode).*****® For most topography
applications, the tapping mode technique allows for improved resolution and reduced wear of the tip.**® A
laser beam is reflected off the cantilever to measure small displacements due to changes in the tip-surface
interactions. Creative uses of AFM systems have been developed to measure other nanoscale forces.

137

These include magnetic force microscopy (MFM)™‘, which uses a magnetic material on the probe tip to

detect small variations in the magnetic field emanating from the sample, and piezoresponse force
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microscopy (PFM) , Which uses the tip as an electrical contact to the surface to probe the ferroelectric

properties of a thin film.

1. Description of Systems

SPM was employed to characterize the thin film properties throughout this work. Several different
scanning probe systems were used over the course of the work, but final analysis for this work was
performed exclusively on either an NT-MDT system or Asylum Research Cypher system. The NT-MDT
system was used for initial magnetic force microscopy measurements prior to the purchase of the Cypher
system and has been described elsewhere.'*® The Asylum Research Cypher scanning probe microscope is
designed to permit easy operation of a variety of scanning probe techniques. A photograph of the entire
system is shown in Figure 4-6. A video camera system with high resolution zoom is employed to align the
laser detection system and to find features on the surface of the sample. The standard open air cantilever
holder is designed to allow for up to £10 V to be applied to the cantilever. For higher applied voltages
that are necessary for some PFM applications, a separate cantilever with high voltage grounding is
provided, though that cantilever was not needed in this work. Samples are set on a small metallic disk for
general measurements or mounted using colloidal silver paint for PFM measurements, which is held in
place using a magnetic chuck. The entire scanning probe system is housed inside of an environmentally
controlled cabinet that maintains a temperature 5-10 degrees Celsius above ambient temperature, which

minimizes thermal drift.
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Figure 4-6. Photograph of Asylum Cypher configuration for piezoresponse force microscopy (PFM)
measurement. For non-PFM measurements, the bias lead was not used.

For conventional AFM measurements, an AC160TS tip was employed. These tips have radius of
curvature of approximately 9 nm. The free air resonance frequency of these tips was approximately 300
KHz. For topography measurements, the AC semi-contact mode was used. The set point voltage was less
than 0.8 V, which controlled the force applied between the tip and surface. Scanning rates were chosen to

keep tip scanning rates in the range of 1-3 um/sec.

2. Magnetic Force Microscopy

Magnetic force microscopy (MFM) is a scanning probe technique used to measure the magnetic
domain structure of thin films and nanostructures. First developed in 1987,** the technique uses an AFM
tip which has been coated in a ferromagnetic material, such as CoCr alloy, to measure the magnetic field
near the surface of the sample. To perform these measurements, an initial scan is made with the tip in
semi-contact (AC) mode to measure the topography of the sample surface. After this measurement, the tip

is then lifted off the surface by a constant distance and a second AC measurement is made. By measuring
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the phase shift in the response of the cantilever during the second pass, it is possible to measure the
magnetic field at that height above the surface of the sample. If the tip is magnetized such that its
magnetization is aligned perpendicular to the surface of the sample, it will be sensitive only to the
magnetic field along that axis.*** In this way, MFM is used primarily to measure the out-of-plane
magnetization of a film. However, with sufficient resolution, it is possible to measure the in-plane
magnetization by observing the curling of the magnetic field around a feature. Interpretation of these

images generally demands some a priori knowledge of the expected magnetic properties of the material.

For MFM measurements in this work, the Cypher system was used exclusively for all nanocomposite
samples, while the NT-MDT system was used for measurements on uniform CoFe,O, films. This section
will describe the procedures for the Cypher system. Settings for the NT-MDT system were analogous.
Using the Cypher system, an ASYMFM tip was installed, which is coated in CoCr alloy and has a radius
of curvature of approximately 50 nm. The cantilever free air resonance frequency is approximately 70
KHz. Scans were performed on nanocomposite samples with lift heights of 20-30 nanometers so as to
prevent the rough surface from interfering with the phase response during measurement. In the Cypher
system, the “napping” mode was employed to perform the two-pass routine. The initial topography scan
was performed in the same manner as in conventional AFM, followed by the second pass. In the second
pass, the driving amplitude was reduced by a factor of 2 and the “nap height” was set to the desired
distance. All other control parameters were held constant. Scans were performed over a variety of scan
sizes, with the scanning speed and line count chosen to produce small enough step sizes to resolve all
features and minimize tip damage. In cases where the sample was demagnetized prior to measurement,
the Versalab system was used to first saturate the field in the out-of-plane direction and then perform a
de-Gaussing routine by applying a field that alternated direction and gradually decayed in amplitude until

it approached zero field.
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3. Piezoresponse Force Microscopy

Piezoresponse force microscopy (PFM) is a common technique for nanoscale characterization of
ferroelectric and piezoelectric thin films, first demonstrated by multiple groups in the mid-1990s.38:139:142
Using an atomic force microscope equipped with a lock-in amplifier, an AFM tip coated with a metallic
material is brought into direct contact with a ferroelectric material. A small alternating current (AC) bias
voltage is applied to the tip, which induces a deformation in the surface due to the piezoelectric response
of the ferroelectric. The displacement of the tip is governed by the equation d = d, + Acos(wt + ¢), where
do is the equilibrium displacement, A is the amplitude of the mechanical response of the surface, w is the
frequency of the AC bias voltage, and ¢ is the phase change that results from the surface polarization.**®
During the scan, the amplitude, A, and the phase shift, ¢, are recorded as data to show the magnitude and

direction of the ferroelectric polarization of the sample respectively. The phase, ¢, will be either 0 or 180°

in the case of out-of-plane polarization.

Lateral, or in-plane, PFM is employed to measure the in-plane polarization direction of a ferroelectric
material.***** The Vector PFM technique is a recently developed approach to incorporate lateral PFM
into the Asylum Cypher system.'* Through repeated measurements, this approach can be employed to
measure all three spatial components of the ferroelectric polarization vector, though such an approach was
not employed in this work. Instead, a single measurement may be performed to determine both the out-of-
plane spatial component and one in-plane component which is parallel to the scan direction.'* The
Cypher system has a built-in module to perform this measurement. This technique employs a two-pass
approach, where an initial PFM measurement is made using the conventional PFM technique outlined in
the paragraph above with drive frequency near the out-of-plane contact resonance. To measure the in-
plane polarization, a second pass is performed at a different drive frequency near the lateral contact
resonance. In practice, the out-of-plane resonance is approximately 300 KHz, while the in-plane
resonance is approximately 1.1 MHz. Through this approach, it is possible to visualize one component of

the in-plane ferroelectric domain structure of the material, which is sufficient for the work presented here.
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Dual AC resonance tracking (DART) is a new technique developed to improve the signal-to-noise
ratio during PFM measurements.**’ The DART technique was employed for all PFM measurements in
this work through the use of an automated software package in the Asylum Cypher system. In this
approach, the conductive tip is brought into contact with the surface of the sample and a frequency
response curve is taken to measure the cantilever contact resonance frequency. In conventional PFM, the
drive frequency would be chosen so as to be slightly less than the resonance frequency, but far enough
removed that drift in the resonance frequency will not shift the drive frequency to the opposite side of the
Gaussian frequency response peak. In DART measurements, two different drive frequencies are
employed on each side of the contact resonance. By using a lock-in amplifier to track the resonance, it is

possible to take advantage of the higher amplitude response near the resonance frequency.

Switching-spectroscopy PFM (SS-PFM) is another new technique developed within the past decade
to measure the ferroelectric response of a material using a conductive PFM tip.**® This approach employs
the DART technique and measures the amplitude and phase of the ferroelectric response of the material at
various applied voltages. In this manner, a local ferroelectric hysteresis loop can be measured at specific
points on the surface of the material. A voltage is applied to the tip according to the representative signal
shown in Figure 4-7. Measurements of the ferroelectric response are made both with the voltage applied
and at remanence immediately after the bias is applied, to measure both the on and off states in the film.
The measurements made with the bias turned off are taken to be the accurate representation of the
hysteresis loop for the purposes of measuring the switching characteristics. Several loops are taken at

each point and the results are averaged together to improve the statistical precision of the measurements.
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Figure 4-7. Representative applied bias signal for switching spectroscopy PFM measurements.

For all PFM measurements, an ASYELEC-01 tip, which has a Ti/lr coating, was employed for all
types of measurements. The contact resonance between the tip and sample was generally approximately
300 KHz for out-of-plane measurements. For lateral PFM measurements, the contact resonance is
typically about 1.1 MHz. Drive voltages were chosen to be as small as possible to produce sufficient
signal for measurement, with values typically in the range of 0.5 V to 2 V for both out-of-plane and
lateral measurements. For DART measurements, scan speed was set to 0.4 Hz per the manufacturer’s
recommendation. For conventional PFM measurements, speeds of 0.5 to 0.8 Hz were generally effective
over sufficiently small regions (< 3 um). Line densities were chosen to achieve the desired resolution and

to allow for post-process cropping and zooming using analytical software.

4. Analytical Techniques
WSxM 4.0 software was used to analyze acquired data to produce figures and do quantitative analysis
of the results.*® Files were imported into the software package and processed in a variety of ways for

presentation and to remove scan artifacts. Line profiles of scanning data were commonly measured using
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the software. Flooding analysis was also performed in some cases to quantitatively determine feature

sizes, which is particularly important for nanocomposites.

In AFM topography images, it is common for the measured surface to have some long range
curvature that is an artifact of the scanning process. To account for this, analytical software packages such
as WSxM offer a variety of “flattening” options to more accurately present the topography of the actual
surface. WSxM provides three options to flatten the results: “Simple Flatten”; “Flatten discarding
regions”’; and “Flatten using paths”. Each approach has applications depending on the surface being
measured. For uniform films that do not have any particulate on the surface, a simple flatten with
parabolic subtraction along the scanning rows to account for higher order artifacts was generally
sufficient. If irregular particulate was present, discarding regions allows the user to selectively remove
that region from the flattening algorithm and treat the rest of the scan area as a flat surface. This was
employed in the case of samples with particulate on the surface or in some unpatterned nanocomposite
films. Using paths for the flattening process was particularly important for the regular arrays of islands
and nanopillars that were formed for the patterned nanocomposites. The nature of periodic arrays of
features makes other flattening techniques difficult, as the rows of pillars will confuse the algorithm and
make the unpatterned regions appear irregular. In these cases, a series of paths was drawn between the
features in areas that were expected to be flat on the substrate surface or in the matrix of the
nanocomposite. A parabolic subtraction was then performed. An example of this flattening process is

shown in Figure 4-8.
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Figure 4-8. Screencapture from WSxM software showing the flattening process for an array of CoFe204
islands on the surface of SrTiO3. Note the bad scan line approximately 20% from the top in the filtered image
marked with an arrow.

In some cases, a single scan line of an AFM image is disturbed do a surface feature or control system
error. An example of this can be seen in the filtered image of Figure 4-8, denoted by an arrow. These
scanning artifacts must be corrected to perform good analysis of the data. When present, the Remove
Lines feature of WSxM was used to average any bad lines with the scan lines above and below the

artifact. This provides a simple solution in most cases with no need for further corrections.

Flooding analysis is a key analytical technigque to quantitatively study surface morphology. In this
approach, all heights below a certain value are set to zero and only features above that height remain in
the image. WSxM provides statistics which show the number of features above the flooding threshold, the
fractional area coverage of these features in the overall scan, and the volume of features above the

surface. Using this information and a priori knowledge of the sample, it is generally possible to estimate
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average lateral dimensions and heights of features in a nanocomposite. An example of a flooded AFM

scan is shown in Figure 4-9.
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Figure 4-9. Screencapture from WSxM software showing the flooding process for an patterned
nanocomposite with CoFe,0, pillars in a BiFeO3; matrix.



5.  Epitaxial Complex Oxide Films Grown by PED

To benchmark the growth of the relevant materials for the CoFe,0,-BiFeOs; nanocomposites
examined in the upcoming chapters, uniform epitaxial CoFe,0,4 (CFO) and BiFeO; (BFO) films were
grown via pulsed electron deposition (PED). The microstructure and strain conditions of these films were
examined via atomic force microscopy (AFM) and x-ray diffraction (XRD). These experiments enabled
the characterization of the ferrimagnetic properties of CFO, in particular the magnetic anisotropy. To
enable measurements of the ferroelectric properties of BFO with a bottom electrode, Lag 75Sro2sMn0O;
(LSMO) films were grown and their epitaxial growth modes were characterized. Finally, a bilayer
structure of BFO on top of LSMO was grown and examined via piezoresponse force microscopy (PFM).
For all samples, cation stoichiometry was inferred by examining the lattice parameter measured through
x-ray diffraction. If volume in the unit cell of the film was conserved, it was assumed that the film was

sufficiently stoichiometric for the purposes of this work.
1. CoFez04Films

1. MgO Substrates
Films grown on MgO exhibited in-plane tensile strain due to the lattice mismatch with the substrate.

The calculated lattice mismatch is given by:

_ 2(af—as) _Gras _
f=ara ~Ta (5-1),

where f is the dimensionless lattice mismatch, as is the substrate lattice parameter, and ay is the bulk lattice
parameter of the film.** For CFO films grown on MgO (lattice parameter, a = 4.212 A), the lattice
mismatch is approximately 0.5%, Out-of-plane XRD scans of the MgO (002) peak and CFO (004) peak
are shown in Figure 5-1. These curves possess the thickness fringes that result from highly epitaxial layer-
by-layer growth. The presence of thickness fringes in an XRD scan is unusual for this system and is not
seen in other works, indicating extremely high quality films.******® The in-plane lattice parameters for
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each film were determined by performing a reciprocal space map about the MgO (224) and CFO (448)
peaks. These reciprocal space maps are shown in Figure 5-2. The extracted CFO lattice parameters and
other results of these measurements are shown in Table 5-1. The 20 nm thick sample shows complete
coherence with the substrate. The full-width at half-maximum (FWHM) of the rocking curves is less than
0.02° in all cases, while the substrate FWHM was only slightly better, with values between 0.01° and
0.015°. AFM analysis revealed that the films grew layer-by-layer on the MgO substrate and that the step
edges were visible at thicknesses as large as 40 nm. Step-edges were ~8 A in height, corresponding to a
single CFO unit cell. These scans, with corresponding MFM phase images, are shown in Figure 5-3. As
misfit dislocations begin to form in thicker films, the surface morphology changes due to the strain fields
present near the dislocations. It has been shown in other materials systems that islands form on the surface
after dislocations have nucleated and are visible in AFM scans.™" The presence of islands is thus an

indication that the film has begun to relax and dislocations have formed.

Sample | Out-of-plane | In-plane FWHM of | Saturation Coercivity Squareness,
lattice lattice CFO (004)  magnetization,  along out- (M/ M)
parameter, ¢ | parameter, | rocking M; (emu/cc) of-plane
(A) a (R curve (°) axis (kOe)
20 nm 8.331+0.002 | 8.410+0.004 0.0190+0.00 170 13 0.39
08

40 nm 8.341+0.002 | 8.401+0.004 0.0090+0.00 180 7.4 0.41
15

82 nm 8.346+0.002 | 8.400+0.004 0.0166+0.00 235 7.9 0.43
07

Table 5-1. Crystallographic and magnetic data for films in the study.
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Figure 5-1. X-ray diffraction patterns of MgO (002) (left peak) and CoFe,O, (004) (right peak) for films with
thicknesses of 20 nm, 40 nm, and 82 nm showing thickness fringes in all three cases. (Inset) Wide range scan
for thickest film showing that no secondary phases are present.
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Figure 5-2. Reciprocal space maps about the MgO (224) peak (bottom peak) for CFO films (top peak) with
thicknesses: (A) 20 nm, (B) 40 nm, and (C) 82 nm. Units of both Q, and Q, are A™, with Q, representing the

[110] direction and Q, representing the [001] direction.
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Figure 5-3. (a) AFM topography of 20 nm film; (b) MFM phase corresponding to (a); (c) AFM topography of
40 nm film; (d) MFM phase corresponding to (c); (¢) AFM topography of 82 nm film; (f) MFM phase
corresponding to (e). Note that the scale bars vary between images. Image scales were chosen to include a
comparable number of domains in each image.

