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ABSTRACT

Vertically Aligned Nanocomposite Thin Films. (May 2011)
Zhenxing Bi, B.E., Tianjin University, China;
M.E., Tianjin University, China;

Chair of Advisory Committee: Dr. Haiyan Wang

Vertically aligned nanocomposite (VAN) thin films have recently stimulated
significant research interest to achieve better material functionality or
multifunctionalities. In VAN thin films, both phases grow epitaxially in parallel on given
substrates and form a unique nano-checkerboard structure. Multiple strains, including
the vertical strain which along the vertical interface and the substrate induced strain
which along the film and substrate interface, exist in VAN thin films. The competition of
these strains gives a promise to tune the material lattice structure and future more the
nanocomposite film physical properties. Those two phases in the VAN thin films are
selected based on their growth kinetics, thermodynamic stability and epitaxial growth
ability on given substrates.

In the present work, we investigated unique epitaxial two-phase VAN
(BiFeO3)x:(Sm,03);x and (Lag 7S193sMnOs)x:(Mn304); « thin film systems by pulsed laser
deposition. These VAN thin films exhibit a highly ordered vertical columnar structure
with good epitaxial quality. The strain of the two phases can be tuned by deposition

parameters, e.g. deposition frequency and film composition. Their strain tunability is



v

found to be related directly to the systematic variation of the column widths and domain
structures. Their physical properties, such as dielectric loss and ferromagnetisms can be
tuned systematically by this variation.

The growth morphology, microstructure and material functionalities of VAN thin
films can be varied by modifying the phase ratio, substrate orientation or deposition
conditions. Systematic study has been done on growing (SrTiO3)5:(Mg0O)os VAN thin
films on SrTiO; and MgO substrates, respectively. The variation of column width
demonstrates the substrate induced strain plays another important role in the VAN thin
film growth.

The VAN thin films also hold promise in achieving porous thin films with ordered
nanopores by thermal treatment. We selected (BiFeO3)g 5:(Sm03)9s VAN thin films as a
template and get uniformly distributed bi-layered nanopores. Controllable porosity can
be achieved by adjusting the microstructure of VAN (BiFeO;):(Sm,03) thin films and
the annealing parameters. In situ heating experiments within a transmission electron
microscope column provide direct observations into the phases transformation,
evaporation and structure reconstruction during the annealing.

Systematic study in this dissertation demonstrate that the vertically aligned
nanocomposite microstructure is a brand new architecture in thin films and an exciting

approach that promises tunable material functionalities as well as novel nanostructures.
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CHAPTERII

INTRODUCTION

This chapter presents the motivation and objectives of the research in this
dissertation. Vertically aligned nanocomposite (VAN) thin films are one of the most
promising material architectures that can achieve tunable strain control, further more
diverse material physical properties as well as novel nanostructures. The VAN
architectures are also rich in the growth mechanism study of nanoscale multiple phases.
Literature review in this chapter summarizes the structures, properties and strain tuning

in oxide thin films and the needs of VAN structures.

1.1 Overview

Over the past several decades, new discoveries and major advances have been
made to enhance the understanding of metal-oxides and their properties such as
magnetism, ferroelectricity, and superconductivity. While multifunctionalities in
epitaxial nanocomposite films are technologically interesting, the implication of strain
resulting from elastic coupling is vital not only for the control of multifunctionalities

but also for a range of applications where strain in films is critical. The research work

This dissertation follows the style of Journal of Applied Physics.



in this dissertation focuses on VAN oxide thin films — the growth mechanism(s), strain
tunability, interface engineering and novel nanostructures achieved from VAN thin
films.

In VAN thin films, two phases are self-assembled heteroepitaxially grown on
given substrates and form a unique nano-checkerboard structure in-plane. Both phases
grow alternatively as columns with lattice matching next to each other. The VAN thin
film system exhibit many interesting physical properties with its unique microstructure.

The VAN architecture promises a novel way of achieving multifunctionality and
tunable strains which is very different from the situation on normal composite films. In
the first part of the main content (Chapter III), we investigate the strain control as well
as tunable physical properties of (BiFeO3)x:(Smy03);x VAN thin films. We
demonstrate that the strains of the two phases in both out-of-plane and in-plane
directions can be tuned by the deposition parameters during growth, which found to be
directly related to the systematic variation of the column widths in the nanocomposite.
The dielectric property measurement shows that increasing vertical strain control will
lead to a systematic dielectric loss reduction in the VAN thin films.

VAN thin film is a “smart” system that can control or improve material
functionalities at nano-scale with existing processing techniques. In the second part of
the main content (Chapters IV and V), we analysis the interface effects including
domain and grain boundary (GB) structures in (Lag 7Sro3MnO3)o7:(Mn304)93 VAN thin
films. Tunable strain is found directly related to microstructure tuning of VAN thin

films grown at different deposition frequencies. Physical properties including



saturation magnetization, Curie temperature (T.), magnetoresistance and metal-
insulator transition temperature (Tyy), all show systematic trends as the domain/GBs
varies.

There are many VAN thin films systems have been developed till now. However,
the growth mechanism of VAN thin film is not yet clear and currently the VAN
architectures are limited to oxides. In the third part of the main content (Chapter VI),
we present a brand new (SrTiO3)ps5:(Mg0O)os VAN system as a model to study the
substrate strain effect on VAN thin film growth. The column width of VAN thin films
grown on MgO substrate is much larger as compare to that of VAN thin films grown
on SrTiO; substrate. Substrate induced surface tension is proved to be a critical factor
that will affect the adatoms’ surface diffusion during the VAN growth.

The VAN thin film can also be a promising template for developing various
nanostructures such as nanowires, nanorods and nanopores. In the forth part of the
main content (Chapter VII), we developed porous thin films with ordered nanopores
that were processed by thermal treatment on VAN thin films. Controllable porosity can
be achieved by adjusting the microstructure of VAN thin films as well as the annealing
parameters. In situ heating experiments within a transmission electron microscope
(TEM) column provides significant insights into the phases transformation,

evaporation and structure reconstruction during the thermal process.



1.2 Functional oxide thin films

Functional oxides represent a number of smart oxide systems in which the
physical and chemical properties of the oxides can be tuned through adjusting the anion
deficiency or cation valence states.' They have diverse crystal structures with unique
properties covering all aspects of condensed matter physics and solid state chemistry
including semiconductivity, superconductivity, ferroelectricity, magnetism and
piezoelectricity.

Oxide materials have shown a broad range of interesting physical properties and
the modern study on functional oxide thin films has been largely driven by the
development of new thin films growth techniques and material characterization
methods.”> Advanced thin film growth techniques allow non-equilibrium deposition
conditions which lead to large variation in microstructure, oxygen content and other
film properties. Also the high quality of currently grown thin films permits the study of
defect free physical properties in the form of epitaxial films, multilayers, superlattices
and vertically aligned multiphase nanocomposite films. Ultra-thin functional oxide
films (<100nm) are now of great interest in investigating fundamental defect chemical
properties of low-dimensional systems. Various applications of ultra-thin oxide films

have been achieved in electronic and renewable energy technologies. >



1.2.1 Structures of oxide thin films

With a wide range of structures and properties, metal-oxides have been the most
widely investigated functional oxide materials.” Metal oxide materials have natural
ionic bonds and can be categorized to binary oxides and ternary oxides as shown in
Table 1.1. Common structures of binary oxide materials include rock salt, wurtzite,
fluorite, rutile and corundum. Common structures of ternary oxide materials include
ilmenite, spinel, perovskite and perovskite derived structures such as ruddlesden-
popper series and other layered-perovskite structures. Those structures cover most of
the metal-oxide materials, and from chemical bonding to doping, the chemical
structures of the material largely interact with the electronic structures. Among those
complex oxides, perovskite structure materials exhibit a large variety of functional
behavior and have gained increasing significance with attractive properties as
insulating  dielectrics,  metals,  ferro/antiferroelectrics, = multiferroics  and
thermoelectrics.* Perovskites are cubic or pseudocubic ABOs-type earned the name
from the prototype CaTiO; mineral as shown in Figure 1.1. It has a corner shared
octahedral in unit cell with A-cation and B-cation coordinated by 12 and 6 oxygen ions,
respectively.* The ionic radius of A-cation is larger than that of the B-cation, and the
structure accommodates a wide range of valence states which make the perovskite

. . 4
structure acts as a collection of a wide range of structures.*”



Table 1.1. The category of common metal-oxide materials.

System Structure Standard materials
Rock salt MgO, TiO, VO, CoO, MnO
Wurtzite Zn0O, BeO
Fluorite CeO,, ThO,, ZrO,
Rutile Ti0,, IrO,, M0oO,, RuO,, WO,

Binary oxide = Corundum AL O3, V203, Cry05

Ilmenite FeTiO;, MnTiOs, LINbO3
Spinel MgAl1,04, CoFeOy, LiTi,04
Perovskite BiFeO3, CaTiOs, StRuO;
Layered perovskite YBa,Cus0,

Ternary oxide  Ruddlesden-popper series  SrRuOs, SroRuQy4, Sr;Ru,0

UL +¢
. :
A e w

(c) Perovskite (CaTiO,) (d) Ruddlesden-Popper Series (Sr,.;RU,03.4) (e) Layered Structures

FIG. 1.1. Crystal structures of (a) perovskite and the derivatives of perovskite such as

(b) Ruddlesden-Popper series and (c) layered perovskites.



There are two most important perovskite structure materials worth to be noted
here. The first one is intrinsically layered perovskite (ABOj type) in the form of Re;.
AEMnO;, where RE is trivalent rare earth cation and AE is divalent alkaline earth
cation, Figure 1.2 shows the ideal cubic LaMnQOj; perovskite structure. The large size
Re trivalent ions and AE divalent ions occupy the A-site with 12-fold oxygen
coordination.’ These mixed-valence perovskite have a rich and complex physics related
to the electron-lattice and electron-electron interactions. The second one is BiFeOs
which is the most studied multiferroic material that can reveal the multiferroic origin.
As shown in Figure 1.3, the structure of bulk BiFeO; can be described as a distorted
perovskite.” The absence of centrosymmetry in the R3c allows the relative
displacements of the atomic sublattices along (111) where the Bi ions are with respect
to the distortion of FeOg cage. The BiFeOs thin films are in tetragonal structure which

is similar to cubic perovskite with symmetry lowered to P4mm.
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FIG. 1.2. Schematic of the LaMnOs cubic perovskite structure, where trivalent rare

earth (RE) cation and divalent alkaline earth (AE) cation shared the A-site.

FIG. 1.3. Schematic of the BiFeOs; with distorted perovskite structures. (a) Bulk

BiFeOs in rhombohedral structure and (b) BiFeOs; thin film in tetragonal structure.



Besides single phase oxide thin films, multiphase nanocomposite oxides have
attracted extensive research interest. Nanocomposites consist of nanosized particles
embedded in different materials matrix.® In recent years, high quality nanocrystalline
materials have shown novel physical, chemical, magnetic, optical and electrical
properties. Some interesting phenomena including nonlinear optical behavior and
quantum confinement effects of carriers have been reported in nanocomposite materials.
Nanocomposite thin films posses many unique physical properties that could not be
realized with single phase thin films. The nanocomposite thin films can be classified
based on some criteria such as material function, processing and microstructures.
Besides nanoconposite oxide thin films, there are also polymer nanocomposites, metal
nanocomposites,  metal/polymer  nanocomposites and  metal/semiconductor
nanocomposites.” Physical vapor deposition techniques are the main technologies till
now to grow high quality nanocomposite thin films. Either single composite target or

multiple single phase targets will be involved in sputtering or pulsed laser deposition.'’