Muisfit dislocations are expected to form in CFO with a Burgers vector of Z[llO] , with a magnitude

of 1.48 A for films grown on MgO."*? By adapting the Matthews-Blakeslee formula, it is possible to
estimate the critical thickness at which a misfit dislocation form in the film.****® Following the work of
Kale et al., who used the same approach for Fe;O, films on MgO, and assumed a Poisson’s ratio of 0.28,
the critical thickness for the formation of dislocations in the system is approximately 35 nm.*** Films with
thicknesses of less than 35 nm are expected to be fully coherent with the MgO substrate, while thicker
films should have some misfit dislocations. This result is in good agreement with the interpretation of the

AFM and x-ray results, in that there are no islands visible on the surface for the 20 nm film and the
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reciprocal space map shows that the film is coherent with the substrate in-plane. In the 40 nm film, the
islands protrude ~5 nm above the surface and are reasonably scarce, while the reciprocal space map
shows slight relaxation. In the 82 nm film, the islands dominate the morphology and are larger than those
in the 40 nm film, indicating a larger dislocation density and additional film relaxation, which is

confirmed in the reciprocal space map.

MFM measurements were performed on all three samples after demagnetizing the samples in a
perpendicular magnetic field. Topography and magnetic phase images are shown in Figure 5-3. For the
two thinner films (Figure 5-3(a-d)), the domains were stripe-like in nature, indicating 180° domain walls
and perpendicular anisotropy.*** The presence of stripe-like domains in the system was predicted but not
shown by Yanagihara et al., who grew films with similar epitaxial quality and hysteretic properties to
those shown in this work.*” Domain width decreased with thickness, which agrees with expectations
given that the magnetic moment per unit area will increase with thickness. 180° domain walls were also
present in the thickest film. However, a more complex domain structure was found, most likely due to the

effects of surface morphology and the high density of misfit dislocations.

Hysteresis loops for both in-plane and out-of-plane directions are shown in Figure 5-4, with
coercivity and remanence data presented in Table 5-1. The effects of shape anisotropy have been removed
from the figures, by setting H = Hppiea-47M in the case of perpendicular measurements. The in-plane
loops exhibit minimal hysteresis, indicating that the magnetic easy axis is perpendicular to the plane of

the film.
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Figure 5-4. Perpendicular (solid, blue) and in-plane (dotted, red) M vs. H hysteresis loops for all three films:
(a) 20 nm film; (b) 40 nm film; (c) 82 nm film.

We propose a model for the out-of-plane demagnetization process in the thinnest sample, as the field
is swept from the positive to the negative saturation fields. At small positive fields, domain walls nucleate
in the film, reducing the net magnetization. The nucleation of domain walls is most likely due to the
presence of antiphase boundaries in the film. Previous work in Fe;0, and CFO films grown on MgO
showed that the inverse spinel structure naturally forms antiphase boundaries at the film-substrate
interface due to the asymmetry between the oxygen sublattices in each system.***** The reduction in
remanent magnetization for CFO grown in other systems has been attributed to antiphase boundaries as
well.™"*8 Thus, the presence of domain walls accounts for the relatively low remanence in a film with
large perpendicular anisotropy. As H becomes negative and passes the coercive field, the domain walls
travel unimpeded through the film since there are few defects to pin their motion. Finally, the moment
saturates in the negative direction at a saturation field of approximately -40 kOe. The large saturation

field is required to completely annihilate the domain walls.

The increase in coercive fields from the 20 nm sample to the thicker samples can be attributed to the
presence of misfit dislocations at the interface between CFO and MgO. In the case of the 20 nm film, few
or no misfit dislocations are present, as seen in the AFM scan in Fig. 3a. Hence, domain wall pinning was
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not pronounced for the thinnest film and the coercivity is relatively low (1.3 kOe). In the 40 nm film, the
defect density is low, allowing the domain walls to move finite distances before impinging on a
dislocation. This is shown in the initial drop-off in the moment at small negative fields (Fig. 4b). In the
case of the thickest film, the defect density is high enough that the walls traverse a negligible distance
before impinging on a dislocation. Hence, there is a smooth decrease in moment from remanence to the
coercive field (Fig. 4¢). An increase in the saturation magnetization is also observed in the thicker films.
Given that antiphase boundaries reduce the magnetic moment at the substrate interface, it is reasonable to
expect that thicker films will have larger saturation moments since the contribution of the interface to the

overall moment is smaller.**®

2. SrTiO;3 Substrates

Unlike MgO, STO shares a relatively poor lattice mismatch, with a lattice parameter of 3.905 A. For
CFO films on STO, if one divides the CFO lattice parameter by two to account for the unit cell doubling,
the lattice mismatch is equal to 7.0%. Given such a large lattice mismatch, we would expect CFO to grow
under the VVolmer-Weber island growth mode, which has been demonstrated elsewhere.* Through the
formation of islands, the film-substrate interface is incoherent and strain is almost entirely relaxed in the
film. Optimized CFO films were grown at 515 °C on STO substrates at 12 mTorr O, pressure, with 9 kV
gun voltage and 8 Hz pulse rate. The thickness of the optimized film was found to be 11 nm based on x-
ray reflectivity analysis. An AFM image of the surface topography is shown in Figure 5(a), demonstrating
uniform islands covering the surface. A representative film grown at 12 kV gun voltage with 17 mTorr O,

pressure is also shown in Figure 5-5(b).
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Figure 5-5. Atomic force microscopy topography scans of CoFe,O, films grown at (a) 9 kV and (b) 12 kV,
showing similar island growth modes but different particulate densities. Note the difference in scale between
the images.

We note that higher gun voltages produce films with more particulate on the surface, which has been
demonstrated previously. In the previous work, Nistor et al. (Ref. 18) demonstrated that total pulse
energy, which is equal to 1/2 CV?, where C is the capacitance of the electron gun and V is the discharge
voltage, affects the density of particulates on the surface of ZnO films.'® They were able to reduce, but

not fully eliminate particulate in the films. Our optimized CFO films do show some particulate over larger
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scales, though the density is significantly less than in the Nistor work. The low particulate density in these
films is particularly important for applications that involve the patterning of the films, such as the directed

self-assembly of CFO-BFO nanocomposites, which will be discussed in Chapter 7.'%

2. Lao.72Sro.28MnO0s Films

Lag 7,Sr.2.8Mn0O;3 films were grown on both STO and LAO as a means of developing a bottom
electrode for ferroelectric BFO films. LSMO has a bulk lattice parameter of 3.895A, giving it a lattice
mismatch with STO of -0.3% and with LAO of 2.7%. Such a small lattice mismatch with STO should
readily promote layer-by-layer growth, while LSMO grown on LAO could be expected to fall in the
Stranski-Krastanov (S-K) growth regime.*! In S-K growth, a highly strained film initially begins to grow
layer-by-layer, as it uniformly wets the surface. As the thickness increases, the film begins to relax
through the formation of islands on the film surface, which relieve strain energy by allowing the lattice to

expand or contract within the island.

LSMO films of thicknesses 2.1 nm and 4.4 nm were deposited simultaneously onto STO and
LAO substrates mounted side-by-side on the sample stage to compare the morphology that results from
the different strain conditions and from relaxation effects as thickness increases. The films were deposited
ina 70% O,: 30% Ar mixture with chamber pressure of 15 mTorr and a set temperature of 577 °C. The
gun voltage was set to the minimum 9 kV with a 5 Hz pulse rate. X-ray reflectivity of the film grown on
STO indicates an LSMO film thickness of 4.4 nm, which equates to a deposition rate of 0.002 A/pulse or
0.7 A/min. AFM topography measurements for the films grown on LAO are shown in Figure 5-6. Similar
measurements for films simultaneously grown on STO are shown in Figure 5-7. In the case of the films
grown on STO, a smooth, uniform surface is present with a small amount of particulate deposited from
the target. In the case of LSMO films, a low voltage is required to reduce particulate emission, while
relatively high oxygen background pressures are needed to fully oxidize the film, which enhances the
magnetic and electrical properties. Thus, a tradeoff must be made to grow the films very slowly in order
to achieve the desired morphology and physical properties. The films grown on LAO show similar
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particulate density to those grown on STO. The 2.1 nm film shows layer-by-layer growth and a uniform
surface, while islands dot the surface in the case of the thicker 4.4 nm film (Figure 5-6(c)). A cross-
section of three of the islands is shown in Figure 5-6(d). The islands rise approximately 1 nm above the
surface at an angle of 4 to 6°. Thus, it seems safe to conclude that the islands are an example of Stranski-

Krastanov growth.
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Figure 5-6. Atomic force microscopy topography scans of Lag 7,Sry2sMnO; films grown on (a) SrTiOz; and (b)
LaAlO; showing Frank-van der Merwe and Stranski-Krastanov growth modes. (c) A cross-sectional line scan
along the gray line shown in (b) showing the height of islands above the film surface.
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Figure 5-7. Atomic force microscope topography images of (A) 2.1 nm thick LSMO film grown on STO
substrate; (B) 4.4 nm thick LSMO film grown on STO substrate.
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3. BiFeOs Films

1. Structural Properties of Films

Rhombohedral-phase BFO is commonly grown on STO, since the pseudocubic lattice parameter of
3.96 A provides a lattice misfit of only 1.4%."** Such a small misfit should allow for layer-by-layer
(Frank-van der Merwe) growth. Meanwhile, LaAlO; (LAQ), with a pseudocubic lattice parameter of 3.79
A shares a relatively large misfit with the rhombohedral BFO of 4.4%.% However, recent results have
demonstrated that when significant in-plane compressive strains are applied—as is the case with LAO—
that an alternative tetragonal phase of BFO is stabilized.*®" This phase has an in-plane lattice parameter
very close to that of LAO, with theoretical models predicting values of 3.67 to 3.73 A, with out-of-plane
lattice parameter 1.2 to 1.3 times larger than the in-plane lattice parameter.'®2*®® Layer-by-layer growth of
these films on LAO was demonstrated using PLD with clear step edges visible in AFM topography
scans.’® BFO films were deposited separately onto STO and LAO substrates in a mixture of 70% O, and
30% Ar gas at a chamber pressure of 12 mTorr and substrate temperature of 577 °C. The thickness of the
film on STO was calculated to be 5.9 nm based on x-ray reflectivity measurements and the thickness of
the film on LAO was calculated to be 9.3 nm based on Kiessig fringe spacing from diffraction data. A
Bi; 15FeO; target was ablated with 12 kV gun voltage and 5 Hz pulse rate. The target with excess Bi was
chosen due to the high reactivity and vapor pressure of Bi atoms, which leads to desorption of Bi ions

from the sample during growth.

We have achieved comparable layer-by-layer growth of BFO on both STO (rhombohedral phase) and
LAO (tetragonal phase). AFM topography images are shown in Figure 5-8, along with x-ray diffraction
for both films showing Kiessig fringes, which indicates a high quality interface between film and
substrate.'®* We see clear indication of step-edges in both films, indicating layer-by-layer growth. In the
case of the film grown on STO, however, we see that islands with unit cell height have formed within the
terrace. In the case of the film on LAO, there is some evidence of step-bunching, where step edges merge
together such that some terrace steps are multiple unit cells in height. For both films, this phenomenon
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can most likely be traced to the variation in terrace length between the substrates. Other work has shown
that terrace length plays a significant role in determining whether layer-by-layer growth is achieved via

step-flow growth, island formation or step-bunching.*
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Figure 5-8. Atomic force microscopy topography scans of BiFeO; films grown on (a) SrTiO; and (b) LaAlOs.
(c) X-ray diffraction measurement of the (001) and (002) substrate and film peaks for both films showing
Kiessig fringes.

2. Ferroelectric Properties of BiFeO3 Films

To test the ferroelectric quality of the BFO films grown via PED, a bilayer structure was grown on an
STO substrate, producing a BFO/LSMO/STO structure. The thicknesses for each layer of the film were
determined using x-ray reflectivity and found to be approximately 10.9 nm for BFO and 4.6 nm for
LSMO. X-ray diffraction measurements were performed and are shown in Figure 5-9(a). The results show
clear BFO (001) and (002) pseudocubic peaks with Kiessig fringes, but the LSMO peak is shadowed by

the overlapping STO substrate peak.
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Figure 5-9. (a) X-ray diffraction measurement of BiFeO3- Lag 7,Sro2sMnO; bilayer grown on SrTiOs;. (b)
Piezoresponse force microscopy (PFM) topography scan of sample; (c) PFM out-of-plane phase scan of
sample showing switched regions.

147

Dual AC resonance-tracking piezoresponse force microscopy (DART PFM) measurements™* were

performed on the film by making a contact to the conductive LSMO bottom layer with conductive silver
paste.'®® A 750 nm square region was initially scanned with a positive bias on the tip of 3 V to switch the
out-of-plane polarization away from the single domain as-grown state. A second 375 hm scan was
performed inside of the switched region with a -3 V tip bias to switch that region back to the as-grown
out-of-plane polarization. The topography and phase PFM images measured after this switching process
are shown in Figure 5-9(b-c). We note that there is clear evidence of 180° switching in the out-of-plane
polarization in Figure 5-9(c). A change in height within the 375 nm scan of approximately 1 nm can also
be seen. This morphology change is attributable to chemical interactions of the surface with atmospheric
water vapor when the biased tip is in contact with the region, which can produce adsorbates on the
surface.'®® Surface roughness is calculated to be ~ 2 A (Root Mean Square roughness) in the regions
unaffected by the adsorbates. These results demonstrate that the achievement of an insulating and
ferroelectric BFO film on top of a conductive LSMO film, while maintaining a smooth, uniform surface

morphology. Similar results have been observed in BFO films grown on SrRuO; bottom electrodes in our

research group.'®’
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4. Film Growth Kinetics

Competition between nucleation in the formation of islands and crystal growth in the case of layer-
by-layer growth is a key governing feature in epitaxial film growth. The growth mode of a thin film is
determined by the interfacial energy between the film and substrate, the surface energy of the film and the
surface energy of the substrate.> If one assumes that the atoms in the vapor are in equilibrium with those

on the film surface it is possible to write the criteria for layer-by-layer growth as:

Ay =yr+vyi—Vvs<0 (5-2),

where ¢ is the surface energy of the film, y; is the interfacial energy between the film and substrate, and
ys IS the substrate surface energy. The interfacial energy is governed by the chemical bonds between the
substrate and film and the strain interactions due to lattice mismatch. In the case of VVolmer-Weber island
growth, the surface energy of the film or the interfacial energy between the materials is large enough that
the film will not wet the surface and layer-by-layer growth is impossible and island nucleation occurs.
Given the large lattice mismatch between CFO and STO, along with the fact that the minimum energy

surface for spinel oxides is the <111> surface rather than the <100>,'*®

it is not surprising to observe pure
island growth. We have observed some temperature dependence in the morphology of CFO films grown
on STO. For films grown at lower substrate temperatures, there is insufficient energy to promote island
nucleation, resulting in smoother films that have lower crystalline quality. At temperatures higher than in
this report, we see more strongly facetted islands due to the additional adatom thermal energy. In the case
of BFO films grown on STO and LAO, we see layer-by-layer growth due to the low interfacial energy
between film and substrate, since the lattice mismatch is low and both the film and substrate exhibit the
same perovskite crystal structure. For LSMO on LAO, both film and substrate have the same perovskite

structure, but the lattice mismatch is large enough that layer-by-layer growth cannot be maintained

beyond ~4 nm.
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It is worthwhile to consider the kinetics of the growth that lead to the high quality films demonstrated
in this work. We have shown that we can achieve all three epitaxial growth modes in a variety of complex
oxide materials using the PED technique. Traditionally, the PED technique has been used to grow much
thicker films than we have shown here using significantly higher deposition rates. In one work, YBCO
films were grown at a variety of target to substrate distances and growth rates at the 9 cm distance used in
our chamber were 0.36 A/pulse.? By contrast, the LSMO films presented in this work were grown at a
rate of 0.002 A/pulse, which is more than 150 times slower than the growth rate in the previous work. In
Strikovski et al., the authors showed that for a deposition rate of 0.1 A/pulse, the plasma emitted from the
target after ablation propagated a distance of approximately 8 cm in a chamber with gas pressure of 17
mTorr.*° At this distance, they argued that half of the emitted species from the target would have
undergone a collision with the ambient gas molecules and no longer have velocity directed at the
substrate. This was suggested to be the optimal growth condition, with adatom energies in the range of 2-
8 eV, which is an order of magnitude greater than the typical energy range of 0.1-1 eV assumed in
molecular beam epitaxy.™® In this work, deposition rates that are roughly 50 times slower than in the
work discussed in Strikovski et al.'°, and have demonstrated layer-by-layer growth that was not achieved
in the previous work. Thus, we believe that it is likely that the growth conditions used fully thermalize the
adatoms, producing higher quality films. We have found that the morphology of the samples is degraded
at substantially higher deposition rates, both from increased particulate emission at higher gun voltages
and changes in the morphology of the film in the clean regions from unknown kinetic changes, further

supporting our hypothesis.

In the case of LSMO and BFO films, the addition of Ar gas to the system proved important to
optimizing the film quality. It has been noted that the highest energy ions emitted from a target via PED
may have energies in the range of several keV, which is somewhat higher than the most energetic ions

120

emitted during the PLD process.™" Heavy adatoms, such as Bi and La, with energies greater than 100 eV

can readily induce sputtering in the film and damage the surface of the film, which could prevent layer-
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by-layer epitaxial growth. Given the complex interactions governing the plasma dynamics in the spark, it
is difficult to make categorical claims regarding the effect that Ar gas might have on the pulse energy.
However, the empirical evidence presented in this work suggests that the addition of Ar may lower the
energy imparted to the target during the pulse, which could reduce the number of high energy ions
emitted from the target that can damage the film surface. In complex oxide films grown via PLD, Ar is
not generally used as a process gas since the O, operating pressures are significantly higher (~100 mTorr)
than in PED. However, the requirements to form an electron spark dictate that operating pressures be held
between roughly 5 and 20 mTorr. Thus, addition of an inert process gas such as Ar can counteract the
lower operating pressures needed for PED. Further studies are needed to fully understand the origin of

this effect.

5. Summary

In this chapter, the growth of a variety of different complex oxide films has been demonstrated via
pulsed electron deposition (PED). CoFe,O4 (CFO) films have been grown on MgO substrates,
demonstrating layer-by-layer growth and perpendicular magnetic anisotropy due to tensile in-plane strain.
CFO films on SrTiO; (STO) exhibit the Volmer-Weber island growth mode due to the significant lattice
mismatch between CFO and STO. Lag7,Sry2sMnO3 (LSMO) films have been grown on both STO and
LaAIlO; (LAO) substrates and their epitaxial growth modes have been characterized. Due to an excellent
lattice match with STO, the LSMO films have an extremely smooth surface that suggests layer-by-layer
growth. Moderate compressive strain from growth of LSMO on LAO produces the Stranski-Krastanov
layer-then-island growth mode. Finally, BFO films were grown on STO and LAO, demonstrating layer-
by-layer growth in both cases with the expected rhombohedral to tetragonal phase transition for films
grown with compressive strain on LAO. A bilayer structure of BFO with an LSMO bottom electrode

demonstrated that the BFO film was ferroelectric, as expected.

The various epitaxial growth modes demonstrated here via PED represent a significant breakthrough
for the growth technique. Previous results in the literature were for thick films with rough surfaces due to
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particulate deposition and high growth rates. In this work, by carefully calibrating the growth conditions,
all three epitaxial growth modes have been demonstrated for films grown via PED. Such results indicate
that PED may be competitive with the more commonly used pulsed laser deposition (PLD) in the coming

years. A recent result has demonstrated similarly smooth LSMO films grown via PED, suggesting that the

technique is gaining traction in the field.'"
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6. Epitaxial CoFe;04-BiFeO3 Nanocomposites

To develop an understanding of the structural properties of CoFe,O, (CFO)-BiFeO; (BFO)
nanocomposites grown via pulsed electron deposition (PED), a series of nanocomposite films was grown
and characterized, which were use to compare these properties to those grown via pulsed laser deposition
(PLD). As discussed in Chapter 2, the origin of the magnetic anisotropy in these nanocomposite films was
not fully understood due to the combined effects of magnetoelastic and shape anisotropies in the
materials. For device applications in systems such as the Reconfigurable Array of Magnetic Automata
(RAMA), the ability to predictably control the magnetic anisotropy of the CFO nanopillars is critical .
Thus, a substantial portion of this work focused on determining the effects of elastic strain and pillar
shape on the magnetic anisotropy of the nanopillars. Examination of the ferroelectric properties of the

BFO matrix also proved fruitful, as intriguing in-plane domain wall pinning in the matrix was observed.
1. Structural Characterization

1. X-Ray Analysis
In the literature, most CFO-BFO nanocomposites had thicknesses of several hundred nm when grown
via pulsed laser deposition. The aspect ratio of the pillars in films with this thickness would be expected
to produce perpendicular magnetic shape anisotropy in the pillars. There are also commonly reports of
out-of-plane compressive strain observed in the CFO pillars in these samples.” To understand the effect
of strain and shape in the pillars, a series of composite films with different thicknesses was prepared. By
growing films with different thicknesses, one might expect the shape anisotropy of the pillars to vary

while the magnetoelastic anisotropy was expected to remain constant.

Films with BFO matrix thickness of 13 nm, 43 nm and 150 nm were grown and examined in this
study. X-ray diffraction (XRD) analysis was performed to determine the CFO strain conditions in each

film. The results are summarized in Table 6-1. The in-plane lattice parameters were calculated by
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performing reciprocal space maps about STO (224), which shares an epitaxial match to the pseudo-cubic
BFO (224) peak and the CFO (448) peak. A representative XRD spectrum, along with an atomic force
microscopy (AFM) scan showing the surface topography is shown in Figure 6-1. The average pillar
aspect ratios for each film were determined using AFM and scanning electron microscope (SEM)
measurements and are shown in Table 6-1 as well. For AFM measurements, flooding analysis was used to
determine the number of pillars in a 5 um square region and the fraction of area covered by the pillars.
The average height of the pillar above the surface was also determined using this approach to improve the
estimation of the aspect ratio. SEM measurements were used to corroborate the area coverage results for
sample 1 and 3, which had greater pillar area coverage, making AFM area analysis more difficult. A

visual representation of the strain conditions in the samples is shown in Figure 6-1(c).

Sample | BFO Pillar Material | In-plane Out-of-plane | In- Out-of-
matrix Aspect lattice lattice plane plane
thickness, | Ratio parameter, parameter, ¢ | strain strain
(nm) (height/ a (R (A)

width)
1 12.8 0.7 CoFe,O, | 8.3440.01 8.383+0.004 | -0.005 0.000
BiFeO; | 3.918+0.003 | 4.045+0.001 | -0.011 0.020
2 43.4 1.2 CoFe,O, | 8.37+0.01 8.386+0.002 | -0.001 0.001
BiFeO; | 3.902+0.003 | 4.063+0.001 | -0.016 0.025
3 150 2.7 CoFe,O, | 8.3740.01 8.374+0.004 | -0.001 -0.001
BiFeO; | 3.926+0.003 | 4.034+0.001 | -0.010 0.017

Table 6-1. Lattice parameters, strain conditions and anisotropy values for composite films in the study.
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Figure 6-1. a) XRD measurement for Sample 2 (43 nm BFO thickness), with the CFO (008) peak inset and
Gaussian curve fit to peak; b) AFM topography of Sample 2; ¢) Graph depicting in-plane (blue) and out-of-
plane (red) strain conditions for samples examined in this section.
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For all three samples, XRD results indicated that the CFO pillars are relaxed along the out-of-plane
axis. For the thinnest sample, the in-plane CFO lattice parameter is 8.34 A, which is a compressive strain
of 0.5% relative to the bulk lattice parameter. In the 43 nm sample and 150 nm sample, a slight in-plane
compressive strain of 0.1% was found. These results disagree somewhat with previous results, which
have often found out-of-plane compressive strain in the CFO pillars due to the lattice mismatch between
CFO and the BFO matrix.”®" Zhan et al. had previously shown that in-plane strain in BFO-NFO
composites with thicknesses of greater than 100 nm was fully relaxed through the formation of misfit

dislocations at the NFO-BFO lateral interface.”

2. Model of Strain Relaxation in Pillars

Some works have reported perpendicular magnetic anisotropy in CFO-BFO composites due
to out-of-plane compressive strain in the CFO films.”®"*#° This strain is believed to arise from
the vertical interface between the CFO pillar and the BFO matrix, which, if coherent or semi-
coherent, yield a compressive strain. However, others have demonstrated through transmission
electron microscopy (TEM) analysis that the interface between similar NiFe,O4 (NFO) inverse
spinel pillars and the BFO matrix is fully relaxed along the in-plane and out-of-plane
directions.” Additionally, most works have examined composite films with thicknesses much
greater than 100 nm, which would induce perpendicular magnetic shape anisotropy in the pillars.

Thus, the origin of the anisotropy found in some composite films is not fully understood.

The presence of CFO in-plane strain for ultrathin BFO-CFO nanocomposites is an
unexpected result that conflicts with previous studies in the literature. Most works have found
that residual perpendicular compressive strain is present in the CFO pillars, which has been
attributed to the lattice mismatch between BFO and CFO. To our knowledge, there have been no

studies showing in-plane compressive strain in the CFO pillars. However, the films grown in this
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work are grown by a unique method when compared to those that are typically presented in the
literature: the growth rate is slower and the film thickness is several times smaller than most

other composites. The analysis of Zhan et al.”

showed that the equilibrium strain state along the
out-of-plane axis is for NFO pillars to be fully relaxed through the formation of misfit
dislocations at the BFO-NFO interface.”” Given that NFO and CFO share the same inverse spinel
structures and have comparable lattice parameters (8.38 A for CFO and 8.34 A for NFO)¥, it
seems reasonable to conclude that when these films grow more slowly any residual out-of-plane
compressive strain is relaxed. This can be explained by considering that during film growth the
addition of a repeating dislocation every N unit cells with Burgers vector along the [001]
direction is sufficient to relax away perpendicular strain. This was observed in the work of Zhan
et al for the NFO-BFO vertical interface, with the value of N equal to 20, which is approximately
equal to the inverse of the lattice misfit between NFO and BFO.”? However, in-plane
compressive strain in the pillars is more unusual. To explain this result, we consider the
dislocation mechanics to relax strain within the pillars. Extra half planes form within the BFO
matrix along the <110> directions as an interfacial strain reduction mechanism.’? In the same
way that uniform thin films have an expected critical thickness for the formation of misfit
dislocations, it appears that there is thickness dependence for the density of misfit dislocations
between the matrix and pillar. The thinnest film examined in this study has a BFO matrix that is
13 nm thick with in-plane pillar strain of 0.5%. Given that the bulk lattice mismatch between
BFO and CFO is 5.7%, the pillars are mostly relaxed at this thickness. Further studies are needed
on thinner films to measure the dislocation density as a function of thickness. Additionally, the
mechanism for misfit dislocation formation in this system is not entirely clear. Detailed analysis

of the Burger’s vector and slip system via transmission electron microscopy could prove fruitful,
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but is beyond the scope of this work. A schematic representation of the hypothesized relaxation

process in both the in-plane and out-of-plane directions is shown in Figure 6-2.
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—

Figure 6-2. Models of strain relaxation (A) along the perpendicular axis and (B) along the in-plane <110>
axes as the thickness of the nanocomposite increases.

2. Transmission Electron Microscopy Analysis of Nanocomposite

To further examine the structural properties of the nanocomposite, an additional sample was grown
on Nb-doped STO with a thickness of approximately 20 nm. A low density of CFO pillars was chosen so
as to make comparisons with a patterned sample that will be discussed in the next chapter more
straightforward. The sample was characterized using x-ray diffraction, MFM and VSM to confirm that it
exhibited similar properties to those of the previous nanocomposites. Out-of-plane x-ray diffraction
showed Kiessig fringes around the BFO diffraction peak, indicating excellent film quality. The presence
of Kiessig fringes in a nanocomposite has thus far not been observed in the literature, which can be
attributed to the fact that films presented in the literature are generally much thicker and have a greater
area density of CFO pillars. Because of the thin film and low density of CFO pillars, it was not possible to

resolve the CFO diffraction peaks above the background noise and nearby BFO peak in the measurement.
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The out-of-plane pseudocubic BFO lattice parameter was found to be 4.076 A. A reciprocal space map
about the STO (103) peak was performed and confirmed that the BFO film is coherently strained to the
substrate. VSM measurements showed significant in-plane anisotropy, which is in agreement with the
results that will be presented in the following section. The results of these measurements are summarized

in Figure 6-3.
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Figure 6-3. (A) Out-of-plane x-ray diffraction measurement for 20 nm thick BiFeO3-CoFe204
nanocomposite; (B) Reciprocal space map about SrTiO3 (103) peak; (C) In-plane and out-of-plane magnetic
hysteresis loops of sample.

A cross-sectional lamella of the sample was then prepared using the focused ion beam liftout
technique. The lamella was prepared so that the cross-sectional zone axis would be along the <110>
direction, making the {110} facetted CFO nanopillars have uniform width along the cross-section. The
sample was then characterized using high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM), energy dispersive x-ray spectroscopy (EDS) and high-resolution
transmission electron microscopy (HRTEM). HRTEM was used to examine the various interfaces in the
nanocomposite system, while EDS and HAADF-STEM were used to characterize the chemical properties

of the composite.

A wide-view HAADF-STEM image is shown in Figure 6-4. Two CFO nanopillars are visible in the
image as gray pentagon-shaped structures embedded in the bright BFO matrix. Because HAADF-STEM
is sensitive to the atomic number, Z, of the elements in the material, BFO produces the brightest contrast

in the image because it has atomic number 83. Sr, Ti, Co and Fe on the other hand have atomic numbers
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of 38, 22, 27 and 26 respectively. Thus, the Nb:STO substrate will have somewhat brighter contrast than
the CFO pillars. The dark region above the surface of the film is amorphous carbon that was deposited

during the sample preparation process as a protective barrier.

Figure 6-4. HAADF-STEM image of two nanopillars viewed along the <110> zone axis.

The unusual shape of the pillars compared to the vertical structure that one would expect to see in a
pillar is due to the film’s reduced thickness compared to what is commonly grown in the literature. For
example, in Zheng et al.”, the authors grew CFO-BFO nanocomposites that were several hundred nm in
thickness. In this work, they observed that the pillars did not form {110} in-plane facets during the
growth process until the pillars were more than 50 nm in height.”* The pillars initially formed as small
islands and then expanded outwards as the thickness increased, before maintaining a uniform diameter at
thickness of greater than 50 nm. Thus, because this sample is only 25 nm thick, one would expect the

pillars to have less defined diameters as they expand outward and reach an equilibrium diameter.