1.2.2 The growth of oxide thin films

Most of the modern oxide thin films are deposited under vacuum, by various thin
film deposition techniques. Basically, the oxide thin film deposition technologies can
be divided as either purely physical ones, such as evaporative methods, or purely
chemical ones, such as gas- and liquid-phase chemical process. There are also a

considerable number of processes that are based on glow discharges and reactive
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sputtering which combine both physical and chemical reactions. Table 1.2 summarizes
and compares several typical thin film deposition techniques for oxide growth.

Physical vapor deposition (PVD) techniques include electron-beam evaporation,
molecular beam epitaxy (MBE), pulsed laser deposition (PLD) and magnetron
sputtering. Those are with relatively simple system set up and can give good surface
coverage and smooth surface. PVD techniques fit for the growth of almost all materials
and can provide good film stoichiometry for complex composites. Chemical vapor
deposition (CVD) techniques deposit film through chemical reactions and surface
absorptions. In CVD systems, vapor gases are introduced into the deposition chamber
that react and form the desired film on the surface of the substrate. CVD techniques
include low-pressure CVD (LPCVD), plasma-enhanced CVD, metal-organic CVD and
atomic layer CVD (ALD). Above PVD and CVD are all vacuum based techniques that
usually selected to grow thin films. With those systems, the film density,
microstructure, stoichiometry as well as other properties can be easily controlled.

Besides the vacuum based techniques, there are other thin films deposition
systems that have been developed recently and started to drawn more attention. Those
techniques include liquid phase epitaxy (LPE) and solution-based techniques (sol-gel
and polymer assisted deposition). These are non-vacuum techniques and more cost-
effective. These techniques are widely used in large industrial applications where the

material microstructure property is not the first consideration.
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Table 1.2. The comparison of different thin film deposition techniques.

Main Features

Advantages

Disadvantages

High-energy beam fired

Both metal and

Poor film uniformity

E-beam from an electron gunto  |dielectrics can be and film density,
evaporation boil a target material deposited high cost.
Low energy thermal Good film
atomic beams of each stoichiometry and
component generated by  |epitaxial quality, in-  |High cost, low
MBE heater/ e-beam evaporators |situ diagnosis. through put.
High cost of laser
High-power laser as Can deposite all metals [source, small
external energy source to |and complex ceramic [surface coverage
vaporize materials and materials, reproduction [and formation of
PLD deposit thin films of stoichiometry particulates.
Using magnetic fieldto  [Denser film, smaller
Magnetron confine electrons near the |grain size and better  [Poor growth
PVD |Sputtering target to sustain plasma.  [film adhesion. directionality
No gas-phase
The lowering pressure of collisions occur in
gas stream increases the the near furface
diffusion and extends the |[High deposition rate, ([region at low
reaction to higher good film uniformity [temperature, high
LPCVD temperature. and density cost.
Plasma source used to
supply additional energy |Low deposition Nonequilibrium
and reduce reaction temperature, high process and
PECVD temperature deposition rate. nonstoichiometric
High film quality and [Not for all materials,
CVD processes based on  [throughput, large area [require high
MOCVD metal-organic precursors [production. temperatures.
Two complementary Extremely precise
precursors alternatively  |control of film
introduced into the thicnkess and Low throughput,
CVD |ALD reaction chamber uniformity high cost.
Top seeded solution Ultra high
growth method with a temperature needed,
substrate introduced High quality films and |hard to deposite thin
LPE vertically high deposition rate  [films
Transition of a system Poor surface
from liquid phase to solid [Simple technique and [roughness and
Others |Solution-based |phase. low cost

coverage
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There are no other thin film growth techniques that have gained as much attention
as PLD in the past decades for oxide growth. This is a relative simple thin film growth
process with many advantages. In a typical PLD system, the target surface species are
ionized by laser ablation and the transfer of atomic and ionic species from the target
enables the growth of films in certain composition.'' Oxygen is always involved to
complete the oxidation of oxide films and no other background gases are required. The
details of oxide films deposited by PLD will be discussed in Chapter II.

One of the primary research limitations on functional oxide thin films was the
difficulty in achieving precise property control in films due to a large range of possible
defects. It has been reported that the point defect concentration in oxide thin films can
significantly modulate the electrical and electrochemical responses.'>” Also the
oxygen vacancies play a critical role in enabling magnetic properties in complex oxides.
In addition to controlling above equilibrium defects by either growth temperature and
post-annealing treatments, the growth kinetics and growth mode both play important

roles in achieving high-quality defect free oxide thin films."

1.2.3 Physical properties of oxide thin films

Functional oxide thin films are an important class of materials: from both

scientific and technological perspectives where they present interesting physical

phenomenon including electrical, optical, ferromagnetic and ferroelectric properties.
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1.2.3.1 Electrical and optical properties

Oxide thin films with homo and hetero structures are attractive for future
optoelectrical devices with their exciting fundamental intrinsic and extrinsic optical and
electrical properties. In the class of optoelectronic materials, ZnO attracts the most
attention because of its direct and wide band gap and its ability to tailor electronic,
magnetic and optical properties through doping, alloying, quantum wells,
heterostructures and nano-engineering.">'® ZnO is a wide band gap, optoelectronic
material belonging to II-VI family of semiconductors. The stable crystalline of ZnO is
in wurtzitic hexagonal structure, as shown in Figure 1.4, in which the Zn and O planes
are alternately stacked along the c-axis direction with lattice parameters a=0.3296nm
and ¢=0.52065nm."” The tetrahedral coordination in ZnO results in a lack of a centre

symmetry in wurtzite combined with large electromechanical coupling properties.

[0001]

FIG. 1.4. Schematic of wurtzitic ZnO crystal structure.
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ZnO has a direct energy bandgap of 3.3 eV at room temperature. The energy band
parameters, such as electron and hole effective masses, as well as optical and electrical
properties are quite comparable to that of GaN, and well established for blue LED and
semiconductor laser diode. However, ZnO is a more intense and efficient UV emitter at
its band edge as compare with that of GaN, owning to the advantage that it has a higher
free exaction binding energy of 60meV which is more than twice of that in GaN. The
radiate recombination in ZnO is mediated by exactions. That will lead to narrow
emission line widths, where the band-to-band in other systems yielding broad
bandwidths. Based on these properties, ZnO system has a niche for a wide range of
devices applications such as blue and UV light emitting diodes, heterojunction diode
lasers, visible and solar blind UV light detectors.

The optical properties of ZnO are connected with both intrinsic and extrinsic
effects. Intrinsic optical transitions take place between the electrons in the conduction
band and holes in the valence band, including exaction effects due tot the coulomb
interaction. The optical transitions in ZnO have been studied by a variety of
experimental techniques such as optical absorption and transmission. It has been
reported that the excitonic absorption features were sharper in ZnO thin films annealed
in oxygen.'® In the photo reflectance study of high quality ZnO epitaxial layers, a larger
broadening was observed for the B and C excitons compared to the A exciton, which
due to a contribution by the exciton polaritons in terms of large splitting of the

. . 1
respective excitons.'’
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With a direct and large band gap material, ZnO also have advantages include
higher breakdown voltages, lower noise generation, and high temperature and high
power operation. The electron transport in ZnO thin films can be considered for low
and high electric fields. The room temperature ZnO thin films mobility values are
comparable to the value of bulk ones. It has been reported that the best reproducible
electron mobilities from 115 up to 155 cm*/Vs at 300K in nominally undoped ZnO thin
films of total thickness of 1-2 um grown on C-sapphire substrates by a multistep PLD
technique. To attain potential high conductivity, both high quality n- and p- type
dopings in ZnO are required. Unintentionally doped ZnO is n type whether the donors
are Zn or O. The main obstacle to the development of ZnO has been the lack of
reproducible and low-resistivity p-type ZnO. Dopants may be compensated by low-
energy native defects, such as Zn or O, or background impurities. Low solubility of the

dopants in the host material is also another possibility.

1.2.3.2 Magnetism and magnetotransport properties

Magnetism is a property of materials that respond at atomic or subatomic level to
an applied magnetic field. The definition of magnetism lies in the orbital and spin
motions of electrons and how the electrons interact with one another. As a matter of
fact, all matter is magnetic and some materials are much more magnetic than others.

The main distinction corresponds to the interaction of atomic magnetic moments.
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There are a few materials which are naturally magnetic and can be turned into magnets.
For example, iron, hematite, magnetite and ionized gases.*

The theory of magnetism is a rich field, and is built upon the idea of the quantum
mechanical exchange energy which causes electrons with parallel spins at lower energy
than spins with anti-parallel spin at higher energy. Ferromagnetic materials exhibit
parallel alignment of moments resulting in large net magnetization even in the absence
of a magnetic field. Anti-ferromagnetism represents the case of all sublattice moments
are exactly equal but opposite and the net moment is zero. As for ferrimagnetism, the
magnetic moments of sublattices are not equal and result in a net magnetic moment. '

There are a number of fundamental ideas of coupling in magnetic oxide materials
that have been developed to address how indirect exchange interacts through non-
magnetic ions like oxygen. Classic models including super-exchange, double exchange
and RKKY coupling are shown in Figure 1.5.° Super-exchange model describes the
normally short range exchange interaction can extend to a longer range.”” Figure 1.5a
shows an oxygen bonding leads to an anti-parallel spin alignment of nearest
neighboring Mn ions in LaMnOj;. Double exchange describes the magnetic coupling of
A site doped ABOs type pervoskites (like Sr or Ca doped LaMnO3) which is called
mixed valence compounds.23 In these materials, as shown in Figure 1.5b, electrons on
the Mn sites jumps back and forth across the oxygen and delocalized over the entire
Mn-O-Mn. This model can explain magnetic structures with identical Mn ions and

further ferromagnetic alignments. The RKKY coupling represents the case where
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magnetic ions are too far to interact with each other, and the local moment will induce

. . . . . . 24
a spin polarization in surrounding conduction electron sea.

FIG. 1.5. Schematic illustrations of magnetic coupling in oxides. (a) Superexchange, (b)

double exchange, and (c) RKKY coupling.

Ferro- and ferri-magnetic oxides are half-metallic and the most interesting
candidates for the study of extrinsic magnetotransport phenomena. Following with the
discovery of high temperature superconductivity in the mid-1990s, mixed-valence
perovskites manganese oxides have received much attention. These manganese oxides
have remarkable interrelated structural, magnetic and transport properties induced by
the mixed valence of the Mn** and Mn*" ions. Historically they led to new physical
concepts such as double exchange and the Jahn-Teller effect.”® More recent work on

oxide thin films has revealed new phenomena including colossal magnetoresistance
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(CMR), low field magnetoresistance (LFMR) and optically-induced magnetic phase
transitions.

The CMR effect is attributed to the ratio of the Mn’" and Mn*" ions in the
perovskite and sensitive to the partial doping of the trivalent RE ion by divalent AE
cation. The doped perovskite manganites have strong correlation between the structure
and electronic magnetic phases. One of the origins of the lattice distortion is the
deformation of the MnOg octahedron called Jahn-Teller effect and the other one comes
from the connection pattern of the MnOg octahedra in the perovskite structure governed
by the tolerance factor t where

d,, (rpy+r,

\/EdMn—O B \/§(<rMn> + ro)

[ =

(1.1)

Jahn-Teller effect describes the lifting of degeneracy due to the orbital-lattice
interaction in the MnOg octahedral which is the basic building blocks of the maganites.
It tends to occur spontaneously as the lattice distortion grows while the energy splitting
of other degenerate orbitals is in linear. The tolerance factor reveals the Mn-O-Mn
bond angle as well as the ionic radii of the A-site cations. It is also dependent on both
doping level temperature and pressure.