To confirm the hypothesis of the chemical makeup of the nanocomposite, an EDS map was obtained

with 2 nm spatial resolution around a nanopillar. The Ti K,, Co K,, and Bi L, peaks were then isolated in
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the spectra and images were obtained showing the intensity of each element in the sample at each point.
The full EDS map is shown in Figure 6-5, with the individual element maps shown in Figure 6-5(B-C)
and an overlay of the images shown in Figure 6-5(A). It is important to note that the Co K, peak lies very
near the Fe K, peak on the energy spectrum. Thus, there is non-zero Co intensity observed in the BFO
matrix, which is an artifact of the measurement and is not an indication of Co presence in the BFO lattice.
This makes quantitative analysis of the Co concentration in the matrix impossible. The Bi map (Figure
6-5 (C)) shows that there is some BFO that overlaps with the CFO nanopillar. This is the result of the
sample preparation process and the geometry of the pillar, rather than a sign of Bi residing within the
CFO crystal lattice. The thickness of the lamella is greater than the diameter of the nanopillar at the base
of the pillar, meaning that some BFO is present in front of and behind the nanopillar. This explanation
will be confirmed later when discussing the HRTEM images. The Co map (Figure 6-5 (B)) shows a
reduced intensity above the matrix surface, which is the result of the reduced pillar thickness in that
region due to the {111}faceting structure. The Ti map (Figure 6-5(D)), show that the substrate is uniform
and homogeneous across the scanning area, suggesting that there has not been significant chemical
change in the substrate after growth. This is further confirmed by the absence of a detected signal in the

Co and Bi maps in the substrate region.
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Figure 6-5. EDS map of CoFe,O, nanopillar embedded in BiFeO3; matrix. A) Overlay of all three elements
mapped; B) Intensity of Co K, peak; C) Intensity of Bi L, peak; D) Intensity of Ti K, peak.

To analyze the interfacial structure and strain in the nanopillars, HRTEM was employed. While
several pillars were examined, this analysis will focus on the pillar presented above for EDS analysis.
Other pillars exhibited similar interfacial and crystallographic features. Figure 6-6 shows a HRTEM
image of the pillar under examination, with a fast Fourier transform (FFT) image of the region shown in
the inset. The FFT image is analogous to a selected-area electron diffraction pattern acquired directly via
TEM in many other works."* The FFT image along the <110> zone axis shows the same diffraction
pattern as other nanocomposite samples in the literature along this zone axis.”* The CFO peaks are clearly
distinct from the perovskite peaks that result from the BFO matrix and Nb:STO substrate, indicating that
the strain in the pillar is mostly relaxed. At this resolution, it is not possible to precisely state whether
there is any residual strain in the pillar either in-plane or out-of-plane. Analysis of the FFT pattern did
indicate that the strain was in agreement with a fully relaxed pillar, but could not rule out some degree of
strain along either direction. Separation of the BFO and Nb:STO lattice parameters was not possible in
this particular image. Thus, confirming the hypothesis discussed in Section 1.2 of this chapter will require

more detailed analysis using other techniques.
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Figure 6-6. A) HRTEM image of pillar measured via EDS in Figure 6-5. Arrows indicate examples of dark
Moire fringes in pillar. B) Fast Fourier transform of entire field in A.

Figure 6-6(A) also shows the presence of Moire fringes at in front of the CFO pillar, which are visible
as periodically spaced light and dark stripes. Arrows in Figure 6-6(A) indicate examples of the dark bands
of the Moire fringes. Moire fringes occur as an interference effect when a TEM image is acquired with
the beam passing through two incoherent crystal lattices.**? The pattern of Moire fringes in this pillar
shows the same feature shape as the Bi L, edge map in Figure 6-5(C). This confirms the argument put
forth above regarding the presence of residual BFO either in front of or behind the CFO pillar along the

path of the beam.

To analyze the different phases present in the material in more detail, selected area FFT analysis was
performed on a separate image showing both the matrix and the pillar. These results are shown below in
Figure 6-7. Selected area FFT images of the Nb:STO substrate (B), the BFO matrix (C) and the CFO
pillar above the surface of the matrix (D) were all acquired to independently index the peaks in reciprocal
space. In the substrate, only a cubic diffraction pattern is evident with the (110) and (001) peaks noted. In

the BFO matrix, the same pseudocubic peaks are observed, but additional peaks at shorter distances from
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the origin in reciprocal space are also observed. These peaks cannot be indexed in the pseudocubic
scheme used throughout this work, but occur as a result of the rhombohedral distortion of the perovskite
crystal in BFO. This distortion produces a crystal structure that can be indexed by assuming a hexagonal
unit cell along the [111],. direction.””* The hexagonal index is in agreement with the pattern shown in
Figure 6-7(C). A green diamond is shown as a guide to the eye, connecting two of the non-indexed peaks
to the (001) peak. The diffraction pattern in Figure 6-7(D) for the CFO pillar shows a similar hexagonal
pattern, which is expected for the [110] zone axis in CFO since it exhibits a face-centered cubic crystal
structure.”® A strong (004) diffraction peak is observed, along with a (220) peak, which are the result of
the unit cell doubling that occurs in the spinel oxides. A weak (002) peak is also observed, in spite of the
fact that it is a forbidden peak based in the Fd3m space group. The presence of this weak peak can most
likely be attributed to point defects such as anti-site defects in the CFO pillar, where Co resides on the

spinel A-site instead of Fe, or oxygen vacancies that result during growth. A green diamond is again

shown as a guide to the eye, showing the hexagonal pattern in the FFT image.

Figure 6-7. HRTEM FFT analysis of substrate pillar and matrix of image in (A). Annotations in image show
selected regions for FFT images in following images. B) Nb:STO substrate; C) BFO matrix; D) CFO pillar.
Cubic or pseudocubic indices are noted in all three images with low index diffraction peaks. Green diamonds
showing hexagonal pattern of peaks are shown as a guide to the eye in (C) and (D).

3. Magnetic Properties of Nanocomposites

1. Thickness Dependent Magnetic Anisotropy
To determine if any magnetic anisotropy was present in the films, VSM measurements were made

along both the in-plane [100]-direction and the out-of-plane [001]-direction for the samples. The results
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of these measurements are shown in Figure 6-8(a-c). For the thinnest sample, in-plane anisotropy is
clearly present, with the in-plane coercivity 1.3 kOe greater than the perependicular coercivity. In Sample
2, there is slight in-plane anisotropy, as the coercivity is 1.6 kOe in-plane and 1.3 kOe out-of-plane. For

the thickest film, the hysteresis loops are nearly identical, with no difference in coercivity or remanence

between scans.
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Figure 6-8. a-c) Magnetic hysteresis loops for CFO-BFO composite film along in-plane [100] and out-of-plane
[001] directions. a) Sample 1, with BFO thickness of 13 nm; b) Sample 2, with BFO thickness of 43 nm; c)
Sample 3, with BFO thickness of 150 nm. d) Predicted magnetoelastic (Kejasiic, square), shape (Kspage, triangle)
and net (K¢, diamond) uniaxial anisotropy constants (left axis) and fields (right axis) for each film based on
strain and pillar aspect ratios. Measured anisotropy fields (K.wai, Circle) are also shown. Rectangles are
drawn with the pillar aspect ratio of each sample.

In order to confirm these results and ensure that the pillars were the source of the magnetic signal,
magnetic force microscopy (MFM) was performed on Sample 2 from Table 6-1. Results of this

measurement are shown in Figure 6-9. The pillar was demagnetized in a perpendicular magnetic field and
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then measured with no applied field via MFM. The results showed that only the CFO pillars were
ferromagnetic at room temperature, and that the majority of the pillars had in-plane magnetization after
being demagnetized in a perpendicular field. In-plane magnetization in a pillar was inferred from a
change from red to blue contrast across the width of the pillar, which can be seen in the red circle
highlighting a pillar in Figure 6-9(B). The change in contrast results from the curling of the in-plane
magnetic dipole moment over the pillar, which produces a positive out-of-plane field on one side of the

pillar and a negative out-of-plane field on the other side. Perpendicular magnetization was highlighted in

the red box, where a pillar had uniform color contrast across the entire diameter.

Figure 6-9. Magnetic force microscopy image of nanocomposite. A) Topography; B) Phase overlaid as color
on three-dimensional rendering of topography. Red and blue represent positive and negative out-of-plane
fields (arbitrary sign), while green is neutral. The circle highlights a pillar with in-plane magnetization, while
the box highlights a pillar with perpendicular moment.

2. Discussion of Properties

We consider the combined effects of shape and magnetoelastic anisotropy to explain the
measured anisotropy. Using the published values for the CFO magnetostriction coefficient (1100 =
-590x10°®) * and a Young’s modulus of 140 GPa,*? the expected magnetoelastic anisotropy
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values for each sample are calculated, using the formula Ke=3/2 A1000100, Where o1 is the in-
plane stress in the pillars. To determine the shape anisotropy, a model which treats the pillars as
cylinders was chosen since typical rectangular models assume magnetization along the faces of
the rectangular prism, rather than the edges as we have for the <110>-faceted pillars.*”* The
shape anisotropy values for each aspect ratio are calculated assuming a saturation magnetization
of 350 emu/cc for CFO. The predicted elastic, shape and net anisotropies are plotted in Figure
6-8(d), with Kpet = Kelastic + Kshape- The anisotropy field, H,=2K/M;s, for these samples is also
shown.™! The measured anisotropy field was determined by taking half of the difference in the
coercivities of the in-plane and out-of-plane hysteresis loops and is also shown. Both shape and
elastic anisotropies contribute to the large in-plane anisotropy found in Sample 1. In-plane elastic
anisotropy is partially canceled by a slight out-of-plane shape anisotropy in Sample 2. The larger
pillar aspect ratio in Sample 3 increases the shape anisotropy and yields a very small predicted
out-of-plane anisotropy field, which is within the margin of error in the VSM measurement. The
measured results show good agreement with the predicted values given the simplicity of the
model for the shape anisotropy. Thus, the overall anisotropy in the system can be understood by
considering the combined effects of shape and elastic anisotropies. The results also demonstrate
that the contribution of the shape anisotropy to the net anisotropy of the pillar is substantially less
than the contribution of elastic anisotropy. This is due to the large magnetostriction coefficient of
CFO. In other spinel-perovskite nanocomposites, such as NiFe,O4,-BFO composites, one would
expect the shape anisotropy to play a larger role because the magnetostriction coefficient is

substantially less in NiFe,0,.%
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4. Ferroelectric Properties of Nanocomposites

Prior to microscopy measurements, the sample discussed in Section C was characterized using
piezoresponse force microscopy (PFM). Two separate approaches were used: Dual AC Resonance
Tracking (DART) and vector PFM. In addition to the DART PFM measurements, switching-spectroscopy
PFM (SS-PFM) was performed in the BFO matrix of the sample to measure a ferroelectric hysteresis
loop. The results of the DART and SS-PFM measurements are shown in Figure 6-10, with the site of the
SS-PFM measurement marked with an ‘X’ in Figure 6-10(A). The measured domain structure shows that
the film is primarily single domain out-of-plane, with a few small reversal domains with opposite
polarity. These domains appear to originate at the interface between the CFO pillar and the BFO matrix,
and may result from local point defects, such as oxygen vacancies, that are induced at the interface with
the CFO pillar.*”® Similar domain characteristics have been observed in PFM measurements of BFO-CFO
nanocomposites performed by other groups.”* The amplitude image (Figure 6-10(B)) shows that the CFO
pillars do not exhibit any ferroelectric response, with the blue regions of zero amplitude corresponding to

the locations of the pillars in the topography image (Figure 6-10(A)).
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Figure 6-10. Piezoresponse force microscopy (PFM) measurements of 20 nm thick BiFeO3-CoFe203
nanocomposite made using Dual AC Resonance Tracking (A) Surface topography; (B) PFM amplitude; (C)
PFM out-of-plane phase; (D) 3D rendering of the surface topography with the out-of-plane phase overlaid.
Switching-spectroscopy PFM (E) amplitude and (F) phase measurements made at the X in (A).

SS-PFM measurements made in the matrix are shown in Figure 6-10(E-F). These hysteresis loops
were acquired simultaneously using the conductive probe tip as an electrode. The amplitude response is
shown in Figure 6-10(E) and exhibits the “butterfly” response that is expected for ferroelectric hysteresis.
The phase response is shown in Figure 6-10(F) and shows complete 180° switching of the out-of-plane
polarization. The majority polarization of the matrix is approximately 20°, while the reversed polarization
is approximately 200°. The hysteresis loop shows asymmetric switching, with the coercivity to reverse
the polarization is between -5 and -6 V applied bias, while the coercivity to return the polarization to the
majority state is between 2 and 3 V. This is likely the result of a significant depolarizing field due to the
nature of ferroelectric domain formation when the PFM tip is used as an electrode.® In order to reverse
the polarization, a reversal domain must nucleate at the surface of the BFO matrix, where the applied

electric field from the tip is at a maximum. This reversal domain must then travel through the thickness of
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the film and propagate outwards to create a sufficiently large out-of-plane domain to create a remanent
state that can overcome the depolarizing field of the rest of the BFO matrix.'”> However, when a smaller
positive field is applied, the depolarizing field aids in the destruction of the reversal domain, which
produces a smaller coercivity than for negative bias. This type of asymmetric hysteresis loop has been

observed via SS-PFM in thicker BFO-CFO nanocomposites by other groups previously.'”

For vector PFM measurements, both out-of-plane and in-plane ferroelectric domain structures in the
BFO matrix were measured. Because the axis of polarization in BFO is along the pseudocubic <111>
directions, there are expected to be 4 distinct in-plane polarization vectors even if the matrix is exhibits
uniform out-of-plane domain structure. The results of the vector PFM measurement are shown in Figure
6-11. Figure 6-11(B-C) show the out-of-plane domain structure that was measured during the first pass of
the scan, while Figure 6-11(E-F) show the in-plane domain structure which was measured during a
second pass at a different drive frequency. The in-plane phase was overlaid as a color map onto a 3D

rendering of the measured topography and is shown in Figure 6-11(D).
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Figure 6-11. Vector piezoresponse force microscopy (PFM) measurements made on the same sample as in
YY. (A) Sample topography; Out-of-plane (B) amplitude and (C) phase; (D) In-plane phase overlaid on 3D
rendering of surface topography; In-plane (E) amplitude and (F) phase measurements with the same color
maps as in the out-of-plane direction (arb. units for amplitude).

The out-of-plane domain structure matches the results obtained using the DART technique. The in-
plane domain structure is more complex, as the vector technique measures the polarization along the
direction perpendicular to the scan axis. This means that only two possible polarization states can be
observed, which will be out-of-phase 180° from each other. To measure the polarization along the other
axis, the sample must be physically rotated 90° and a second scan must be performed over the same
region.**® Without patterning of alignment marks to find the same region of interest for repeated scans this
approach is impossible. However, it is possible to extract some information from a single component of
the in-plane domain structure. Domains which were 180° out-of-phase with each other were observed
with roughly equal area coverage, indicating that there is symmetric polarization along the symmetric
<110> in-plane directions. Given that both in-plane directions are crystallographically equivalent for a

cubic substrate, this is to be expected. There is also evidence that in-plane domain walls pin at the
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interface with the CFO pillars. In the in-plane amplitude image (Figure 6-11(E)) domain walls appear in
blue because no ferroelectric response is present in these regions. Qualitative observations show that most
domain walls start and end at a pillar site, indicating that it is likely that the interface between the matrix

and pillar acts as a pinning site.