The magnetic properties of the manganites are also governed by exchange
interactions between the Mn ion spins. Zener proposed the double-exchange model to
ensure the strong ferromagnetic type interaction of Mn*"-O-Mn*".*® The probability of
the e, electron transfer from Mn’" to neighboring Mn*" is t,cos(theta/2), theta being the

angle between the Mn spins, in the case of strong Hund coupling. The electron transfer
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as well as the energy gain of the parallel spin configuration all reveals the
ferromagnetic character of the double-exchange interaction.

As a metal-insulator transition of mixed-valence manganese oxides, CMR
interprets the phenomena of by applying external magnetic field, some mangnetes
show large negative mangnetoresistance with peaks at about Curie temperature T..>”>*
It has been reported that the resistance ratio R(0)/R(6T)>10> was observed in
Lag ¢7Cag33MnO; thin films which close to 500% with T. = 260K. This enormous
factor reveals a thousand-fold change in resistivity with and without magnetic field.
The interpretations of CMR were based on the double exchange model and Hund’s
coupling. However, those models do not matched with the electron-phonon interaction
and new theoretical models have been proposed. *°

The CMR of mixed-valence manganites requires a large applied magnetic field
and are restrict to specific temperature region which limits its application potential.
Another extrinsic magnetic transport effect called LFMR can be observed at low
magnetic field (<0.1T) and the grain boundary plays the dominant role over all.>**' The
LFMR interprets the spin-polarized tunneling (SPT) through electronic barriers across
the grain boundaries (GBs). Much work has been done to figure out the role of nature
and size of GBs in polycrystalline bulk, polycrystalline and epitaxial films, and
nanocomposite films.**® The LFMR has been found to depend on the degree of

texturing in polycrystalline and nanocomposite thin films and show substantial MR

. 4 . . .
over a wide temperature range. >~ **> The importance f manganite composites has been
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emphasized in many recent reports including epitaxial LCMO:MgO, LSMO:ZnO and

LSMO:Mn;0, nanocomposite thin films. ***"*

1.2.3.3 Ferroelectric properties

Ferroelectrics are a group of compound crystals or thin films that have
noncentrosymmetic crystal structure and posses reversible spontaneous electric dipoles
which can switch directions under externally electric field or internal electric field from
adjacent unit cells. The spontancous electric polarization is due to the
noncentrosymmetric crystal structure and it will disappear at above the Curie point
when the thermal motion will cancel individual electron spins.

Ferroelectricity has been discovered in typical perovskite (ABOs) BaTiO; half
century ago. >>* As shown in Figure 1.2, perovskite crystal structure is an ideal model
to investigate ferroelectric behavior and spontaneous polarization. The oxygen
octahedron distortion is always accompanied with electric dipoles, and the polarization
value of each unit cell also largely determined by the size of A and B cations as well as
the deformation of A cations. Figure 1.6a shows the cases of isotropic perovskites
BaTiOs and PbTiO;. Ferroelectric perovskite can save information in the form of
polarization direction in individual FE domains as they usually have totally two ground
states of opposite ionic polarizations.*’ The hysteresis loop is the most important
characteristic of ferroelectric thin films. As shown in Figure 1.6b, it demonstrates the

polarization of ferroelectric material as a function of applied electric field.* One of the
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most interesting ferroelectric materials that has been intensively investigated in the past
decades is lead zirconate titanate (Pb(ZrsTi;4)O3)(PZT), a combination of ferroelectric
PbTiO; and antiferroelectric PbZrO;.*' Lead titanate preferred composition will lead to
memory applications and a 50:50 Zr:Ti composition ratio usually associated with

piezoelectric applications.
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FIG. 1.6. (a) Spontaneous polarization in isotropic perovskite, BaTiOz and PbTiOs. (b)

Typical ferroelectric hysteresis loop for BaTiO; ceramic.

Ferroelectric of materials can be dramatically engineered and controlled in the
form of thin films. Observations have been reported including size effect, strain
enhancement of ferroelectricity, engineered ferroelectricity in superlattice and domain

structures control in ferroelectric thin films.******* Structural defects in epitaxial
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ferroelectric films such as misfit dislocations (MDs) and threading dislocations (TDs)
can drastically affect physical properties of the material and limit the performance as
devices. The strain field surrounding dislocations will influence more in ferroelectric
nanostructures due to the relativly enhanced volume of the defect regions.*” Nagarajan
reported a quantitative study on PZT ferroelectric thin films with different film
compositions and thicknesses, and studied the role of dislocations.*® One of the ways to
get rid of defects in ferroelectric films is to grown the film on vicinal substrates in
which the step flow will serves as a template for subsequent layer-by-layer epitaxial
film growth. Another important aspect regarding ferroelectric thin films is ferroelectric
domains which determine the polarization switching of the films. Domain patterns
depend largely on growth conditions, substrate orientations and boundary conditions.
Figure 1.7 shows a simulated phase diagram and equilibrium domain structures of
BaTiOs thin film as functions of strain and temperatures. Much works has been done to
investigate ferroelectric 90° and 180° domains.**°

The memory density of ferroelectric materials is now still much lower
(40Gbit/cm? in epitaxial PZT thin films) as compared with that of ferromagnetic date
recordings.” Tt has been established that the ferroelectric stability can be maintained as
the ferroelectric film thickness down to a few unit cells.”” Following that, the
ferroelectric nanostructures can be achieved by either classical top-down patterning
process or self-assembled geometrically ordered arrays.”*”* Considering the ultimate
nanostructure shape, dimensions and material quality, the later self-assembly technique

has draw more and more attention as combined with developed film growth methods.™
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FIG. 1.7. Phase field models of ferroelectrics. (a) Phase diagram of the evolution of the
structure of BaTiOs films as functions of temperature and substrate in-plane strain. (b)

Simulated domain structures of BaTiO; thin films at different strain status.

1.2.3.4 Multiferroic properties

Multiferroism describes materials which show simultaneous ferroelectricity,
ferromagnetism and ferroelasticity in parallel. As shown in Figure 1.8, the overlap of
ferromagnetic and ferroelectric is classified as multiferroic.”® For multiferroic in a
single phase material, the atoms that move off center to form the electric dipole
moment must be different from those which carry the magnetic moment and there is a
possibility that electric fields can control magnetization or a magnetic field can change

electric polarization.’’
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FIG. 1.8. Relationship between ferromagnetic and ferroelectric materials. (a) The
requirements to achieve both in a material. (b) Schematic illustrating different types of

coupling present in materials.

The earliest multiferroism study can be tracked back to the boracite Ni3;Bi;O3l in
the 1960s.”® As the development of ability to product high-quality single-crystallines,
epitaxial thin films and the improvement of material computational techniques, there
has been a flurry research focused on multiferric materials in the past decade.” In
general, multiferroic could be achieved through an alternative mechanism from either
magnetism or ferroelectricity.®” In the magnetic perovskite oxides, the stereochemical
activity of A-site cation with a lone pair will lead to a structural distortion and
ferroelectricity. Another route to multiferroism is by geometrically driven effects with
long dipole interactions and anion rotations which can also drive the system to a

ferroelectric state. On the other hand, there are certain materials in which magnetism
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can cause ferroelectricity, the strong coupling between two order parameters can lead
to multiferroism.®'

Multiferroic materials can be categorized based on the size and type of couplings
as particulate composites, laminated structures, thin films and nanocomposites.*
Mutiferroics in thin films allow non-equilibrium phases growth and strain engineering
of existing materials. To date, high-quality multiferroics thin films have shown diverse
architectures including single phase epitaxial films, horizontal multilayered
heterostructures and vertically aligned heterostructures (shown in Figure 1.9) to tailor
their properties through strain, interfacial coupling and atomic level engineering of

chemistry.

& &

FIG. 1.9. Schematics of three types of model multiferroic thin film architectures. (a)
Single phase epitaxial films grown on single-crystal substrates; (b) horizontal

multilayered heterostrucures; (c) vertically aligned horizontal heterostructures.
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The single-phase multiferroic thin films include only hexagonal manganites and
Bi-based perovskites. The earliest hexagonal manganite has been investigated is
YMnOs;. It shows both ferroelectric and antiferromagnet caused by the long range
dipole interactions and oxygen rotations. It was also found that there are ferroelectric
and antiferromagnetic domain walls coincident in YMnO3 which could then rise to the
magnetic coupling. Perovskite structure bismuth ferrite (BiFeOs) is currently the most
studies multiferroics because of its large polarization and high Curie temperature. J.
Wang et al. reported enhancements of polarization and related properties in
heteroepitaxially constrained BiFeO; thin films in 2003.” The structure analysis of the
film suggested differences between films and bulk single crystals in enhancing the
polarization up to 90uc/cm® at room temperature. It also demonstrated a
magnetoelectric coupling coefficient at 3V/cm Oe without applied field. Following that,
much progress has been made in understanding the structure, properties and growth of
BFO thin films. However, there are some conflictions in some of the reports. It was
argued that the large magnetization may only arise in deoxygenated films and the
impurity phases could also play a role in the multiferroic performance.®>®*

The second thin film architecture using horizontal multilayer heterostructures
takes advantages of atomic level layering to engineer specific magnetic ordering
through super exchange interactions, and the compositional ordering will increase
polarizations.”® Many interesting multiferroic systems with this architecture have been
demonstrated including CaTiO3/BaTiOs/SrTiO;, Fe/BaTiO;, Co-doped TiO,/PZT

etc.®>%%87 Multiferroic materials could also be fabricated in a nanostructured columnar
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structure, as shown in Figure 1.9c, as the vertically aligned horizontal heterostructures.
The growth of the horizontal heterostructures requires special material selections
considering lattice matching, immiscibility and different elastic modulus. Zheng et al.
first developed BaTiO;:CoFe,O4 nanocomposite in this architecture as CFO pillars
embedded in BTO continued film matrix.®® This structure showed strong
magnetoelectric coupling through the changes of magnetization at ferroelectric curie
temperature of BTO. The large interface-volume ratio permits the couple of two phases
via strain and the perpendicular interface removes the effect of substrate clamping and
allows for better strain-induced couplings. Many other composite systems with
combinations of a number of perovskites have been developed including BaTiOs,
PbTiO;, BiFeOs and spinel CoFe;04, NiFe;Os, Fe,05.5%7%7L72 [t has shown that the
nanostructured multiferroics have gained significantly enhanced magnetoelectric
properties over traditional multilayer heterostructures.

Multiferroic materials hold great potential for applications in aspects of
ferroelectric random access memory (FeRAM) and magnetic data storage.”
Multiferroic could lead to a new generation of memory devices that the coupling could

permit data to be written electrically and read magnetically.
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1.3 Strain and strain engineering in oxide thin films

1.3.1 Thin film epitaxy and strains

Strain represents the change of material’s dimensions as compared with that in
their equilibrium state. In the form of thin films, the strain is mainly caused by the
heteroepitaxial growth where the lattice parameters of the film and the substrates are
not usually identical and the coherent growth will alter the dimensions of the film

materials, thus produce strain.

(a) (b) (c)

FIG. 1.10. Schematic of lattice matching in heteroepitaxy thin film growth. (a)
Coherently strained lattice-mismatched heteroepitaxy; (b) lattice-matched epitaxial

heterostructure; (¢) incoherently growth-relaxed lattice mismatched heteroepitaxy.
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Epitaxial growth of thin film and the strain engineering in thin film
heterostructures are very important for the next generation of electronics, optical and
magnetic devices. The epitaxy strain in thin films represents the change in a film’s
lattice parameters from their equilibrium values. Figure 1.10 shows three different
modes of lattice matching in heteroepitaxy thin films growth.

The strained lattice mismatch system in Figure 1.10a, which is also called
pseudomorphic growth is the main mode of strain engineering in functional epitaxial
thin films growth. It reveals the grown film is under tensile or compression stress on
is

substrate without relaxing by generating misfit dislocations. The in-plane strain &

defined as,

& = (af”a_f %) (1.2)

where ¢, is the in-plane lattice constant of the deposited film material and a, is the

lattice constant of bulk material. The strain in the perpendicular direction of the growth

films is defined as,

g, =022 (1.3)

a £
The lattice mismatch is evaluated by,

fzzxgiiﬁﬁ (1.4)

(a,+a,) ’
where a, and a, are the unstrained lattice parameters of film and substrate. In

pseudomorphic thin film growth, the strains only exist in a certain region before fully
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relaxed. Coherent films of perovskite can be grown up to around 100 unit cells (~
50nm) before relaxing via dislocations. With larger lattice mismatch £>0.7%, domain

1. In this framework, the

matching epitaxy will form as shown in Figure 1.1
conventional lattice matching epitaxy becomes a special case where the epitaxial

growth of thin films is possible by matching of domains where integral multiples of

major lattice planes match across the interface.”

FIG. 1.11. HRTEM and fast Fourier filtered images of domain matching epitaxy

SrTiO; thin film grown on MgO substrate with 14:13 match.
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In domain matching epitaxy, misfit dislocations are generated at the interface to
fully or partially relax the strain and to achieve an equilibrium structure. The minimum
dislocation density is always required in pseudomorphic film to enhance the electronic
transport through the heteroepitaxial interface.

One great advantage of epitaxial growth is that the strain in thin films can be
manipulated through the selection of appropriate substrates, to engineer the physical
properties of the deposited thin films. As Millis et al. predicted in their analytical
model, the substrate induced biaxial strains (&, andée,, ) will carry out strain-induced
magnetic anisotropy and affect the magnetotransport properties of epitaxial manganite
films.”® The biaxial strain is defined as,

g =% (1.5)

a,
where q, is the lattice parameter of the material in the original cubic state under stress-
free conditions and g, is the in-plane lattice parameter of the biaxially strained thin

film.””

1.3.2 Strain engineering in oxide thin films

Strain engineering provides a powerful and accessible way in manipulating the
properties of functional oxide thin films and much work has been done to investigate
the influence of strain on the ABO; perovskite structures. The general form of ABO;

perovskite consists cubic sublattices of A and B cations where the B cations
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octahedrally coordinated by oxygen anions, as shown in Figure 1.2. It is with Pm3m
space group, however many functionalities of the ABO; perovskite material are
generated by the characteristic distortions of the structure. Figure 1.12 interprets three
main structure distortion modes in perovskite including the polar displacement of B
cation, rigid rotation of the octahedral BOg unit and Jahn-Teller elongation of the BOg
octahedral.”®” These modes compete with each other and the one condenses in the
material ground state will play a major role over all. These structure instabilities
typically include long-range cooperative displacements of atoms in the crystal, as
shown in Figure 1.13. The material properties in ABOs perovskites tend to be closely
coupled to the energy balance between the intrinsic instable states and the structure
distortions in oxide thin films actually help to maintain a lower energy distortion
(ground state). Some work has been done and demonstrated that the disabling the
distortions will cause higher energy distortions.***'

The understanding of octahedral rotations is very important to investigate the
strain effect in magnetic materials. It has been explored that the tensile strain in
LaCoO; magnetic films stabilized the intermediate or high spin states and the lattice

distortion will increase the paramagnetic effective moment. *%%*
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FIG. 1.12. Common perovskite instable modes. (a) Polar displacement of B-site cation;

(b) rigid rotation of the BOg octahedral, and (c) Jahn-Teller distortion of the BOg

octahedral.
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FIG. 1.13. Lattice diagram of (a) the octahedral rotations and (b) the Jahn-Teller
distortion. The A cations are shown in black, B cations are shown in blue and oxygen

atoms shown in red.
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Ferroelectric materials are one of the best systems for analysis in the field of strain
engineering. They are characterized by spontaneous polarizations and very sensitive to
small values of strain. It has been reported that the strain on the order of 1% can lead to
dramatically enhancement of the ordering temperature and coercivities in ferroelectric
materials.®***" Also the bi-axial strain will cause switchable polarizations either
parallel or perpendicular to the plane of epitaxy that stabilize the incipient ferroelectric
properties in thin films form.*® Epitaxial strain also plays an important role in
multiferroic materials. Dramatic strains have been reported on multiferroic BiFeOs thin
films grown on LaAlO; and YAIOs; substrates of 5% and 7.5%, respectively. Models
simulation on these films suggested a strain-induced metastable phase separated by a
low energy barrier from an isosymmetric parent phase.” Exciting results have also
been found in strained superconductors where strain can be used to increase the critical
ordering temperature T.. La; ¢Sty ;CuQOy4 superconducting films were grown on different
substrates with 0.63% compressive strain and 0.54% tensile strain, respectively. And
the first one showed increased T, and higher metal-insulator transition. It has been also
reported that strain can be used to manipulate the band structure of perovskite
nickelates to achieve higher T..”

In the recent decade, material computational simulation techniques have been
involved to understand the effects of strain in functional oxide, specially the perovskite
oxide thin films. For example, the density functional theory (DFT) has been
remarkably successful in predicting and reproducing the properties of a wide variety of

91,92

materials. It is a power tool to investigate the competing instabilities and separate
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ionic, electronic and lattice responses of a material to strain. In the computational
model, the lattice parameters of a material can be continuous varied and simulation on

the influence of strains can be done.
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FIG. 1.14. (a) -2 6 XRD scans of 22nm thick LSMO films grown on different
substrates. (b) The ratio between out-of-plane and in-plane lattice spacing of
commensurately LSMO films as a function of the in-plane lattice parameter. (c¢) The

out-of-plane lattice strain as a function of the in-plane lattice strain.
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Lehmann et al. also reported their work of epitaxial LSMO thin films deposited
on STO and LaAlO; (LAO) substrate by MBE and demonstrated different magnetic
behaviors of LSMO films which are only due to different substrates induced strain.”
More recently, Adamo et al. reported their systematical study on biaxial strain on
epitaxial (001) LSMO thin films. The films were deposited by MBE on different single
crystalline substrates shown in Figure 1.14.°* The magnetization and electrical
transport measurements reveal the dependence of Curie temperature on biaxial strains
by varying the substrate-induced biaxial strain from -2.3% to +3.2%. A film-substrate
lattice matching diagram has been summarized for ferroelectric perovskite thin films
growth which requires chemically and structurally compatible perovskite substrates.*
Figure 1.15 shows various substrates in the diagram with lattice parameters from 3.70
to 4.0A.

In recent years, a considerable effort has been spent in developing methods to
obtain low defect strained epitaxial heterstructured thin films for industrial applications.
Building various buffer layers have been demonstrated to be an effective way to reduce
the level of elastic stresses accumulated in the heterostructures during the thin films
growth. The buffer layer can help reducing the lattice mismatch at certain thickness
while maintaining the crystal structure perfection. However, the residual strain caused
by the uncompleted relaxation in the buffer layer can also generate additional defects
during subsequent film growth which may extend to threading dislocations to the

device region.”>®
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FIG. 1.15. Strain engineering of ferroelectric epitaxial thin film grown on various
substrates. The number line shows the pseudocubic or pseudotetragonal a-axis lattice

constants of some ferroelectric perovskite and some perovskite-related commercial

substrates.

Superlattice is another effective way that can achieve strain control in oxide thin
films. It is a periodic structure of layers of two (or more) materials with the thickness
of each layer at several nanometers. In superlattice, the in-plane lattice parameter of all
the constituents is constrained to that of the underlying substrates and the primary
interaction that determines the overall properties of the superlattice is the substrate
imposed elastic constraint. Several superlattice systems have been heavily studies
recently including (001),PbTiO3/(001),SrTiO; and (001),BaTiO3/(001),SrTiO3

superlattices to investigate the effect of strain on thin layers of the ferroelectric
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materials as shown in Figure 1.16.°" In a recently study, Tenne et al. reported their
growth of (001),BaTiO3/(001),SrTiO; superlattice on (100)SrTiO3 substrate by MBE.”®
The BaTiO; layer in the superlattice varied from 1 to 8 unit cells in thickness and the
(001), SrTiO; spacer layer was fixed to be either 4 or 13 unit cells thick. Both
experimental and First-principle calculations work demonstrate a significant increase
of the T, (shown in Figure 1.17) in a multiple-domain state as compared with that in
single-domain state by varying the thicknesses of BTO and STO interlayer in the

superlattice.””’
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FIG. 1.16. HRTEM images of PbTiO3/SrTiO; and BaTiO;/SrTiO; superlattices grown

by MBE.
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FIG. 1.17. The dependence of T, on n and m in (BaTiO3),/(StTiO3),, superlattices. The

blue symbols are for m=4 and red symbols are for m=13.

The layered heterostructures including buffered layers, multilayers and
superlattices are not all the forms of strain controllable oxide thin films. Epitaxial
heterostructured nanocomposite thin films in vertically aligned architectures are also
being explored recently by pulsed laser deposition. Those include epitaxial pillars of
magnetic oxides in a thin film matrix and in-plane checkerboard nanocomposite thin

68,99

films. Most of the heterostructures are being explored in ferroelectric system to

enhance the magnetic coupling between ferroelectric and magnetic oxides.
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1.4 Vertically aligned nanocomposite (VAN) thin films

1.4.1 Current research overview

VAN thin films are a novel thin film architecture where two phases are self-
assembled heteroepitaxially grown on given substrate and form a nano-checkerboard
structure in-plane. Both phases in VAN thin films grow alternatively as columns with
lattice matching next to each other (out-of-plane, vertical grain boundaries) and on
substrate (in-plane, film-substrate interface. The column width is around 20~50nm and
the VAN film thickness can reach up to several um. Figure 1.18 shows a schematic
diagram of a standard VAN thin film and BiFeO;:Sm,;03; VAN thin film.'%

VAN thin film systems exhibit many interesting physical properties because of its
unique microstructure. There are two types of strains in VAN thin films: the substrate
induced horizontal strain on the film-substrate interface and the interfacial strain along
the vertical phases interface. In VAN thin films, the strain can be controlled by the
higher-modulus phase and maintained throughout much thicker epitaxial films
(>500nm). The VAN thin films are also interesting to achieve multifunctionalities and
have the potential to enhance a single functionality through manipulating the strain in
one of the phase by another. It is a smart system that can control or improve material
functionalities at nano-scale in thin films with existing processing techniques. The
VAN thin films can also be a promising template for developing various nanostructures

such as nanoporoes, nanowires, nanorods and ultra high density nanocapacitor
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arrays.'*"19%1% However, the VAN growth mechanism is not yet clear and the current

VAN structures are limited to oxides.