The observation of in-plane domain wall pinning in the nanocomposites is intriguing. A good deal of
work in uniform BFO films has focused on the in-plane domain structure under a variety of strain
conditions. Our group has found that for thin BFO films grown on SrRuO; (SRO)-buffered STO that the
in-plane domain structure shows domains oriented along both directions with no evidence of pinning
effects.’”® In another work for uniform BFO films grown on SRO-buffered DyScO;, groups have shown
that is possible to control the domain structure through the use of epitaxial strain from the substrate.’”
This work showed that when a BFO film is grown via step-flow layer-by-layer growth on the DyScO;
substrate, the domain structure will produce uniform periodic stripe domains along the [110], direction.
This occurs due to the domain structure of the orthorhombic SRO buffer layer, which is single domain
when grown via step-flow growth. The buffer layer seeds the growth to permit polarization only along
two of the four possible in-plane <110> polarization directions. In another work, the vicinality of an STO
substrate was used to control the in-plane domain structure of the BFO film.® By choosing a variety of
different substrate miscut angles for STO (001) substrates, the authors were able to produce different in-
plane domain configurations due to the broken symmetry induced by the high density of substrate step

edges. For the highest miscut angle of 3°, they demonstrated a single domain polarization in-plane. In this

work, however, an entirely different mechanism to control the domain structure has been used.

No previous work has been performed examining the in-plane domain structure of the BFO matrix in
CFO-BFO nanocomposite films. The sample examined here is very unique compared to other films
studied in the literature. The density of CFO pillars is significantly lower than in other works and the film
thickness is roughly one order of magnitude less, producing a coherently strained BFO matrix. Given that

in-plane domain walls appear to pin at pillar sites, a lower density of CFO pillars would produce larger
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BFO domains to examine. The cause of the domain wall pinning is most likely due to the structural
defects induced at the interface between the pillar and matrix. This work has shown that the BFO-CFO
interface is incoherent, which necessitates a high density of misfit dislocations surrounding the vertical
interface. Other groups have also shown that oxygen vacancies occur with a higher density at the vertical
interface.'” Each of these could promote domain wall pinning at the interface. Further exploration of
these findings is needed. Through the use of directed self-assembly of the CFO nanopillars, it might be
possible to control the in-plane domain structure in a systematic way.'® Initial results in this study will be

explored in the following chapter.

5. Summary

A series of CoFe,0, (CFO)-BiFeO; (BFO) epitaxial nanocomposites grown by pulsed electron
deposition (PED) has been presented in this chapter and their microstructural and multiferroic properties
have been examined. Unexpected in-plane compressive strain was observed in the CFO pillars for
ultrathin samples. This result was attributed to the lattice mismatch between CFO and the STO substrate
and BFO matrix, which both promote in-plane compressive strain. In addition, the absence of out-of-
plane compressive strain in the CFO pillars was surprising. This difference from the literature was
explained by considering the different growth kinetics between the PED technique employed here and the
more commonly used pulsed laser deposition (PLD) technique. By reducing the growth rate, complete
out-of-plane strain relaxation at the interface between the CFO pillar and BFO matrix is possible. The
magnetocrystalline anisotropy of the CFO pillars was characterized via VSM and MFM and found to
exhibit in-plane anisotropy for the thinnest samples. The in-plane anisotropy observed is expected for
pillars with in-plane compressive strain, but has not previously been demonstrated in the literature.
Finally, ferroelectric characterization of the BFO matrix was performed using piezoresponse force
microscopy (PFM). Out-of-plane PFM measurements were in agreement with results observed
previously, but in-plane measurements demonstrated domain wall pinning at the pillar sites. This result is

novel in CFO-BFO nanocomposites and merits further exploration.
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7. Templated CoFe204-BiFeO3 Nanocomposites

In order to be used for practical applications, a means of controlling the growth of CoFe,04-BiFeO;
(CFO-BFO) nanocomposites is required. For the Reconfigurable Array of Magnetic Automata (RAMA)
architecture, a square grid of CFO nanopillars with uniform size and precise positioning in a BFO matrix
is required.® To develop this capability, templated self-assembly of these nanocomposites using electron-
beam lithography to pattern epitaxial CFO islands on the surface of Nb-doped SrTiO; (Nb:STO)
substrates is investigated. In this chapter, | will discuss the fabrication process, electron and scanning
probe microscopy analysis of the nanocomposites that are produced, and the applications of this

patterning capability.

1. Fabrication Process

A top-down lithrographic process is employed to pattern CFO islands on the substrate surface,
followed by a bottom-up self-assembly process to produce the ordered CFO-BFO nanocomposite. A full
schematic of the fabrication process is shown in Figure 7-1. In the following sub-sections, detailed

analysis of the steps of the fabrication process is discussed.
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Figure 7-1. Flow chart for the fabrication process. (a) Deposition of CoFe,O, (CFO) film using pulsed
electron deposition (PED); (b) Deposition of amorphous Si capping layer using RF sputtering; (c) Spin
coating of sample with HSQ negative-tone e-beam resist; (d) Patterning of pillars using e-beam lithography;
(e) Reactive ion etching of Si cap; (f) Ar ion etching of CFO film; (g) Deposition of 1 nm thick BiFeO3; (BFO)
film using PED; (h) Co-deposition of CFO and BFO using PED to form an epitaxial nanocomposite.

1. CoFe;04 Uniform Film

A 0.5%-Nb-doped STO (Nb:STO) (001) conductive substrate was prepared using common etching
and annealing techniques to produce a TiO, terminated surface with step-edges due to substrate miscut.*®
A 12-nm CFO film was then deposited on the substrate using pulsed electron deposition (PED)."**'" The
CFO film grows via the Volmer-Weber epitaxial growth mode, producing epitaxial islands on the
surface.*® An atomic force microscopy (AFM) surface topography scan after the growth is shown in
Figure 7-2. The sample was found to have islands uniformly coating the surface with diameters between
25 and 50 nm. This result is in agreement with the observations presented in Chapter 5 for uniform CFO

films grown on SrTiOs.
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400nm

Figure 7-2. Atomic force microscope (AFM) image of uniform CFO film used for template pattern showing
regular epitaxial islands on the surface.

2. SiCapping Layer

To serve as a capping layer, Si was deposited onto the CFO uniform film via radio frequency
magnetron sputtering. Si is used to promote adhesion with the HSQ resist and then as a sacrificial etch
mask during the reactive ion etching process.*”® The sputtering deposition parameters were described in
Chapter 3. Given that the deposition was performed at room temperature, the Si layer is expected to be
amorphous following deposition. To test this, x-ray diffraction and x-ray reflectivity measurements were
performed on a sample prior to patterning and etching. Out-of-plane diffraction data and a fit of the x-ray
reflectivity measurement are shown in Figure 7-3. The Si film thickness was found to be approximately
25 nm, with an underlying CFO film thickness of approximately 13 nm. These values are in agreement
with the calibrations for both deposition rates. The diffraction measurements show the strong STO (001)
and (002) substrate diffraction peaks, along with a small CFO (004) film peak, with no other peaks
present. These results indicate that the Si film is amorphous. Atomic force microscopy measurements (not
shown) have also demonstrated that the Si capping layer conformally coats the CFO island grains on the

surface.
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Figure 7-3. (A) Out-of-plane x-ray diffraction data for Si/CoFe,O4/Nb:SrTiO; heterostructure. The peak at
~43° is the CFO (004) peak, while the other two peaks are substrate peaks. (B) X-ray reflectivity data for
same structure.

3. Electron Beam Lithography
The electron-beam lithography (EBL) fabrication process was outlined in Chapter 3 of this work, with
information on the hyrdrosilsesquioxane (HSQ) negative tone resist coating, post-exposure development
and optimal doses to produce the patterns. The patterning of pillars in the HSQ resist was achieved with
pitch resolution of better than 100 nm between the center of neighboring pillars. While it was possible to
produce smaller pitch sizes during the EBL process, attempts to transfer the pattern through the Si

capping layer and CFO film during the reactive ion etching (RIE) failed.

An example of a 100 nm pitch array is shown below in Figure 7-4. A uniform array of pillars with
diameter slightly less than 50 nm is observed with the island grains from the underlying Si-capped CFO
film visible in the area not covered by the pillars. It is worth noting that the diameter of the pillars is at
least as large as the diameter of the CFO islands in the film below, so it is likely that some or all of the
patterned islands will be patterned across the boundaries of multiple islands. This non-uniformity in the

island template could cause the various sizes and shapes of nanopillars observed via transmission electron
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microscopy later in this chapter. Atomic force microscopy (not shown) indicated that the pillars were
generally between 40 and 50 nm in height, with some variation both within the arrays and between
samples. In terms of pattern fidelity, it was found that the area density of the pillars and the proximity of
the pillar to the edge of the array affected the diameter of the pillar following development. This can be
attributed to unintended electron exposure of resist outside of the pattern area via secondary and back-
scattered electrons during the exposure of a patterned pillar. Thus, pillars in the center of the array will
receive a higher dose than those near the edge of the array, producing larger pillar heights and diameters.
This effect is known as the proximity effect and is well understood in the EBL community.*®® Techniques

exist to correct for this but were not pursued in this work.
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Figure 7-4. Scanning electron microscope image of EBL-patterned HSQ pillars on the surface of the Si
capping layer. Scale bar represents 200 nm.

4. Reactive Ion Etching
Following the EBL process, reactive ion etching (RIE) was employed to transfer the pattern of HSQ
pillars through the Si capping layer and CFO film to produce template islands on the surface of the
substrate. A description of the process was given in Chapter 3 of this work. An example of the resulting

topography is shown in Figure 7-5. This image was taken at the edge of the patterned array, allowing for
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clear inspection of the substrate surface quality. It is clear that unit cell terraces are present on the surface
of the substrate following the etching process, indicating that the surface quality is ideal for the growth of
an epitaxial film. The observation of these step edges, along with a smooth terrace showing no evidence
of the original CFO island grain structure, was used to verify the completion of the RIE process. A few
defect areas in the array are observed, which is the result of particulate that was deposited on the surface
during the growth of the initial CFO film. The density of this particulate varied from sample to sample but
was generally not an impediment to the overall fabrication process. This particular template sample was
not used for any other results presented in this thesis, but is representative of the surface morphology
observed for all templates used. The height of the CFO islands after patterning was approximately 5 for
most samples , as measured via AFM. An AFM image of the array of pillars characterized via electron
microscopy, along with a profile of the pillar height is shown in Figure 7-6. The measurement indicates
that the pillar height is between 4 and 5 nm for this sample. Templating was generally not successful for
islands that were smaller than this height. There is no direct means to characterize the depth of etching
into the substrate without the use of cross-sectional transmission electron microscopy (TEM), which was
not employed. The effect of any substrate etching, along with the thickness of the CFO portion of the
island will be discussed later in this chapter during TEM analysis of a nanocomposite grown on the

etched template.
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Figure 7-5. Atomic force microscope topography image of island array with 200 nm pitch after RIE showing
atomic terraces on substrate surface.
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Figure 7-6. Array of template islands patterned for sample characterized via electron microscopy. A) Atomic
force microscopy topography image of array; B) Height profile along gray line in (A).
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2. Structural Characterization of Templated Composites

To characterize the structural and chemical properties of the patterned nanocomposite, a sample with
calibrated BFO matrix thickness of 25 nm was grown on the template substrate shown in Figure 7-6 with
a pillar pitch of 100 nm. The growth conditions were chosen to match those of the unpatterned sample
characterized via transmission electron microscopy (TEM) in Chapter 6. This sample was then
characterized via x-ray diffraction, scanning electron microscopy and cross-sectional TEM. Vector-mode
piezoresponse force microscopy measurements were also made prior to the electron microscopy analysis

and are presented later in this chapter.

1. X-Ray Characterization

The sample was characterized via x-ray reflectivity (XRR), out-of-plane x-ray diffraction (XRD) and
a reciprocal space map (RSM) about the Nb:STO (103) peak. Due to the small area coverage of the
template across the entire area of the substrate (10 um x 10 um array on a 5 mm x 5 mm substrate), the
measurements are based almost entirely on the structural properties of the film away from the patterned
region. Electron microscopy or synchrotron nanodiffraction would be required to examine the structural
properties of the patterned arrays. The XRR measurement confirmed that the thickness of the matrix was
approximately 24.9 nm, matching well with the calibrated growth rate. XRD measurements were used to
determine the out-of-plane lattice parameter of the BFO film, which was found to be 4.07 A. The lattice
parameter of any CFO pillars could not be determined due to the low area volume density of the CFO
phase and the close overlap between the CFO (004) diffraction peak and the BFO (002), diffraction peak.
The RSM, which is shown in Figure 7-7, indicated that the BFO film was coherent with the Nb:STO
substrate along the in-plane direction. The reciprocal lattice coordinate, Q,, represents the diffraction peak
along the [100] in-plane direction, while the Q, coordinate represents the out-of-plane [001] direction.

Both the BFO and Nb:STO peaks fall at the same value of Q,, indicating coherent strain at the interface.
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Figure 7-7. Reciprocal space map of sample showing the (103) diffraction peak of the Nb-doped SrTiO;
substrate (top) and pseudocubic (103) peak of the BiFeO3; matrix (bottom).

2. Electron Microscopy

To characterize the templating effects of the CFO island on the resulting nanocomposite, the sample
characterized by x-ray diffraction was also examined using scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and high-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM). A single array with pitch of 1200 nm along the [100] in-plane
directions was used for all measurements. These measurements were useful to determine the epitaxial
configuration of the pillars, which are expected to have {110}-type in-plane facets with the BFO matrix."
This was confirmed for the unpatterned samples examined in Chapter 6. For TEM measurements, a cross-
sectional sample was extracted using a dual-beam focused ion beam-scanning electron microscope system

with orientation along the <110> substrate axis. Details of this process are discussed in Chapter 4.

An SEM image of the array is shown in Figure 7-8. The horizontal axis of the figure is aligned to
correspond to the [100] substrate axis. The pillars are clearly facetted along the {110} planes, indicating
an epitaxial interface with the BFO matrix. There is some variation in pillar size from site to site, but
there is 100% pattern fidelity within the image. Over larger regions of the array, which is a 100x100 array
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covering a 10 um by 10 um area, there are some defective regions that are most likely the result of the

deposition of particulate during the PED growth process.
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Figure 7-8. Scanning electron microscope image of templated array of CoFe204 nanopillars in BiFeO3
matrix with 100 nm pitch. Horizontal axis is parallel to [100] direction.

After characterizing the plan-view morphology using SEM, a cross-sectional lamella was extracted
along the [110] diagonal and examined using a FEI Titan 80-300 TEM and STEM system. The sample
was cut along the diagonal to produce a more uniform view of the CFO pillars. Had the cut been made
along the [100] axis, the thickness of the CFO pillar would vary in the image and make analysis more
difficult. HAADF images of two template pillars that were characterized in detail are shown in Figure
7-9. The spacing between the center of the pillars is approximately 140 nm, which is approximately equal
to v/2 * 100 nm, the spacing that results from extracting the sample along the diagonal. Two additional
pillars are visible to the left of the primary two shown in Figure 7-9(A), but are more faint. The low
contrast of these two pillars is likely the result of the cross sectioning process hitting a smaller portion of

the pillar, reducing the contrast with the BFO. The sensitivity of HAADF measurements to the atomic
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number, Z, means that Bi, which has atomic number 83 will produce the brightest contrast, while Sr (Z =
38), Ti (Z =22), Co (Z = 27), and Fe (Z = 26), will be fainter. There is a brighter contrast around the
portion of the pillar that is below the surface of the matrix, which can be attributed to residual BFO in
front of or behind the pillar. The thickness of the cross-section sample is estimated to be between 50 and

75 nm, which is greater than the width of the pillar shown in the SEM image in Figure 7-8.