FIG. 1.18. (a)Schematic diagram of a standard vertically aligned nanocomposite thin
films; (b)plan-view TEM image of BiFeO3:Sm,03 VAN thin film; (c) high resolution
TEM image shows clearly volumnar structure and lattice matching between phases; (d)
cross-section TEM image of BiFeO3:Sm,03; VAN thin film shows alternatively aligned

columnar growth of both phases.
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Much work has been done on self-assembly co-growth of organic system such as
copolymers and metal alloys such as Co-Pt alloys in the past decades.'®*'®® Desired
microstructures can be achieved in those systems by a careful tuning on the
thermodynamic parameters to control the overall energy in the systems. However, the
investigation on self-assembly of inorganic structures, for example, vertically aligned
nanocomposite metal-oxides just started several years ago.® Combining metal-oxides
in VAN system will lead a range of new interface-coupled thin film functionalities and
more experimental and theoretical understandings of VAN are coming with the
developments of multiferroics study as well as the materials magnetotransport
investigations include colossal magnetoresistance (CMR) and low field
magnetoresistance (LFMR).

The first well established VAN system is Lag7Cag33:MnO3:MgO (LCMO:MgO)
thin films by Lebedev ef al. in 2002.>° The VAN thin films were grown by a solution
based technique called metal-organic aerosol deposition (MAD) and the initial
objectives are to demonstrate the phase transition and tunable magnetotranport
properties in the LCMO phase. Later, magnetostrictive spinel CoFe,O4 nanopillars
embedded randomly in a piezoelectric BaTiOs; matrix were demonstrated by pulsed
laser deposition (PLD).*® Till now, more other VAN systems have been developed to
achieve tunable material functionalities or better physical properties. Table 1.3 gives a
summary of developed VAN systems with different crystal structures and deposition

methods.
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Table 1.3. Diverse VAN systems developed by various deposition methods.

Film grown
VAN system Crystal structure method Reference
Lay7Cap3MnO3:MgO Perovsite-Rocksalt MOAD 36

Lay 7Sro3MnO3:MgO Perovsite-Rocksalt ~ MOAD, PLD  '%!%7

BaTiO3:CoFe;04 Perovsite-Spinel PLD 68,108
BiFeO;:CoFe;04 Perovsite-Spinel PLD 109
PbTi0;:CoFe; 04 Perovsite-Spinel PLD 70,110
Pb(Zr,Ti)O;:CoFe 04 Perovsite-Spinel PLD 11

112

Pb(Zr,T1)O3:NiFe;O4 Perovsite-Spinel PLD

BaTiO;:NiFe Oy Perovsite-Spinel PAD 13
BiFe03:Sm,0;5 Perovsite-Rocksalt PLD 14
BaTiO5:Smy0;5 Perovsite-Rocksalt PLD s
Lag 7S1r93Mn0O5:ZnO Perovskite-Wurzite PLD 100,37
Lag 7Sro3MnO3:Mn;04 Perovsite-Spinel PLD 38

Most of the candidates materials as we can find from above table are include
perovskites and second oxide compounds. Perovskite materials are a branch of
outstanding metal-oxides and rich in magnetism, ferroelectric and multiferroics. The
VAN thin films can be grown by solution based technique MAD as well as physical
vapor deposition mainly in pulsed laser deposition (PLD). PLD usually provide a good
stoichiometry between the targets and deposited thin films and with higher film growth
rate. In general, there are several rules need to be taken considerations to growth well-
order VAN architectured thin films: (a) the chosen phases should both epitaxial grown
on the given substrate; (b) the growth kinetics of both phases should be similar that

they can both grow with sufficient crystallinity in parallel; (c) the cations of both
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phases should with sufficient differences of ionic radii to minimize the intermixing of
two phases; (d) it is preferred to have two phases with different elastic constants that
they can build effective strain control of one phase by another; (e) the two phases are
preferred to be the most thermaldynamic stabled at certain growth condition that they

. . . . . 1
can be easily grown and without obvious phases contamination.'®

1.4.2 The growth of VAN architecture

The concept of spontaneous nanostructure formations has been extensively
studied in metals and semiconductor systems.''®''"!""*!% Mych research has been
conducted on the self-organization of nanostructures on semiconductor surfaces
through epitaxial growth. However, the mechanism of in-plane self-assembly grown is
not yet clear and it is still a challenge to synthesize nanostructures in complex oxides.

The growth of heteroepitaxial VAN thin films does not obey classical thin film
growth modes. There are three major thin films growth modes: (1) Volmer-Weber or
island growth, (2) Frank-Van der Merwe or layer-by-layer growth, and (3) Stranski-
Krastanov growth.* The first island growth demonstrates a case that atoms or
molecules nucleate on substrate and grow in three dimensional as islands. This mode
can explain stronger bonding between deposited atoms as compared with those to the
substrate. The second layer-by-layer growth mode reveals a two dimensions planar
growth of adatoms with the smallest nucleus. In this mode, the deposited atoms are

more strongly bonded to the substrate than to each other. A typical example of layer-
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by-layer growth is the epitaxial growth of oxide thin films. The last mode is a
combination of the layer-by-layer and island growth. In this mode, islands will begin to
occur after forming one or several monolayers in a layer-by-layer growth. This growth
is very common due to the energetically instability during the film growth.

Actually the growth modes of single phase heteroepitaxial thin films can be also
described with thermodynamic models for the nucleation process. That will involve the
discussion on surface energies of materials and droplet theory of nucleation. Figure
1.19 shows a model that describes the atomistic nucleation process of adatoms on
substrate surface during a vapor deposition process.” The equilibrium among the
horizontal components of the interfacial tensions between the constitutive phases yields

Young’s equation:
Yo =V t7,c080 (1.6)
where y represents the interfacial energy, subscripts s, f, and v stand for substrate, film

and vapor respectively, & is the wetting angle. The Young’s equation can better
distinguish between three different growth modes. For island growth, & >0 and it
suggests the island growth occurs only the surface tension of the film exceeds that of
the substrate. In layer-by-layer growth, the film wets the substrate and so#=0. The
heteroepitaxial growth of oxide thin films requires a layer-by-layer growth with similar
film and substrate surface energy. It should be pointed out that the nucleation during
oxide thin film growth can occur in many ways including step edges, defects etc. The

growth of nucleus can also vary after the critical nucleus size been reached.
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FIG. 1.19. Schematic diagram of the atomistic nucleation process during a vapor

deposition process.

A basic schematic diagram flow of the vertically aligned nanocomposite thin films
growth is shown in Figure 1.20. The growth of VAN thin film mainly involves two
stages, the clusters nucleation and film growth. At the very early stage of composite
film growth, different adatoms will arrive at the substrate surface in parallel. Same
phase molecules will accumulate since they have same surface energy and nucleate to
minimum the total system free energy. For the phases which with similar lattice
parameters to the substrate will grow as layer-by-layer mode. Multiple phases will
either get in contact and form the initial monolayer on substrate or nucleate as islands
first and then grown as continued layers. The phase column widths are determined by
the adatoms diffusion as a competition on the substrates. The following film growth
will perform as heteroepitaxial mode and same phase adatoms will locate on the same

column region of the bottom layer defined by the energy minima and to reduce the
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lattice mismatch.'?® Functional properties of VAN thin films are in deep related to the
microstructures which could be enormously various due to different material properties
and film growth conditions. As shown in Figure 1.20, the in-plane nano-checkerboard

architecture is not the only format that exists in the VAN thin films.

Adatoms transportation Mucleation, islands growth Columnar growth

Two-phases VAN model

FIG. 1.20. Schematic diagrams flow of the vertically aligned nanocomposite thin films

growth.
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FIG. 1.21. Plan-view TEM images of VAN thin films with various architectures. (a)
Checkerboard structure; (b) circular nanopillar structure; (c) rectangular nanopillar

structure; (d) domain walls structure and (e) biaxial domain structure.
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Figure 1.21 compares different in-plane architectures in VAN thin films. A perfect
checkerboard morphology needs very carefully experimental control and only for

. 121
specific systems.

As a matter of fact, a more general case in VAN growth is the
doped nanopillars formed in continued thin film matrix and that can be identified as
VAN-derived structure. Either circular, rectangular or T shape columns can be formed
in VAN films depending on the strain relaxation and the various phase nucleation
mechanisms. Another interesting architecture in VAN thin films is the biaxial domain

walls structure which requires two phases have competitive growth kinetics and a

specific film composition.

1.4.3 Strain control in VAN thin films

The vertically aligned heteroepitaxial growth of multiple phases in VAN thin
films provides novel ways of engineering the strain in functional oxide materials.
Overall, there are two types of strain in VAN thin films: the substrate induced
horizontal strain on the film-substrate interface and the vertical interfacial strain along
the phase boundaries. Figure 1.22 shows two different strain controls in BiFeO3:Sm,03
(BFO:SmO) VAN thin films. BFO is a distorted rhombohedral perovskite, it can easily
epitaxially grow on STO (001) substrate with similar lattice parameter (a=3.96A) as

that of the STO substrate (a=3.91A) (shown in Figure 1.22a).
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The second phase SmO is a typical rare earth (RE) oxide with cubic crystal
structure, and epitaxial growth can be achieved after 45° in-plane rotation of SmO
crystals on STO substrates as shown in Figure 1.22b. In a pure epitaxial film, the phase
is simply strained to the isostructural substrate. The substrate stain control is quite
similar to epitaxial pure film growth with film thickness less than 100nm. In substrate
strain control, the BFO phase will maintain compression in-plane and tension out-of-
plane, and the SmO phase will maintain tension in-plane and tension out-of-plane,
respectively. This estimation is based on epitaxial film-substrate lattice matching and
Poisson’s effect. The vertical interfacial strain control is an opposite status where
vertical lattice matching on the phases/columnar interface plays a dominant role overall.
BFO phase will maintain tension in-plane and compression out-of-plane, and SmO

phase will maintain compression in-plane and tension out-of-plane.
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FIG. 1.22. Schematic diagrams of strain control in BiFeO3:Sm,03 VAN thin films. (a)
Lattice matching of BiFeOj; on SrTiO; (001)substrate; (b) lattice matching of Sm,0O3 on
SrTiO; (001)substrate; (c) the horizontal substrate strain control in BFO:SmO thin

films; (d) the vertical interfacial strain control in BFO:SmO thin films.
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The vertically aligned nanocomposite thin film systems have enormous potential
to control the vertical interfacial strain in much thicker films with its correspondingly
large volume. In VAN thin films, the vertical column width are relative small
(10~50nm) that the substrate induced strain can not fully relax. The strain in the lower-
modulus phase is controlled by that in the higher-modulus phase which mainly caused
by the vertical strain and the strain can be maintained throughout much thicker
epitaxial films (>500nm). It is the interfacial lattice matching further more the
competition of those two strains that made the VAN thin films so interesting to achieve
multifunctionalities and have the potential to enhance a single functionality through
manipulating the strain in one of the phase by another.

Strain in VAN thin films exist not only on the substrate/film interface due to
epitaxy film growth, but also the vertical interfacial phase boundaries with lattice
matching between phases. Electron microscopy analysis demonstrated the lattice
matching in BiFeOj;:NiFe,O4 VAN thin films as shown in Figure 1.23."2 The 5%
lattice mismatch can relax on the vertical interface given from both cross-section and
plan-view orientations. High resolution TEM image also reveals the structural
continuity occurs across the vertical phase interface. To reduce the interface energy, a

structure continuity was maximized from the [Ni,Fe]O, layer to BiFeOs.
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FIG. 1.23. High resolution TEM images of BiFeOs-NiFe,O, interface with zone axis

along (a) [110] cross-section orientation and (c) (001) plan-view orientation. (b) and (d)

are the corresponding Fourier filtered images that reveal the lattice mismatch.

1.4.4 Novel physical properties in VAN thin films

VAN thin film systems exhibit many interesting physical properties because of its

unique microstructure. Those novel physical properties including multiferroics and



54

exchange bias are based on the specific strain control in VAN architectures and the

interface effects in between vertical phase columns.