140 nm

C

25 nm

Figure 7-9. HAADF-STEM image of patterned nanocomposite. A) Wide image showing uniform spacing of
pillars; B) Image of left pillar in (A); C) Image of right pillar in (A).

High resolution HAADF images of the two pillars of interest are shown in Figure 7-9(B-C). The base
of the pillar is approximately 25 nm in width in both cases and {111}-facets are visible above the surface
of the matrix, which was confirmed by measurements of the angle between the facet and the horizontal
matrix surface. Interestingly, the interfaces beneath the surface for the two pillars are very different. In
Figure 7-9(B), the pillar tilts to one side, while in Figure 7-9(C) the pillar is vertical. This can most likely
be attributed to the difference in nucleation behavior at the surface of the CFO island that was patterned

on the substrate. To further understand the nature of the interface, energy dispersive x-ray spectroscopy
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(EDS) maps were taken for both pillars. In these measurements, a spectrum of x-ray energies is obtained

across a uniform grid of points using the STEM mode of the Titan microscope.

The results of the EDS map for the pillar shown in Figure 7-9(C) are shown in Figure 7-10, with the
acquired HAADF STEM image (A), green map (B) corresponding to the Bi L, peak, the red map (C)
corresponding to the Co K, peak, and the blue map (D) corresponding to the Ti K, peak. The peak was
acquired over a grid with 2 nm It should be noted that the Co K, peak is very close in energy to the Fe Kj
peak, meaning that the meaning that the peak at the Co K, location attributed to the BFO matrix will be
non-zero as a result of the Fe present in the matrix. Additionally, the presence of the BFO in front of or
behind the pillar means that the Bi map will also have significant intensity in the pillar region. To clarify
the results, image processing was performed so that lower intensity regions were partially transparent and
a single image with all color maps overlaid was created. The result is shown in Figure 7-11(A). An
additional EDS map was also collected with 1 nm resolution at the interface between the pillar and
substrate to examine the nucleation effects. The same overlay procedure was performed and the results of

this map are shown in Figure 7-11(B).
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Figure 7-10. Energy dispersive x-ray spectroscopy map of pillar from Figure 7-9(C). A) HAADF signal at
each pixel measured; B) Bi L, edge map; C) Co K, edge map; D) Ti K, edge map.

Figure 7-11. A) Overlay of EDS map images from Figure 7-10. b) Overlaid images from high resolution EDS
map of pillar-substrate interface.
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Analysis of the maps in Figure 7-11 is enlightening to explain the growth process and supports the
hypothesis for the chemical nature of the pillar templating. The Ti map was relatively smooth, with no
apparent mound of SrTiO; present beneath the pillar. This indicates that the reactive ion etching process
likely removed at most 1 nm of the substrate based on the pixel size chosen for the scan, leaving at least 3
nanometers of CFO on the surface of the island to serve as a chemical template. Further analysis of the
interface between the substrate and template island will be presented below with TEM images of the
lattice. The Bi map shows that there is a greater Bi density within 5 nm of the substrate than in the areas
farther away. This can likely be attributed to two features of the growth: the initial 1 nm layer of BFO
deposited to coat the surface of the substrate, and the outgrowth of the pillar as it increases in height. The
initial BFO layer may partially overcoat the edges of the CFO island, producing a greater density of BFO
around the edge. Additionally, the narrow base of the CFO pillar means that there would be additional

BFO along the beam path in this region.

Further analysis of this pillar was performed using high-resolution TEM. A series of TEM images of
the pillar at various magnifications is shown in Figure 7-12. As in the unpatterned composite analyzed in
Chapter 6, these images show the presence of Moire fringes at due to the incoherent interface between the
CFO pillar and BFO matrix. The Moire fringing pattern, however, is somewhat less uniform than in the
case of the spontaneously formed pillar examined. It is possible that the strain interactions in the pillar are
more complex due to the presence of the template island. Further analysis of the effect of the template
island on the pillar morphology and strain is required. The substrate appears to be fairly smooth, with a
slight rise near the pillar. This could be attributed to overetching during the RIE step in the fabrication
process. As in the EDS map, however, any rise is no more than 1-2 nm in height, indicating that there was
still residual CFO in the island template. This confirms that the islands act to chemically control the
growth of the CFO pillars, rather than simply to promote the growth of the pillars due to the topographic

templating, as observed in focused ion beam templating of Ge quantum dots.*
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Figure 7-12. TEM images of pilar from Figure 7-9(C). (A) Wide view (scale bar represents 10 nm); (B) Tight
view showing Moire fringing due to incoherent pillar-matrix along zone axis (scale bar represents 2 nm); (C)
View of pillar facet above surface of matrix (scale bar represents 2 nm).

To characterize the strain in the pillar, FFT analysis was performed on several high magnification
images acquired at 380k magnification. Real space images, along with filtered images used to analyze the
coherency of the interfaces are shown in Figure 7-13. For the pillar-substrate interface, horizontal line
profiles were acquired in the filtered image (Figure 7-13(D)) and the number of unit cells in both the
pillar and substrate over a 10 nm window were counted to determine the strain at the interface. For the
Nb:STO substrate, 36 peaks were observed over 10 nm, which is in agreement with the 3.905 A lattice
parameter expected for STO. Depending on the window chosen, either 33 or 34 CFO peaks occur every
10 nm, which is in agreement with a fully incoherent interface. It is impossible to measure small residual
strains to sufficient precision to predict magnetic anisotropy using this approach. Analysis of the FFT
patterns, shown in Figure 7-14 and Figure 7-15 also produces uncertainties too large to determine the in-
plane lattice parameter of the CFO pillar to sufficient precision as to predict the anisotropy. Similar
measurements were made on the BFO-CFO vertical interface and showed that the dislocation density at
the interface was in agreement with a fully relaxed interface. The FFT patterns shown match those of the
unpatterned composite presented in Chapter 6, further indicating that the sample has the expected crystal

structure.
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Figure 7-13. HRTEM images of matrix-pillar (A) and pillar-substrate (B) interfaces. C) Fourier-filtered
image of (A) used to examine coherency of matrix-pillar interface. D) Fourier-filtered image of (B) used to
examine pillar-substrate interface. Scale bars in (A) and (B) represent 2 nm.
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Figure 7-14. FFT analysis of pillar-substrate interface, with regions of interest outlined in the image to the
left. A) FFT image of pillar; B) FFT image of substrate.

Figure 7-15. FFT analysis of pillar-matrix interface, with regions of interest outlined in the image to the left.
A) FFT analysis of matrix; B) FFT analysis of pillar.

While the pillar presented above shows what might be considered the ideal geometry, it is also
worthwhile to examine other pillars with more unusual microstructure. A series of TEM images of a
single pillar at various magnifications is shown in Figure 7-16. In Figure 7-16(B), it is clear that the
patterned island produced some overetching into the substrate, as an ~3 nm tall island of Nb:STO is
visible at the base of the CFO pillar. Based on the AFM analysis presented in Figure 7-6, which showed
that the islands for this sample were between 4 and 5 nm in height, it is likely that some CFO phase was

still present on the top of the island after etching. This would support the notion that the templating effect
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is primarily chemical rather than topographic. An additional HRTEM image, along with associated color
coding of the phases present is shown in Figure 7-17. In Figure 7-17(A), there is a dark region visible at
the interface between the STO island and the CFO pillar. This could be attributed to a region of high
defect density due to the etching process. However, the resulting CFO pillar shows good crystal quality
above the interface in spite of the non-ideal template island. The Moire fringes are more pronounced than

in the previous pillar, which could be the result of a thicker BFO layer along the beam axis.
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Figure 7-16. High-resolution TEM images at two diffrent magnifications showing a pillar formed on top of an
island comprised of some of the Nb:STO substrate. A) 115,000x magnfication; B) 245,000x magnfication with
annotations showing the substrate surface (green) and 3 nm tall Nb:STO mound (red) that is formed beneath
the CFO island.
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Figure 7-17. High-resolution TEM image at 380,000x magnification of the same pillar as BLAH (A), with
false color overlay (B) showing the estimated interface boundaries between Nb:SrTiO3 (blue), BiFeO; (green)
and CoFe,0, (red).

3. Faulty Templating

While an ideal template can produce arrays of pillars where all CFO flux diffuses to the template
sites, a template that is not properly prepared will have very different effects on the growth process.
Figure 7-18 shows an SEM image of an array where the template did not have the desired effect. In this
case, it is likely that the etching process did not fully expose the STO substrate between the patterned
CFO islands. Because of the large lattice mismatch between CFO and BFO, the epitaxial growth of BFO
on top of the residual CFO does not produce the high quality film that can be achieved on a smooth STO
substrate. Instead, facetted structures of unknown composition form on the surface. In this particular case,
at the corner of the patterned array the substrate was exposed sufficiently to achieve the desired pattern.
This result can be attributed to variations in the EBL dosage, where features at the edge of the pattern
have a lower effective dose because secondary electron emission from the exposure of neighboring pillars

is reduced.
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Figure 7-18. Scanning electron microscope image of array exhibiting faulty templating. Note that properly
templated pillars form at the corner of the array due to variation in the electron beam lithography process
near the edges of the array.

In the case of islands that are smaller than the ideal of ~5 nm, the opposite effect occurs during the
growth process. When grown on such a template, no observable templating occurs and CFO pillars form
randomly via the spontaneous nucleation process that occurs in unpatterned nanocomposites. This could
be attributed to the loss of the CFO phase at the top of the island. As observed in Error! Reference
ource not found., if the island has been etched an additional 1-2 nm, it is likely that all CFO on the island
would have been removed. Thus, a topographic variation from the presence of a mound of Nb:STO on the

substrate surface appears to be insufficient to promote the nucleation of a pillar.

3. Growth Kinetics

To characterize the effect of different pitch sizes on the templating effects of the islands, three
different arrays of different pitches were patterned onto the same substrate and a nanocomposite film was
grown on the sample. An SEM image showing the pattern is visible in Figure 7-19. Slight astigmation is
present in the image, making the arrays appear to contain lines rather than pillars, which is an artifact of

the measurement. Higher resolution images such as the one presented in Figure 7-4 confirm this. By
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preparing this template with three different pitch sizes, it is possible to examine the effects of surface

diffusion and growth kinetics on the templating process.'®

Figure 7-19. Scanning electron microscope image of arrays with three different pitch sizes patterned on the
same substrate.

The resulting film was characterized using an Asylum Research Cypher AFM system. AFM analysis
was performed on the arrays with pillar pitches of 100, 150 and 200 nm. Images for all three dimensions
are shown in Figure 7-20, along with cross-sectional height data for each image. The 100 nm and 150 nm
pitch arrays have uniformly distributed pillars with no interstitial pillars present. In the 200 nm arrays
some small CFO pillars nucleated in spite of the initial BFO wetting layer, an example of which is
highlighted with a diamond in Figure 7-20(c). A key issue is whether the co-deposited CFO preferentially
and completely segregates to the pillar sites. To address this, detailed statistical analysis of the AFM
measurements for each of the three pitch sizes is shown in Table 7-1. The average pillar height and width
above the surface are shown for each of the pitch sizes, which allows for the calculation of the volume of
CFO phase held above the surface of the BFO matrix at the template sites for each array. The calculated
volume per unit area for all three pitch sizes is shown in Table 7-1, with the values normalized such that

the value for the 100 nm array is equal to 1. Based on this data, it is shown that the 100 nm and 150 nm
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arrays have similar CFO volume per unit area (1 and 1.02, respectively) above the surface. This means
that CFO mass is conserved above the surface of the matrix. The pillar area coverage for the 100 nm and
150 nm arrays is also similar. Since the pillars are not expected to deviate substantially in diameter during
the film growth, this is an indication that the volume of CFO below the surface of the BFO matrix is equal
as well. This result agrees with the work of Zheng, et al, which showed that the area coverage of the

pillars beneath the matrix surface is equal to the volume fraction of CFO in the adatom flux.” Thus, all

CFO flux deposited in the 100 and 150 nm pitch arrays segregates to the pillars at the template sites.
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Figure 7-20. (a) Pillar topography with 100 nm center-to-center distance (pitch); (b) Pillar topography with
150 nm pitch; (c) Pillar topography with 200 nm pitch, with defect CFO pillar highlighted; (d-f) Cross section
data for: (d) 100 nm, (e) 150 nm, and (f) 200 nm AFM images along the black lines shown in (a-c).
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Pillar  Spacing | Mean Pillar Side Mean Pillar Fractional CFO Pillar

(nm) Length (nm) Height  Above Area Coverage Volume Above
Matrix  Surface (%) Surface in
(nm) Constant Area

(normalized)

100 41 6.1 16 1.00

150 55 7.6 15 1.02

200 61 11.8 9 1.10

Table 7-1. Pillar Dimensions Measured via AFM in Figure 7-20.

For the 200 nm pitch array, there is excess CFO volume above the surface, as shown by the 1.10
normalized volume per unit area in Table 7-1. A close inspection of Figure 7-20(c) shows that the pillars
are more irregularly shaped than in the two arrays with smaller pitch, which indicates that the pillars are
most likely not forming the ideal faceted interface with the BFO matrix that is seen in the other arrays.
The fractional area coverage of the pillars at the template sites in array is also substantially reduced,
meaning that the pillar volume is not sufficient to account for the amount of CFO deposited in the region.
The interstitial CFO pillars which form within the BFO matrix in the 200 nm pitch array account for the

remainder of the CFO mass within the array.

A separate work by Zheng et al. estimated the activation energy for surface diffusion of CFO adatoms
during PLD growth.” The authors grew a series of unpatterned BFO-CFO nanocomposites at various
deposition rates and temperatures using a single 1:1 CFO:BFO composite target. They determined the
lateral size of the resulting CFO pillars, d. By assuming that the diffusion length was approximately equal

to d, they showed that the diffusion length was well modeled by assuming:

d = 4Dt (7-1),

where D is the surface diffusivity and t is a characteristic time inversely proportional to the deposition

rate. They were able to show that the diffusivity, D, had the expected Arrhenius temperature dependence:
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_Ea
D =Dye Tkt (7-2),

where E; is the activation energy for diffusion, k is Boltzmann’s constant, T is the growth temperature and
D is a constant that defines the diffusivity in the limit kKT >> E,. By fitting the temperature dependence of
d they were able to estimate the value of E, as 1.66 eV for CFO adatoms on the surface of the BFO
matrix. No uncertainty in E, was published, but based on comments in the text of the article stating that
the value is reasonable when compared with that for CFO adatoms in CFO-BaTiO3z (BTO) composites
(1.56 eV), an uncertainty of £0.05 eV for E, has been assumed in the calculations. No mention is made of

the value for D or Dy, which is critical for a more precise estimation of the diffusion length.

In order to determine Dy, the data from the paper was tabulated and fits were performed.? A table
showing the pillar diameter, d, and the growth rate, v, from the paper is shown in Table 1. In the original
work, the authors assumed that the diffusion length was approximately equal to the pillar diameter.
However, a more precise estimation is required to quantify D,. Since the composition of the films was 1:1
BFO:CFO, it is possible to geometrically determine the maximum distance that an adatom must travel if
we assume that the pillars are arranged in a close-packed (hexagonal) array. While this assumption is
more valid for CFO-BTO composites than it is for CFO-BFO composites, it should still improve the
estimate when compared to the assumption presented in the paper.® The maximum capture radius, r, for a
pillar in a close-packed array was determined geometrically for a 50% pillar area coverage and found to

be:

_d ]
r /m (7-3).