1.4.4.1 Multiferroics in VAN thin films

Multiferroics refers to a class of materials which maintain ferroelectricity,
ferromagnetism and ferroelasticity simultaneously. The multiferroic materials exhibit
both polarizations and magnetizations with external electric field and magnetic field,
respectively. In multiferroic materials, the magnetic ordering is governed by the
exchange interaction of the electron spins and the ferroelectric ordering is governed by
the redistribution of charge density in the lattice.

The architecture of vertically aligned nanocomposite can be implemented to
achieve simultaneous ferroelectric and ferromagnetic properties.'>'**'* VAN thin
films can be grown as consisting of ferroelectric phase and ferromagnetic phase while
have good phase separation and lattice matching. The coupling between the two
ordering parameters is though the stress mediation. For example, a magnetic field will
induce a distortion of the magnetostrictive phase, which in turn distorts the
piezoelectric phase in which the electric field will be generated. The composite could
be considered as a new multiferroic material. There are several advantages of
multiferroic composites over the single phase multiferroics.'?' First of all, the physical
properties of the composite materials can be adjusted by the selection of different

constituent phases as well as the volume ratio to meet specific applications. Second, a
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higher magnetoelectric coupling can be achieved as compared to that of single phase
multiferroics.

VAN multiferroic materials in thin film form offer a broadway to achieve high
material quality and to investigate the structure-property relationships. Zheng et al.
reported their initial work on creating VAN thin films consisting of CoFe,O; pillars
embedded in BaTiO; matrix as shown in Figure 1.24.°° There is a large difference in
lattice parameter between those two phases that leads to the formation of pillars with
column width around tens of nm. This VAN system consists of ferroelectric BaTiOs
phase and ferromagnetic CoFe,O4 phase, and the magnetoelectric coupling effect is
through the stress mediation. In addition, the substrate clamping is largely reduced and
it exhibits strong magnetoelectric coupling between the phases due to a high interface-
to-volume ratio. The temperature dependent magnetic measurements illustrate the
coupling between the two ordering parameters, which is manifested as a change in

magnetization at Curie temperature.
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FIG. 1.24. (a) Schematic illustration of a vertically aligned nanocomposite
BaTiO;:CoFe;04 thin film. (b) TEM planar view image shows the CoFe,O4 nanopillars

in the BaTiO; matrix. (¢) and (d) show a simultaneous ferroelectric and

ferromagnetism in BaTiO3:CoFe,O4 VAN thin film.

Following research work has been conducted on several other perovskite-spinel
systems. Novel multiferroic VAN systems with conbination of a number of perovskite
(eg. BaTiOs;, PbTiO; and BiFeO3)®'**!'** and spinel (eg. CoFe,04, NiFe,O4, and

Fe,05)""'#*!?7 structures have been investigated. Zavaliche et al. reported AE/AH=100
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V/cm Oe at room temperature in a BiFeOs:CoFe,O4 VAN thin film.'?® The magnetic
force microscopy scans the samples before and after electric field poling and shows a
significant number of CFO pillars switch their magnetic state from a downward
direction to an upward direction under applied electric field.'"” The VAN architecture
has also been demonstrated to be very versatile and offer an excellent opportunity for

electrically controlled magnetic storage.

1.4.4.2 Exchange bias in VAN thin films

Exchange bias usually occurs in bilayers or multilayers of magnetic materials
where the hard magnetization behavior of an antiferromagnetic thin film causes a shift
in the soft magnetization curve of a ferromagnetic film. This phenomenon is of
tremendous utility in magnetic recording, where it is used to pin the state of readback
heads of hard disk drives at exactly the point of maximum sensitivity, as called bias.

The basic physics of exchange bias is the exchange interaction between the
antiferromagnet and ferromagnet at the interface as shown in Figure 1.25. Since
antiferromagnets have a small or no net magnetization, their spin orientation is only
weakly influenced by an externally applied magnetic field. A soft ferromagnetic film
which is strongly exchange-coupled to the antiferromagnet will have its interfacial
spins pinned."*® Reversal of the ferromagnet's moment will have an added energetic
cost corresponding to the energy necessary to create a Néel domain wall within the

131

ferromagnetic film.” The added energy term implies a shift in the switching field of
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the ferromagnet. Thus the magnetization curve of an exchange-biased ferromagnetic
film looks like that of the normal ferromagnet except that is shifted away from the H=0

axis by an amount Hy,.

M
Biased film t
F
AF
; ' = H
Unbiased film
F

FIG. 1.25. Schematics illustrating that the exchange bias occurs at the interface

between the antiferromagnet and ferromagnet phases.

Exchange bias can be achieved by coupling an antiferromagnetic (AFM) phase
with a ferromagnetic phase. This effect has been shown in many bi-layer systems, and
also in particulate composites, but never in vertical structures. Vertical aligned

nanocomposite thin films are of increasing interests to offer significant advances for
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applications such as exchange bias and related strain control. To achieve exchange bias
the ratio of interfacial area to the volume of the FM phase must be as high as possible.
For a bi-layer structure, this means that there is a limit to the film thickness — typically
around 10-30nm. For a vertical composite the interfacial area increases with the
thickness, so the limit does not apply and the key dimension will be the column width.
Figure 1.26a compared the typical design of a bi-layer composite for exchange bias
with the design of the equivalent vertical composite.

Exchange bias has been reported in BiFeOs:Fe;O4 VAN films with careful control
of both the constituent phases and the microstructure of the composite.”>”” Films of
10% Fe;04 — 90% BFO VAN thin films were grown under optimum deposition
conditions, as shown in Figure 1.26b and c. Exchange bias was set by field cooling
from 680 K with an out-of-plane field of 10 kOe. Figure 1.26d shows room
temperature magnetic measurements, with the field applied in the out-of-plane
direction. A shift of the hysteresis loop is clearly visible, with an exchange field Hex of

60 Oe. This is the first ever example of exchange bias in a vertical nanocomposite.
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FIG. 1.26. (a) Geometries for exchange bias in vertical composites and bi-layers; (b)

simulated lattice matching of BFO-Fe;O, heteroepitaxial growth; (c) cross-section

TEM micrograph shows columnar growth of alternatively ordered phases; (d) room

temperature magnetic measurements taken at room temperature shows an exchange

field of 60 Oe.
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1.5 Material engineering in VAN oxide thin films

1.5.1 Structure control of VAN architecture

To grow high quality VAN thin films, the deposition process need to be carefully
controlled and several points need to be considered.'”! First is to obtain high quality
epitaxial two-phase structure while maintaining the chemical stoichiometry of both
phases and eliminating the impurity phases. The second is to achieve clear sharp
interfaces between the phases and avoid any inter-diffusion. In the BiFeO;:Sm,0s3
VAN thin films, it has a quaternary Bi-Fe-Sm-O system and many possible phases
including BiFeO;, Bi,0;, a-Fe,0s, y-Fe,O3 and Sm,03 could be formed during film
growth. It has been reported that by varying the deposition oxygen pressure, the
dominant phase formed in the nanocomposite thin films continuously changes from

ferroelectric BiFeO; to a mixture of & -Fe,O3; and ferromagnetic y -Fe,03."*” The

parasitic phases will affect further the magnetic and electrical properties of the films.
The unidirectional solidification process during the film growth requires high
temperature and a critical control over the composition and unexpected third phases, to
obtain regular eutectic phases/structures under steady state conditions.

Different growth kinetics will lead to various microstructures and further tune the
physical performance of VAN thin films. In the growth of oxide thin films, material
kinetics can be affected by growth temperature, deposition rate and molecular surface
diffusion. Zheng have studied the growth of BaTiO3:CoFe,Os VAN thin films under
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different growth conditions. = Figure 1.27 shows that the column width of CoFe;O4
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nanopillars increases systematically as the growth temperature increases and a higher
film growth rate will decrease the phase crystallinity. Also the phase separation is
directed by surface diffusion which is the main contribution in the formation of
BaTiO;:CoFe;O4 VAN thin films. It was also concluded that the antiphase domain
boundaries (ADBs) provide both nucleation sites and diffusion paths for the growth of
multiphases in VAN thin films. ADB is the boundary that separates two domains and it
usually results from lattice distortion, low growth temperature and high growth rate.
ADBs are in general non-equilibrium state and have a positive excess free energy.
They can migrate to reduce the total amount of boundaries through a thermodynamic

driving force.

FIG. 1.27. Plan-view TEM images of BTO-CFO nanocomposite thin films. The CFO
pillars were doped in BTO continued film matrix and its column width increases as

increasing the deposition temperature from (a) 850°C to (b) 900°C and (c) 950°C.
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The surface morphology of VAN thin films is highly related to the nucleation of
deposited adatoms on a given substrate. That can be affected by several energy terms
including the substrate surface energy, interface energy and surface energy of the
crystalline phase. A systematic study has been conducted on BiFeOs:CoFe,O4 VAN
thin films on different oriented SrTiO; substrates.'” Most perovskite phases including
BiFeO; have the lowest energy surfaces of {001} surfaces with a corresponding
equilibrium shape cube with six {100} facets. The second phase CoFe,O4 is
characterized by the lowest surface energy of {111} surfaces and an equilibrium shape
of octahedron with right {111} facets. The Winterbottom construction theory has been
used to build the possible configuration of crystalline nucleus on the substrates with
different surface energies.]3 3 When the SrTiO; substrate orientation is parallel to the
lowest energy surface of either phase, one phase will form continued epitaxial film
matrix by the definition of energy minima and the other phase will form doped
nanopillars. With the case of the substrate orientation is not parallel to either phase,
both BFO and CFO will have competition of wetting configurations with island growth
modes. Figure 1.28 shows different surface morphologies of BFO:CFO nanocomposite
thin films grown on SrTiO; substrates with various orientations.'” It reveals that the
large difference in the surface energy anisotropy of the multiple phases results in the
different nucleation modes on the substrate. With paralleled substrate orientation, the
wetting phase will form a continued film matrix which covers a larger area of the
substrate and with the other phase form islands at the initial nucleation stage. With

unparalleled substrate orientation, the wetting conditions of both phases as well as the



64

area fraction/nucleation sites will be similar. The columnar structure and column
widths are established at the initial stage of composite film growth and there is no

distinct change of microstructures within the film thickness.

FIG. 1.28. TEM plan-view micrographs of BiFeOs:CoFe;O4 VAN thin films grown on

SrTiOs substrates with (a) (001), (b) (111) and (c) (110) orientations.

It is interesting to see the volume fraction of two phases does not change the mode
of the VAN thin films growth in BFO-CFO system. However, that is not true in the
BiFeO;:Sm;0O; VAN thin film system. Figure 1.29 shows the BFO:SmO
nanocomposite thin films grown on SrTiOs; (001) substrates with different film
compositions. It is clearly to see a dramatic morphology change as a function of film

compositions. With the same molar ration of two phases, SmO grow as nanopillars
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doped in continued BFO thin film matrix. While adjusting the mole ratio of BFO:SmO
to 60%:40%, both phase shows strong biaxial domain wall shape growth. The
nucleus/island growth prefers to go along the (100) and (010) substrate strain directions
in-plane. With more BFO composition in the film as 75%:25%, SmO phase grows as T
shape columns doped in the BFO continued film matrix. This plotting reveals that the
anisotropic surface energy is not always the first priority concern for a steady-state
growth of the multicomponent nanostructures. The volume ratio drived biaxial strain
may also affect the microstructure of VAN thin films.