The relevant time, t, was calculated by assuming that adatoms would only diffuse for a period of time
equal to the time required to form one unit cell monolayer of BFO (~4.1 A if BFO is strained by the STO
substrate®) in the matrix. The capture radius and monolayer formation time are also shown in Table 7-2. A

linear fit was performed to determine the slope of a line:

116



r=_CvVt

(7-4),

where C is an unknown constant that depends on D,. From this fit, Dy may be extracted using:

c? Eq
DO :Te /kT

(7-5).

The value of D, was found to be 1.2+0.8x10"° nm?/sec after accounting for the uncertainty in both the fit

and the assumed uncertainty in E, from the published work.

Pillar diameter, d (nm)

Capture radius, r (nm)

Growth rate, v

Monolayer formation

(nm/min) time, t (sec)
235 103 0.5 49
170 77 2 12
125 55 4 6
100 44 8 3

Table 7-2. Published data for CFO pillar diameter and film growth rate taken from Zheng, et al.” Calculated

data for capture radius and monolayer formation time.

With this result, it is possible to calculate the diffusion length of the CFO adatoms in this work. Using

Equation (1) and assuming a reasonable uncertainty in substrate temperature of 25 K based on the nature

of our PED heating system, it is found that the diffusion length of the CFO adatoms is 55+26 nm at the

growth temperature of 615 °C. Since the capture radius for a pillar in an array with 150 nm pitch is 79

nm, the calculations demonstrate that the diffusion length may be long enough for all adatoms to diffuse

to the template sites. However, for the 200 nm pitch the capture radius of 111 nm is not in agreement with

the uncertainty of the diffusion length.

An analysis of the surface diffusion length for the CFO adatoms is useful to elucidate the kinetics of

the growth process. It is clear from the AFM analysis of both the 100 nm and 150 nm pitch arrays that all

CFO flux is captured at the template sites. However, this is not the case in the 200 nm pitch array. It
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would appear that the diffusion length of the CFO adatoms is not sufficient for flux that lands far from
any of the template sites to move to one of the sites. The maximum diffusion length, L, required for

adatoms landing in the BFO matrix to reach a template site is given by:

L=%P—r (7-6),

where P is the array pitch and r is the radius of the pillar. This maximum distance occurs for adatoms that
land equidistant from all 4 neighboring template sites at the center of the square formed by the sites. For
the 150 nm pitch with a pillar radius of 27 nm, L is equal to approximately 79 nm, and for the 200 nm
pitch with a 30 nm diameter, L is equal to 111 nm. Thus we would expect the diffusion length to fall
between 79 and 111 nm given that defect islands were observed in the 200 nm pitch array. The calculated
diffiusion length of 55£26 nm is in reasonable agreement with this geometric result, with the 79 nm

geometric minimum falling within the uncertainty of the calculated diffusion length.

The results of the AFM and simple diffusion analysis above are a good demonstration of the nature of
the templating in this work. It has been shown that the CFO islands patterned on the substrate surface act
as attachment sites for the epitaxial CFO pillars that form within the BFO matrix and that attachment only
occurs at those sites unless there are kinetic limitations—primarily the surface diffusion length. Thus,
arbitrary pitch sizes of as much as hundreds of nanometers may be possible by tailoring the growth
conditions, such as the growth temperature and the deposition rate, to the template pattern. In addition,
smaller pitch sizes should be readily achievable by refining the EBL and ion etching processes to improve

resolution.

4. Magnetic Properties of Templated Nanocomposites

It is worthwhile to characterize the magnetic and ferroelectric properties of the composite as a means
of comparing the template sample with other unpatterned composites in the literature. Conventional

measurements to determine the magnetic anisotropy in the sample through the use of a vibrating sample
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magnetometer (VSM) or superconducting quantum interference device (SQUID) would be fruitless,
however, as the patterned arrays cover only about 0.01% of the overall surface and any signal would be
masked by the pillars that form spontaneously outside of the patterned arrays. Thus, magnetic force

microscopy (MFM) is the only viable approach to study the anisotropy characteristics of the pillars.

The sample was demagnetized by an applied in-plane damped oscillatory magnetic field in order to
drive the pillars to the minimum energy magnetization state. Figure 7-21 shows MFM scans of the 150
nm pitch array after the demagnetization process, with a three-dimensional rendering of the topography
shown and the magnetic phase overlaid as the color in the image. In Figure 7-21(c), red and blue represent
the positive and negative out-of-plane magnetizations (arbitrary sign), while green represents regions of
small magnetic response. The nature of the magnetostatic interactions between neighboring pillars with
in-plane magnetization makes the interpretation of the MFM images complicated. If the pillars are
magnetized in-plane, the MFM phase contrast should be positive on one side of the pillar and negative on
the other, with a neutral region in the center of the pillar due to the nature of the magnetic dipole fringe
field that curls over the surface. For pillars with out of plane magnetization, the phase should be uniform

across the surface of the pillar. A schematic of the two configurations is shown in Figure 7-21(a).

a
Magnetization along
x negative [001] direction
P Magnetization along
positive [001] direction

——> Magnetizationalong
positive [100] direction

Figure 7-21. Magnetic force microscopy analysis of 150 nm pitch array. a) Schematic of possible pillar
magnetization contrasts; b) Topography image; ¢) MFM phase image; d) 3-dimensional representation of
pillar topography with phase overlaid as color. Arrows in (d) represenent the observed magnetization
directions for selected pillars.
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Figure 7-21(d) shows the MFM phase contrast overlaid on a three-dimensional rendering of the
surface topography. This technique is useful to show which pillars have in-plane and out-of-plane
magnetization. Examples of magnetization along all six possible directions are highlighted in the figure.
There is no clear preference for in-plane or out-of-plane magnetization, indicating that uniaxial anisotropy
in the pillars is minimal and that the magnetocrystalline anisotropy in CFO along the three [100] axes
dominates the magnetic behavior. This result, while different from many reports in the literature, agrees

with other composite films grown by PED, as discussed in the previous chapter.™®

5. Ferroelectric Properties of Templated Nanocomposites

To characterize the ferroelectric properties of the sample, piezoresponse force microscopy (PFM) was
performed. PFM results topography, amplitude and phase scans are shown in Figure 7-22. The amplitude
scan (Figure 7-22(b)) shows that there is no ferroelectric response from the CFO pillars, indicated by the
black coloring at pillar sites. The amplitude scan also shows that there is a high density of 180° domain
walls in the BFO matrix, as indicated by the dark lines throughout the pattern where the ferroelectric
response vanishes.*” The phase image shows clear domains which are 180° out-of-phase, in agreement
with the amplitude scan. The domain structure of the composite is consistent with results shown
elsewhere, with small 180° reverse domains forming near the interface with the pillars.*®” The presence of
reversal domains can most likely be attributed to point defects in the BFO due to the presence of the
pillars. In uniform BFO films, reversal domains along the out-of-plane direction are not generally

observed.'"®
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Figure 7-22. (a) Contact mode topography image taken during piezoresponse force microscopy (PFM)
measurement (‘X’ indicates the site of switching spectroscopy-PFM (SS-PFM) measurement in Fig. 6); (b)
Ferroelectric amplitude image corresponding to (a) (dark indicates low PFM response); (c) Ferroelectric
phase image corresponding to (a) (white and orange correspond to oppositely oriented domains along the out-
of-plane direction).

Localized ferroelectric hysteresis measurements were also performed using switching spectroscopy-
PFM (SS-PFM) within the matrix region shown in Figure 7-23.*® The location of the measurement is
marked with an ‘X’ in Figure 7-22(a). An Asylum Research ASYELEC-01 Ir coated tip was used for the
measurements, with the conductive Nb-doped SrTiO; serving as a bottom electrode. The tip has a free air
resonant frequency of 86.1 kHz and a contact resonant frequency, f, of 310.9 kHz and a quality factor, Q,
of 132. Switching-spectroscopy PFM (SS-PFM) hysteresis measurements were performed using the tip to
switch small domains in the matrix. The voltage was scanned three times over a range of +8 V to -8 V
applied tip bias and the ferroelectric response was measured each time at 0 V applied bias, with an
alternating current drive amplitude, V4., of 500 mV. This technique is standard for SS-PFM
measurements.’ The resulting PFM amplitude and out-of-plane phase loops were then averaged to

produce the loops shown in Figure 7-23.

The hysteresis loops are shown in Figure 7-23. Figure 7-23(a) shows the out-of-plane phase, with
clear switching at applied voltages of approximately 2.5 V. The measured tip displacement amplitude is

shown in Figure 7-23(b), with the traditional butterfly curve shape. Estimates of the value of the
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piezoelectric das coefficient are difficult due to the complex nature of the tip-sample interactions, but

estimations can be made using the measured tip displacement shown in Figure 7-23(b).'*®
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Figure 7-23. (a) Out-of-plane ferroelectric phase loop in BiFeO3 (BFO) matrix measured using piezoresponse
force microscopy (PFM); (b) Measured tip displacement showing the expected butterfly loop behavior.

Separate PFM measurements were also performed on the nanocomposite sample fabricated for
electron microscopy analysis. This sample was discussed in Section 2 of this chapter. For this sample,
both out-of-plane and lateral PFM analysis were performed using the “Vector PFM” option on the
Asylum Cypher system.*®® The results of this measurement are shown in Figure 7-24. Unlike the PFM
results for the previous sample, the out-of-plane domain structure is uniform, which is commonly seen in
uniform BFO films grown on STO (001) substrates.*”® For the in-plane PFM phase images, shown in
Figure 7-24(E), there is clear domain wall pinning at the pillar sites, in agreement with what was observed
for the unpatterned nanocomposites in Chapter 6. The effect of the square grid of pillars is to make
rectangular domain structures, as domain walls pin between neighboring pillars. This result serves as

further proof of the argument presented in Chapter 6 regarding the pinning of domain walls at pillar sites.

122



et ot od

Lererv w9

Figure 7-24. Vector piezoresponse force microscopy measurement of templated sample. A) Topography; B)
Vertical amplitude response; C) Vertical phase response; D) Lateral amplitude response; E) Lateral phase
response.

6. Comparison with Unpatterned Nanocomposites

As a means of considering further work and possible applications of these nanocomposites, it is
worthwhile to examine the similarities and differences between the patterned nanocomposites presented
in this chapter and the unpatterned nanocomposites presented in Chapter 6. In terms of similarities, the
template composites share the majority of the same structural and functional properties as the
spontaneously formed nanocomposites. This work has shown that an epitaxial island of CFO can serve as
a good template for an epitaxial CFO nanopillar in an epitaxial BFO matrix, with no obvious changes in
the crystal quality of the matrix and pillar away from the template interface. Through magnetic force
microscopy and piezoresponse force microscopy, it has been shown that the nanocomposite exhibits the

same multiferroic properties as the spontaneously formed nanocomposites. The magnetic anisotropy of
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the pillars is different from those grown by other groups in the literature, but is in agreement with what

181 The ferroelectric domain

has been observed in our group when the composites are grown via PED.
structure, both in-plane and out-of-plane, has been characterized via PFM and shows excellent agreement

with the results presented in Chapter 6.

The differences between the patterned and unpatterned nanocomposites are primarily observed
through high-resolution TEM analysis. The nature of the interface between the pillar and island template
is more complex than in the case of the spontaneously formed pillars. It is likely that there are
dislocations present within the CFO pillar that are not observed in the spontaneously formed pillars. This
could be attributed to the grain structure of the CFO island after patterning. The EBL island pattern is
likely to overlap multiple CFO epitaxial grains prior to etching. It is unclear how the interface between
these grains would behave during the growth process. However, more complex Moire fringing patterns
and interfacial images are observed via TEM in the patterned composites than in those that form

spontaneously. Further examination of these properties would be enlightening in future work.

7. Applications

1. Reconfigurable Array of Magnetic Automata

One of the primary motivations for this work was the possible application of patterned epitaxial CFO-
BFO nanocomposites for use in the RAMA magnetic logic architecture.® Significant progress has been
made in this regard. This work has demonstrated the ability to pattern the nanocomposites to small
enough pitch sizes so that it may be possible to produce dipole coupling between neighboring pillars,
according to computational modeling work performed by our collaborators.?® The demonstration of such
coupling was not possible in the nanocomposites produced in this work due to the lack of perpendicular
anisotropy in the CFO nanopillars. However, the technique developed should be applicable to the growth

of CFO-BFO nanocomposites, along with other spinel-perovskite nanocomposites, using a variety of
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different growth techniques. Future growth of these composites via pulsed laser deposition or sputtering

using substrates with island templates would be worthwhile.

The other key aspect of RAMA is the ability to reconfigure the magnetic logic circuit through the
patterning of nanoscale domains in the BFO matrix. Such experiments were possible in the samples
fabricated in this thesis. In the sample used for electron microscopy analysis, ferroelectric domains in the
shape of an inverter were patterned in the BFO matrix via PFM. The results of this experiment are
presented in Figure 7-25. The sample was poled at a bias of -9 V using the PFM tip over a region that
would match the desired pattern of a logical inverter in the RAMA architecture. A map of this pattern is
shown in Figure 7-25(A). A second out-of-plane PFM measurement was then made to examine the
domain structure after poling. The amplitude and phase images of this measurement are shown in Figure
7-25(C-D). During the measurement the tuning of the PFM tip drifted, resulting in the phase signal
crossing the border between 270° and -90°. These two angles are equivalent physically, but are measured
differently by the microscope. To correct for this, a phase map that equates the two angles was used. It is
clear from the phase image that the poled region is approximately 180° out-of-phase with the unpoled
region, indicating a reversal of the ferroelectric polarization. While the fidelity to the original pattern is
not perfect, it is clear that it is possible to pattern the domain structure on this scale for use in an

architecture such as RAMA.
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Figure 7-25. Lithographic patterning of BFO domain structure via piezoresponse force microscopy. A)
Topography of nanopillar array; B) Applied bias map; C) PFM amplitude image following poling; D) PFM
phase image after poling.

2. X-Ray Nanodiffraction
To examine the strain induced by poling the ferroelectric matrix, scanning x-ray nanodiffraction was
performed at the Nanoprobe Beamline at the Advanced Photon Source at Argonne National Lab. The
proposed experiments were based on previous work done on the beamline, which indicated that a strain of
approximately 0.1% is induced in Pb(Zr,Ti)O; films when they are poled via PFM.”” The patterned

nanocomposites offer a unique opportunity in this regard, as a periodic grid of pillars would allow for
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easier interpretation of the results during nanodiffraction. The nanocomposite also is an ideal candidate
for Bragg x-ray ptychography, a technique recently developed by scientists at Argonne to increase the
resolution of nanodiffraction measurements through the use of Fourier analysis of coherently scattered
diffraction patterns from nanoscale features.'®* The epitaxial interface between the CFO pillar and the
BFO matrix with {110}-type facets could be expected to produce coherent diffraction of incident x-rays
near the Bragg peak. This scattering would be analogous to the Kiessig fringes observed at the epitaxial
interface between a film and substrate. Both experiments were pursued during a week of beam time at the
Nanoprobe Beamline using the sample presented in Section 3 of this chapter for analysis of the growth

kinetics.