The microstructure of the embedded columns related to the balance of the relative
interfacial and elastic strain energies."** The microfaceting presented in the cylindrical
shape pillars has much finer scale and smaller dimension."*> A smaller and cylindrical
pillar can minimize the surface energy and highly faceted rectangular pillars minimize
the elastic strain energy. The BaTiO;:CoFe,04 and BiFeO;:CoFe,O4 nanocomposite
thin films show a minor microstructure variation on the doped CFO nanopillars. As
shown in Figure 1.30, CFO nucleates as cylindrical rather than rectangular in BTO and
BFO matrix, respectively.'?’ As compared with the lattice parameter of CoFe,O,
(a/2=4.13A), BiFeOs (a=3.93A) has a larger lattice misfit than that of the BaTiO;
(a=4.00A) film matrix. This can explain the more faceted islands of CoFe;O4 column

in BaTiO; because there is more strain energy need to be accommodated.
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FIG. 1.29. Plan-view TEM images show the surface morphologies of BiFeO;:Sm,03
VAN thin film grown on SrTiO3(001) substrate with different film compositions. (a)

50:50, (b) 60:40 and (c) 75:25.
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FIG. 1.30. Plan-view TEM images of BaTiO;:CoFe,0O4 (a and b) and BiFeO;:CoFe,O4
(c and d) nanocomposite thin films, respectively. CFO phases were doped as nanopilars

in the nanocomposite films for all cases.

The main challenge of VAN thin film growth is to create the vertically aligned
columnar structure well and maintain good phase qualities. Since the VAN composites

heavily rely on phase separation, it is important to carefully select proper materials and
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build the VAN system. Furthermore, accurate control on the kinetic and

thermodynamic parameters during the film growth may also be helpful.

1.5.2 Strain tuning in VAN thin films

Tunable strain can be achieved in VAN thin films through material selections as
well as experimental parameter control. The effectiveness of the vertical strain depends
on the quality of the columnar interfaces, and their area density is related to that of the
film-substrate interface.'” Figure 1.31 demonstrates the tunable strain control in VAN
thin films as a function of film thickness and compared with that of bulk materials.
The incorporation of ZnO phase switched the vertical strain state of LSMO phase from
compression (substrate strain control) to tension (vertical strain control), as shown in
Figure 1.30a. The investigation on BFO:SmO VAN system reveals that the in-plane
SmO strain state is switched from compression to tension by the presence of BFO. The
transition occurs at a thickness (around 20nm) similar to the column width. Those
samples demonstrated the tunable strain states can be achieved by varying the film

thickness in VAN thin films.
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FIG. 1.31. Tunable strain control in LSMO:ZnO and BFO:SmO VAN thin films. (a)

out-of-plane lattice constants of LSMO versus calculated vertical interfacial strain in

LSMO:ZnO VAN thin films; (b) out-of-plane lattice constants of BFO versus

calculated vertical interfacial strain in BFO:SmO VAN thin films.

Besides the VAN films thickness, the vertical interfacial strain area density can

also be tuned by adjusting the column width with different composite film composition

and deposition parameters.''* Detailed study will be conducted later in Chapter III.

1.5.3 Interfacial effects in VAN thin films

Novel electron systems can be generated at well-defined interfaces in complex

oxides. Much progress has been achieved in exploring the fundamental properties of

oxide interfaces, and it is clear that those electron systems offer great potential for
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possible future device applications. Those phenomena that arise in oxide interfaces
include spaced ions interacting with electrons, the unique electronic character of
oxygen ions and interactions among the electron. Oxide interfaces make them all
deviate from free-particle behaviors. And many oxide interfaces will become
electronically active by altering the hybridization of the ionic orbital and by modifying
the orbital and spin ordering to couple the lattice structure.

The VAN thin films provide nice interfaces both on horizontal and vertically
between phases. There is a possibility to translate the unexpected interface-induced
novel properties observed in multilayers to VAN structures since the latter one can
provide much larger interfacial areas and give much larger signals. The effect of
vertical interface on the physical properties of metal oxide is profound and can be used
to tune the physical properties of materials. Yang et al. reported the electrical
properties study of the vertical interface effect in BiFeO3:Sm,03; VAN thin films.'” As
shown in Figure 1.32, the dielectric loss and the leakage current density of the
BiFeO;:Sm,0; nanocomposite are all much lower than that of pure BFO films.'%
Considering the nature of the leakage current of nanocomposites is controlled by the
major phase and the much lower leakage current density implies a much larger
interfacial area of BFO phase. On the other words, it is the larger vertical interfacial
area in BFO:SmO nanocomposite that contribute to the reduction of leakage current
density of the BFO phase. This work represents a novel way of enhancing
functionalities of oxide films by both strain coupling and interfacial area increasing in

VAN architecture.
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FIG. 1.32. (a) Dielectric constants and dielectric loss of BFO:SmO, BFO and SmO thin
films; (b) leakage current density versus electric field characteristics of BFO:SmO,

BFO and SmO thin films.

The enhancement in the properties of VAN thin films results primarily from the
interaction between the component phases. The structure of VAN thin films formed by
perovskite and spinel phases (BiFeOs:NiFe;O4) has been investigated at nano-scale
using advanced transmission electron microscopy (TEM) techniques.'”* As shown in
Figure 1.33, the BiFeO layer in BiFeO; matrix was found to bond to the [Ni,Fe]O,
layers of the NiFe,O4, giving a minimized interface charging and a maximized

structure continuity across the interface, which result in a stronger elastic coupling.
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FIG. 1.33. (a) and (b) Structure models of the BiFeOs:NiFe,0;, interface; (c) the phase

of the electron exit wave along [001] zone axis.

The vertical interfaces in VAN thin films also has the potential to tune the
magnetrotransport properties of materials including colossal magnetoresistance (CMR)
and further more the low field magnetoresistance properties (LFMR). It has been
demonstrated that the enhanced magnetotransport occurred at the grain boundaries
(GBs) in polycrystalline perovskite manganites, where the magnetic spin alignment is

obstructed and the spin-polarized tunneling happened.'™ Much work can be done to
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increase the interfacial GB areal density or the disordered regions at the GBs by
incorportating an insultiong oxide phase with perovskite manganite into VAN thin
films. A improved LFMR of ~12% was reported at an external magnetic field of H=1T
at 77K in Lay7Sro3sMnOs3:ZnO VAN thin films. It is highly possible due to the

enhanced GBs effect at the vertical interface between phases.’’

1.5.4 Nanostructures achieved from VAN thin films

In nanostructured materials and related devices, scaling sizes down to tens of
nanometers is appealing for device miniaturization and giving the opportunity of
exploring novel phenomena raised from nanometer-size effects. The device
miniaturization will pose not only technological challenges but also new architecture
design at nanoscale.'” To fabricate nanostrucres, classical top-down patterning
processing always starts with a thin film, fabricating structures of desired geometry out
of it by photolithography and etching, as shown in Figure 1.34a. This flow shows the
process of high density Pb(Zry,Tips)O; (PZT) nanocapacitors using anodized
aluminium oxide (AAO) mask as the growth template.'”’ Main drawback of this
process is that the etching of the perovskite oxides is complex and usually renders a

damaged region at the rim of the patterned structures.'®
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FIG. 1.34. (a) The top-down process flow of fabricating PZT nanocapacitor arrays by
AAO template; (b) self-assembly growth of nanocapacitor arrays by VAN thin films

and followed etching and lift-off procedures.

VAN architecture could work as a growth template to process self-assembly
nanostructures, which would allow to pattern large area arrays of high-quality, epitaxial
nanostructures with lateral dimensions in a range below 100nm. Figure 1.34b reveals a
proposed self-assembled growth of ultra high density nanocapacitors. Well ordered
VAN thin films can be grown on a large substrate by physical vapor deposition such as
pulsed laser deposition. One of the phases will be following splitted out either by

chemical method such as chemical etching and reactive ion etching, or physical
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methods such as thermal treatment on components with different melting temperatures.
The final top electrodes can be selectively deposited by photoresist-assisted lift-off
process. Column widths as well as the dimension of single nanocapacitor in the self-
assembly grown arrays are much finer as compared to the reported records of the one
processed by traditional top-down techniques and will lead to a much higher storage
density (1Tb inch™).

Based on the self-assembly growth of nanoisland arrays as mentioned above, the
VAN architecture can also lead to other nanostructures such as nanowire, nanorods and
nanopores.'” The key aspects of the work will be material selection in VAN thin films

and the proper selective etching to eliminate one of the composite phases.
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CHAPTER II

RESEARCH METHODOLOGY

2.1 Pulsed laser deposition

Laser is an acronym for "Light Amplification by Stimulated Emission of
Radiation". Basically, three key elements, resonance structure, gain medium and

pumping source are needed to be combined together in a system and generate a very
collimated, monochromatic and coherent beam of laser. In the pulsed laser mode, the
output of a laser varies with respect to time, typically taking the form of alternated 'on’
and 'off' periods. The laser has been with great popularity in divers and broad
applications in many areas such as military, medical, metallurgy and semiconductor
manufacturing. As an outstanding representative, the pulsed laser deposition (PLD) has
achieved significant development in the past 30 years and becoming a broadly
applicable technique for thin film deposition.'**'*

Physical vapor deposition (PVD) is a variety of thin film deposition methods with
the condensation of vaporized materials from the target onto various surfaces in a
vacuum chamber. PLD is one of the standard PVD techniques with very simple system
setup. As shown in Figure 2.1, a PLD system basically consists a target holder and a
substrate holder in a vacuum chamber which maintained by a second level

turbomolecular pump.'*” The bulk ceramic target is oriented at an angle of 45° to the

incident laser beam and right confront to the substrate holder. A high power pulsed
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laser will be used as external energy that shot onto the target surface which will
vaporize the material and have the material transported onto the substrate surface. The
distance between the target and deposited substrate is usually maintained at 4 - Scm.

The substrate holder can be heated up to 1200°C and a precisely temperature control

can be achieved with embedded computer controlled thermal couples. With proper film
grown parameters including the substrate temperature, laser energy density, pulse

repetition rate and proper working gas, high quality thin film can be deposited.
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FIG 2.1. Schematic of a single target pulsed laser deposition system.
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In general, the useful range of laser wavelengths for thin film growth in PLD is
between 200nm and 400nm. Most of the works have been done by PLD were using
excimer laser and Nd*":YAG lasers as the deposition source. Yttrium aluminum garnet
(YAG) lasers are solid-state systems which generate high output laser energies by
using two YAG rods in an oscillation modes. The excimer is a gas laser system in
which the excimer molecules are formed by mixture their component gases. KrF is one
of the highest gain systems for electrically discharged excimer lasers with 248nm
wavelength and has been used in this work. A set of optical components including
lenses, apertures and mirrors are placed in between the output of laser and the
deposition chamber in order to steer and focus the beam. The beam splitters can split
the laser beam into two or more separate beams. It can help build multiple deposition
systems with multiple chambers but sharing with only one laser source.

PLD is an extremely versatile technique that can be used to prepare a wide range
of materials in thin film. Different to its simple experimental setup, the PLD technique
is quite a complex physical phenomenon. The theoretical descriptions including the
laser-target interaction, the interaction of laser beam with evaporated materials and
adiabatic plasma expansion, and it combines both equilibrium and nonequilibrium
processes. When a laser beam was absorbed by a target surface, the electromagnetic
energy of the incident laser will first converted into electronic excitation and then into
thermal, chemical and mechanical energy. These energy transactions will cause
material evaporation, ablation, excitation, plasma formation and exfoliation. A plume

will formed by the material evaporation and consists of a mixture of energetic species
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including small particles, molted globules, clusters, molecules, atoms, ions, and even
electrons.