Two intriguing preliminary results are presented below in Figure 7-26. In Figure 7-26(A), a map of
the centroid of the BFO (002),. peak is shown. This image was taken during an alignment scan to find the
patterned arrays. The centroid represents the position of the diffraction peak, analogous to the value of 26
in a diffraction measurement performed via conventional techniques. It is clear that the area of the array
has a different peak position than the unpatterned regions, indicating that some strain is induced by the
underlying template. A representative image of the BFO peak obtained on the CCD camera is shown in
Figure 7-26(B). This image show the primary BFO peak, along with what is believed to be a coherently
scattered peak to the right of the primary peak. This peak would likely be the result of the interface
between the CFO pillar and BFO matrix. Further analysis of the results was not possible due to low signal
intensity and no evidence of the patterned ferroelectric domains in the matrix. Continued improvement of
the algorithms to perform ptychography analysis would also be beneficial, as the model is not yet
equipped to handle the presence of two distinct crystal phases in the same plane. It was concluded that a
thicker and more highly crystalline sample would be needed to achieve the desired results. Later growths,
such as the one presented in the electron microscopy section (Section 2) of this chapter achieved better
crystallinity, but difficulties with the PED prevented a second set of experiments at the beamline. Future

experiments continuing this line of research would be intriguing.
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Figure 7-26. A) Nanoscale map of the centroid of the BFO diffraction peak, showing that the lattice
parameter of the BFO film is different in the area of the patterned array than in the unpatterned regions; B)
CCD image of diffracted peak at the BFO (002),. Bragg condition, showing coherent scattering that may be
due to the presence of a pillar.

8. Summary

As a means of patterning the growth of the epitaxial CoFe,Q, pillars in a CoFe,04 (CFO)- BiFeO,
(BFO) nanocomposite, electron-beam lithography has been employed to produce a template substrate
with CFO islands on the surface. This template has been used to direct the self-assembly of CFO-BFO
nanocomposites grown via pulsed electron deposition. Structural and chemical characterization of these
samples via transmission electron microscopy verified that the CFO island chemically promotes the
nucleation of the pillars. The analysis showed that the pillars exhibit similar crystallinity and strain
conditions to the spontaneously formed pillars that were examined in the previous chapter.
Characterization of these samples via magnetic force microscopy and piezoresponse force microscopy
showed that the multiferroic properties of the patterned samples match those of the spontaneously formed
nanocomposites. By demonstrating the ability to pattern these nanocomposites via directed self-assembly,

this work has laid the materials foundation for future technologies employing spinel-perovskite
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nanocomposites, such as the Reconfigurable Array of Magnetic Automata, and a variety of experiments

that would be more difficult on unpatterned composites.
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8. Summary and Future Work

This work has focused on the growth of epitaxial complex oxide films and nanocomposites via pulsed
electron deposition (PED). | have presented results discussing the microstructures and properties of
uniform films and nanocomposites grown via this technique and contrasted these results with those
observed in films grown via pulsed laser deposition (PLD). The directed self-assembly of epitaxial
nanocomposites through templating has also been demonstrated, representing the first such demonstration
of patterning in complex oxide hanocomposites. This chapter summarizes these results and suggests

interesting avenues for continued work.
1. Summary

1. Growth of Complex Oxide Films via Pulsed Electron Deposition

Pulsed electron deposition (PED) remains a film growth technique in its infancy when compared to
the more established PLD approach. In this work, | have demonstrated the growth of epitaxial BiFeO,
(BFO), Lag72Sr2sMn0O; (LSMO) and CoFe,0, (CFO) via PED on various substrates. The structural
properties of these materials have been characterized via atomic force microscopy (AFM) and x-ray
diffraction (XRD). Layer-by-layer growth of all three materials has been observed with the appropriate
substrate selection. BFO films grown on SrTiO; (STO) and LaAlO; (LAO) exhibit layer-by-layer growth,
with those grown on LAO demonstrating the expected rhombohedral-to-tetragonal phase transition due to
compressive epitaxial strain. CFO films exhibit Volmer-Weber island growth on STO, while
demonstrating layer-by-layer growth on MgO due to an excellent lattice match. The dependence of the
magnetic anisotropy of CFO films grown on MgO on the film thickness has also been explained through
analysis of the strain relaxation and magnetic domain wall motion. Finally, LSMO films grown on STO
exhibit smooth layer-by-layer growth, while films grown on LAO demonstrate the intermediate Stranski-
Krastanov layer-then-island growth mode. These results are the first demonstration of the various

epitaxial growth modes for films grown via PED and represent a significant improvement over previous
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work in the literature. Recent works by other groups have also demonstrated similar results,”" offering

encouragement that the technique will continue to improve in future years.

2. Spontaneously-formed CoFe,04-BiFeO3 Epitaxial Nanocomposites

To benchmark the growth of CFO-BFO nanocomposites via PED, unpatterned composites were
grown and characterized to determine their magnetic and ferroelectric properties. Nanocomposite films
with excellent crystal quality were obtained, demonstrating the first example of Kiessig fringes in a
nanocomposite. The PED growth technique was found to produce different strain conditions in the CFO
nanopillars than in films demonstrated in the literature. This result is believed to be a result of the
difference in growth rates achieved in PED when compared to PLD, which allows for full relaxation of
out-of-plane residual strain. In-plane compressive strain is observed in the thinnest films, which is
believed to result from the lattice mismatch with both the STO substrate and BFO matrix along the in-
plane directions. For thicker films, complete strain relaxation is found, which is analogous to the
relaxation of strain in epitaxial films through the formation of misfit dislocations. Due to the different
strain states, unexpected in-plane magnetic anisotropy was observed for thin films and was explained
through analysis of the elastic and shape anisotropy contributions to the overall magnetic anisotropy.
Analysis of the ferroelectric properties of the BFO matrix via piezoresponse force microscopy showed
that in-plane domain walls preferentially pin at the interface of the matrix with the CFO pillar, offering a

potential pathway to control the in-plane domain structure.

3. Directed Self-Assembly of CoFe;04-BiFeO; Nanocomposites

To enable future device applications for CFO-BFO and other spinel-perovskite nanocomposites, a
large portion of this work was dedicated to developing a means to direct the self-assembly of these
nanocomposites. In this thesis, | have demonstrated that by patterning CFO islands on the surface of a
STO substrate, it is possible to control the growth site of the pillars that form in the nanocomposite.
Structural characterization via transmission electron microscopy (TEM) has shown that the CFO islands

act to chemically promote the nucleation of the nanopillars. The growth kinetics has also been explained
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through the use of atomic force microscopy characterization of pillar arrays with different pitch spacings.
It was found that the template islands absorb all deposited CFO flux if the diffusion length of the adatoms
is sufficiently large to allow for diffusion of all adatoms to the sites. Characterization of the structural
properties via TEM and x-ray diffraction has verified that the materials have comparable crystal quality to
those that form spontaneously. Analysis by magnetic and piezoresponse force microscopy has verified
that the patterned nanocomposites exhibit the same multiferroic properties as the unpatterned samples
examined in Chapter 6. The work has also shown that it is possible to pin the in-plane ferroelectric
domain walls at the patterned pillar sites. By patterning more complex pillar geometries, it may be

possible to produce unique functional domain structures using this approach.

2. Future Work

1. Growth of Complex Oxide Films via Pulsed Electron Deposition

As a relatively new technology with complex growth dynamics, the capabilities of PED are still not
fully understood. However, the ability to grow high quality epitaxial films with controllable morphology
is important if the technique is to be competitive with the more developed PLD and MBE approaches. To
that end, it would be useful to integrate a RHEED in situ monitoring system to fully realize the
capabilities of “electron MBE.” Such a RHEED system would be useful to monitor film thickness and
characterize epitaxial modes during growth. This would make the PED an ideal tool for multilayer,

superlattice and codeposited alloy growth given the multiple electron guns present in the system.

Other approaches to improve film quality could also be pursued. There are two primary constraints
that must be considered to produce uniform films that are particulate free and exhibit smooth surfaces.
First, a sufficiently large background gas pressure and long distance from target to substrate is needed to
thermalize the adatoms prior to deposition on the substrate. Second, a sufficiently low electron pulse
energy must be used to reduce particulate emission. Both of these factors lead to reduced deposition rates,

making growth of even relatively thin films a slow process. To overcome this, future work might focus on
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the use of off-axis deposition, where the substrate is no longer in the path of the plume. This approach has
been employed in PLD to produce high quality films.'** By moving the substrate off-axis, emitted atoms
must be scattered by the gas in the chamber, ensuring that they are thermalized prior to deposition. In
PLD, this approach leads to a lower deposition, but in the case of PED, it may actually be possible to
increase the deposition rate with this approach. By moving the substrate off-axis, concerns over
particulate emission and adatom thermalization would be reduced, which might allow future

experimenters to use a higher pulse energy and shorter distances from target to sample.

2. Ferroelectric Domain Wall Pinning in CoFe;04-BiFeO3; Nanocomposites

The results presented here on the investigation of in-plane domain wall pinning represent only an
initial result of what should be a more detailed study of the phenomenon. Understanding the origin of the
pinning process, which were suggested here to be dislocations at the CFO-BFO vertical interface or
oxygen vacancies, could allow for more detailed engineering of the domain structures. The ability to
pattern the nanocomposites offers a unique opportunity to study the domain structure in these
nanocomposites. By templating the pillar sites with various pitches, grid orientations and pillar
configurations (i.e. non-square grids), a wide variety of domain geometries may be achievable. The
results presented here have shown that it should be possible to pattern a wide variety of pillar geometries

on the same substrate,'®

making these experiments easy to perform. Perhaps the first step in the process
would be to rotate the pillar grid 45° so that the nearest neighbor pillars are along the <110> directions,

which is the axis where in-plane stripe domains have been observed in uniform BFO films.*"’

3. Directed Self-Assembly of Nanocomposites

Further analysis of the directed self-assembly of the nanocomposites from both a materials science
and a device perspective should prove very rewarding. While there are clear applications of the CFO-BFO
nanocomposites for the Reconfigurable Array of Magnetic Automata,? plenty of other applications for
matrix-pillar nanocomposites also exist. Others have already adapted the work presented here by

demonstrating that the patterning of Fe metallic islands can promote the self-assembled growth of Fe-
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LaSrFeO, nanocomposites.’***# Numerous other examples of spinel-perovskite nanocomposites were
discussed in Chapter 2, demonstrating several different novel properties. The technique used here should
be readily applicable to spinel-perovskite nanocomposites formed from a variety of different materials.

187 catalysis,'® and thermoelectrics.’® It is easy

Perovskite materials also have applications for solar cells,
to envision device applications for each system where periodically embedded pillars could prove useful as

electrodes or for other purposes.

Continuing research should focus on reducing the spacing between the island sites, which would
involve careful process engineering to optimize the electron-beam lithography (EBL) and reactive ion
etching processes. An alternative to EBL might include the use of polymeric self-assembly to produce
smaller pitch sizes that cover a larger area of the substrate."® It would also be of interest to examine the
effect that the initial CFO morphology and microstructure has on the subsequent pillar structure. Others
have demonstrated the ability to pattern small epitaxial single-crystal islands of CFO via a combined EBL
and sol-gel process.”®"**? This approach might be useful as an alternative to the top-down etching process

if a single crystal seeding island is desired.

The ability to pattern the growth of these nanocomposites also enables a wide variety of experiments
that may not have been possible with unpatterned samples. Preliminary x-ray nanodiffraction experiments
were presented in Chapter 7, but follow-up experiments were not possible in this work. The ability to
produce regular arrays of pillars makes the nanodiffraction and ptychography experiments presented there
far more practical, but other measurements might also prove fruitful. Scientists at Argonne National Lab

suggested™®

that experiments leveraging the periodic spacing of the pillars to perform grazing incidence
diffraction measurements would improve the signal and produce intriguing results.'** Time-resolved
synchrotron measurements measuring the transient strain induced in the pillars during the switching

process would also be of interest.'*
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Appendix

The following table lists all growth parameters for the samples presented in this thesis. Detailed descriptions of the step-by-step fabrication process
can be found in my research notebooks. The sample code begins with E for “electron” in the pulsed electron deposition system, then the date in
MMDDYY form, followed by a letter representing the order of deposition that day (A first, B second, etc). If multiple substrates were used in the
same growth a dash followed by a number is included to denote the substrate.

Sample Code Figure | Material Substrate | Set Calculated Operating | Gas Pulse Pulse Number of
in Deposited Temperature | Surface Pressure Composition | Voltage Rate Pulses
Thesis ¢ © Temperature | (mTorr) (kV) (Hz2) (thousands)
()
E120910B-1 | 5-1to | CoFe,O4 MgO 802 600 18 100% O, 125 10 100
5-4
E121010A-1 | 5-1to | CoFe,O, MgO 802 600 18 100% O, 125 10 50
5-4
E121010B-1 | 5-1to | CoFe,O4 MgO 802 600 18 100% O, 125 10 200
5-4
E070812A 5-5 CoFe,0, SITiO; | 700 515 12 100% O, 9 8 40
E122711B 5-5 CoFe,0, SrTiO; | 700 515 17 100% O, 12 5 25
EO071612D 5-8 BiFeO; SITiO; | 775 577 15 70% 13.5 5 15
0,/30% Ar
E071712B-2 | 5-8 BiFeO; LaAlIO; | 775 577 15 70% 13.5 5 25
0,/30% Ar
EQ072512B-2 | 5-6 La;»Sr,sMnO; | LaAlO; | 775 577 15 70% 9 5 15
0,/30% Ar
E072612B-3 | 5-6 La;»Sr,sMnO; | LaAIO; | 775 577 15 70% 9 5 20
0,/30% Ar
EO072512B-1 | 5-7 La7,Sr,sMnO; | SITiO; | 775 577 15 70% 9 5 15
0,/30% Ar
E072612B-1 | 5-7 La;»Sr,sMnO; | SITiO; | 775 577 15 70% 9 5 20
0,/30% Ar
E072612C-1 | 5-9 BiFeOs;- SrTiO; | 775 577 15 70% 9 5 20
La7,Sr,3Mn0O; 0,/30% Ar | (LSMO), (LSMO),
12 (BFO) 15 (BFO)
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Sample Code Figure | Material Substrate | Set Calculated Operating | Gas Pulse Pulse Number of
in Deposited Temperature | Surface Pressure Composition | Voltage Rate Pulses
Thesis ¢ O Temperature | (mTorr) (kV) (Hz2) (thousands)
()
E062111A 6-1, CoFe,04- Nb- 825 622 16 100% O, 12.5 4 40 (CFO),
6-8, BiFeO; SITiO3 (CFO), (CFO), [ 50 (BFO)
6-9 Composite 125 5
(BFO) (BFO)
E081211A 6-1, CoFe,0,- Nb- 825 622 16 100% O, 12.5 3 12 (CFO),
6-7 BiFeO; SITiO; (CFO), (CFO), |20 (BFO)
Composite 125 5
(BFO) (BFO)
E082111A 6-1, CoFe,04- SITiO; | 825 622 16 100% O, 12.5 4 160 (CFO),
6-7 BiFeO; (CFO), (CFO), [ 200 (BFO)
Composite 125 5
(BFO) (BFO)
E112612A 6-3to | CoFe,Oy- Nb- 775 577 16 100% O, 115 25 25 (CFO),
6-7, BiFeO; SITiO; (CFO), (CFO), [ 50 (BFO)
6-10, | Composite 11.8 5
6-11 (BFO) (BFO)
E010413A 7-6to | CoFe,0,- Nb- 775 577 16 100% O, 12 2.5 37.5
(template 7-18, | BiFeO3 SITiO (CFO), (CFO), | (CFO),
E070912B-7) | 7-24, | Composite 11.8 5 75 (BFO)
7-25 (BFO) (BFO)
E083111A 7-19 CoFe,0,- Nb- 825 622 16 100% O, 115 1 10 (CFO),
(template to BiFeO; SITiO; (CFO), (CFO), | 50 (BFO)
E051911A-6) | 7-23, | Composite 13.5 5
7-26 (BFO) (BFO)
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