In 1990, R. K. Singh and J. Narayan systematically descripted the basic PLD
physical principles in the following subsections.'*® The physical stages in PLD are the
laser-target interactions during the laser radiation and the after, which can be separated
as three separate regimes. Those three regimes are including: 1) the interaction of the
laser beam and the target material which results the evaporation of the surface layers, 2)
the interaction of the evaporated material with the incident laser beam which results an
isothermal plasma formation and expansion, and 3) the anisotropic adiabatic expansion
of the plasma which leads to the characteristic nature of the laser deposition process.
The first two regimes happen at the start of laser radiation and through the laser pulse
duration (about 25 ns duration), and the last adiabatic expansion happens right after the
laser pulse terminates. Figure 2.2 shows the first laser-target interaction regime during

the pulsed laser period.'*®
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FIG 2.2. Representation of the laser target interaction stages during the short pulsed

laser period.

The interaction between high power laser pulses and the target results in the
melting and evaporation of the surface layers. Both the pulsed laser and target material
properties will affect the interaction. With appropriate boundary conditions, a one-
dimensional heat flow equation can simulate the case of three-dimensional heat flow to

address the heating and melting process. The equation is given by:
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where x is the direction perpendicular to the sample, ¢ is the time, i refers to the solid

and liquid interfaces, p,(T’) is the temperature dependent density, C,(T') is the thermal

heat capacity, R(7) is the temperature dependent reflectivity, a(7) is the absorption
coefficient, /y(?) is the time dependent incident laser intensity and K; is the thermal
conductivities of solid and liquid phases at the interface. This equation can provide
accurate numerical solutions by the finite difference method to characterize the
properties of pulsed laser irradiated material.

The high-power pulsed laser beam irradiation on target surface will cause a high
temperature (>2000K) which will further lead to an emission of the positive ions and
electrons out of the surface. The emission of electrons can be described in exponential
increasing as a function of the temperature from the Richardson’s equation. And the
thermal emission of ions can be calculated from the Langmuir-Saha equation as show

below:

L _ & gyt (2.2)
Iy &

where 7, and i, are the positive and neutral ion fluxes respectively, g, and g, are the
statistical weight of the positive ionic and neutral states respectively, ¢ is the electron

work function, and / is the ionization potential of the evaporated material.
While the plasma regime is being constantly augmented at the inner edge by the

evaporated materials, ions with higher density will be produced near the surface of the
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target. The outer edge of the plasma regime is transparent to the laser beam and the
target surface will continually absorb energy from laser radiation. A schematic diagram
in Figure 2.3 shows that during the incidence of the laser, there are totally four
different regions could be distinguished as: 1) the unaffected bulk target, 2) the
evaporating target surface, 3) the area near the surface absorbing laser beam energy and

4) the rapidly expanding outer edge which is transparent to the laser beam.'*®
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FIG 2.3. Schematic diagram shows the different phases presented during the laser-

target interaction.



83

After the plasma formation and its initial isothermal expansion, the adiabatic
expansion of the plasma in vacuum working chamber will give rise to the laser-
deposition process. In this regime, the thermal energy is converted to kinetic energy,
and the velocity of the plasma will increase as the thermal energy of the plasma will
decrease. Mainly there are two points can help address the slowly temperature drop.
First of all, the cooling will be balanced by the energy regain from ions recombination
processes. Secondly, the plasma will only expand in one direction since the initial
dimensions are much larger than the transverse directions in an order of 10s. The last
stage of PLD is the deposition of ablated materials onto the substrate, its nucleation and
growth as thin film on the substrate surface. This stage is important to determine the
quality of the deposited thin film. The ejected species by laser-target interaction always
with high energy and may induce various damages to the substrate. The energetic
species will sputter the substrate surface atoms and form a collision region between the
incident flux flow and the sputtered atoms. When the condensation rate is higher than
that of the flux, a thermal equilibrium condition can be reached and film starts to grow
on the substrate.'*’

The future development of the PLD technique will be always equipped with other
techniques. For example, with the introduction of high-pressure reflection high-energy
electron diffraction (RHEED) in PLD, the growth rate control on an atomic level and a
in situ growth studies can become possible.'*” And the development of ultrafast laser
(<10™"/s pulses) can help product a fully atomized continuous flow of the ablated

material, which can results in films with super quality. Given the recent results
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obtained with coated-conductor systems by PLD, it is apparent that PLD would be able
to coat large size substrates (>200mm). And new products and PLD equipment for both

R&D and production are being commercialized at a steady pace.'*°

2.2 Thin film microstructure and crystalline characterizations

The characterization of deposited thin films in this dissertation including using
non-destructive and destructive techniques which allows the determination of

microstructure, crystalline quality, defect and impurities presence, etc.

2.2.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a very convenient, versatile and non-destructive
technique that reveals detailed information about the chemical composition and
crystallographic structure of natural and manufactured materials. When a
monochromatic X-ray beam strikes on a crystal, it will diffract into different specific
directions. From the angles and the intensities of the diffracted beams, a three-
dimensional plotting of the crystal can be simulated. Not only an effective way to
determine the orientation of a single crystal or grain, the XRD can also help find the
crystal structure of an unknown material or measure the size, shape and internal stress

of small crystalline regions.'*!
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As the most fundamental formula to address the effect of XRD, Bragg's Law
refers to the simple equation as below:
nA=2dsin@ (2.3)
It explains why the cleavage faces of crystals appear to reflect X-ray beams at certain
angles of incidence (o, A). As shown in Figure 2.4, the variable d is the distance
between atomic layers in a crystal, and the variable lambda is the wavelength of the

incident X-ray beam; n is an integer.'*
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FIG 2.4. (a) A two dimensional periodic array of atoms that forms different planes in
the crystal, (b) diffraction for a set of planes with inter-plane distance d which is

conditioned to Bragg’s Law.
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By varying the angle theta, the Bragg's Law conditions are satisfied by different d-
spacings in polycrystalline materials. Plotting the angular positions and intensities of
the resultant diffracted peaks of radiation produces a pattern, which is characteristic of
the sample. Where a mixture of different phases is present, the resultant diffractogram
is formed by addition of the individual patterns. Although Bragg's Law was used to
explain the interference pattern of X-rays scattered by crystals, diffraction has been
developed to study the structure of all states of matter with any beam, e.g., ions,
electrons, neutrons, and protons, with a wavelength similar to the distance between the
atomic or molecular structures of interest.

Thin film diffraction does not mean a specific technique but it refers to a
collection of x-ray diffraction techniques that used to characterize thin film samples.
These materials have important technological applications in microelectronic and
optoelectronic devices, where high quality epitaxial films are critical for device
performance. Several special points needed to be taken consideration before using x-
ray diffraction to characterize thin film samples. First, reflection geometry is used for
these measurements but the substrates are generally too thick for transmission. Second,
high angular resolution is required because the peaks from semiconductor materials are
sharp due to very low defect densities in the material. As a result, multiple bounce
crystal monochromators are used to provide a highly collimated x-ray beam for these
measurements. Besides the traditional precisely lattice constants measurement, several
other measurements are also very important and can be done on thin film samples by x-

ray diffraction.'” Those measurements include x-ray reflectivity, glancing angle x-ray
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diffraction, high resolution x-ray diffraction, residual stresses analysis, texture analysis

and rocking curve measurements.

2.2.2 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is one of the most efficient and versatile
tools for materials characterization. Historically, TEMs were developed because of the
limited image resolution in traditional optical microscopes which imposed by the
wavelength of visible light. In this dissertation, extensive TEM works have been
conducted to characterize the morphology, crystallography as well as chemical
informations of nanocomposite thin films. TEM facilities in this work include the
JEOL 2010 analytical microscope (200KV, LaB¢ filament with 0.23nm point
resolution) and FEI Tecnai F20 analytical microscope (200KV, ZrO,/W Schottky firld
emitter with 0.27 point resolution, Z-contrast dark-field STEM imaging using the
HAADF detector). In addition to the regular single-tilt and double-tilt holders, heating
stage (up to 1200 °C) and Be double-tilt holder have also been used for in situ-heating

and Energy Dispersive X-ray Spectrometer (EDX) experiments, respectively.
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As shown in Figure 2.5, a typical TEM system contains four parts: the electron
source, electromagnetic lens system, sample stage and imaging systems which all

144 .
The electron source consists of a cathode and an

combined in a vacuum column.
anode. The cathode will emit electrons when being heated. A negative cap confines the
electrons into a loosely focused beam. The beam is then accelerated towards the
specimen by the positive anode. Electrons at the rim of the beam will fall onto the
anode while the others at the center will pass through the small hole of the anode. After
leaving the electron source, the electron beam is tightly focused using electromagnetic
lens and metal apertures. The system only allows electrons within a small energy range
to pass through, so the electrons in the electron beam will have a well-defined energy.
The imaging system consists of another electromagnetic lens system and a screen. The
electromagnetic lens system contains two lens systems, one for refocusing the electrons
after they pass through the specimen, and the other for enlarging the image and

projecting it onto the screen. The screen has a phosphorescent plate which glows when

being hit by electrons.
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FIG 2.5. The block diagram of a typical TEM system with analytical capabilities.

The resolving power of TEM can be defined as the closest spacing of two points
which can clearly be seen through the microscope to be distinguished as separate
entities. The diffraction effect limits the resolution of a microscope because the light
from a very small point in the object suffers diffraction, particularly by the objective

aperture, and even an infinitesimally small point becomes a small Airy disc in the
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image. In order to make this disc as small as possible, the aperture must be as large as
is feasible. Rayleigh proposed a criterion which works well in most cases and has been
used extensively ever since; when the maximum intensity of an Airy disc coincides
with the first minimum of the second, then the two points can be distinguished. Figure
2.6 illustrates that the resolution limit is d;/2."* Microscopes apertures are normally
referred to in terms of the semi-angle, a, which subtends the specimen. Then, it is

possible to derive from diffraction theory an expression for the resolution,

e 0.614
nsina

(2.4)

where A is the wavelength of the radiation, » is the refractive index of the medium
between the object and the lenses, and a is the semi-angle of collection of the
magnifying lens. The nsina is usually called the numerical aperture (NA).

Not only the high resolution images can be achieved with short wavelength of
electrons, but also the further magnification of the images can be adjusted by the lenses
in TEM. Magnification refers to the degree of enlargement of the diameter of a final
image compared to the original. In practice, magnification equals a distance measured
between two points on an image divided by the distance measured between these same
two points on the original object. There are at least three magnifying lenses in an
electron microscope: the objective, intermediate, and projector lenses. The final
magnification is calculated as the product of the individual magnifying powers of all of

the lenses in the system.'*
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FIG 2.6. The intensity of the Airy rings from two neighboring pinholes. The intensity
distributions from each of the pinholes separately and the maximum intensity from one
pinholes coincides with the first minimum from the other giving a resolution limit of

di/2.

There are two basic operation modes of the TEM system: the diffraction mode and
imaging mode as shown in Figure 2.7. By changing the focal length of the intermediate
lens, diffraction mode and imaging mode can be easily obtained in the TEM. In the
diffraction mode, the image plane coincides with the back focal plane of the objective
lens; while in the image mode, the image plane coincides with the image plane of the
objective lens. In the simple imaging mode, the specimen always shows little contrast.
To increase the contrast objective apertures are inserted at the back focal plane of the
objective lens in the conventional imaging mode, which is called diffraction contrast.

When the aperture is positioned to allow only the transmitted (undiffracted) electrons
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to pass, a bright-field (BF) image will be formed. When the aperture is positioned to

allow only some diffracted electrons to pass, a dark-field (DF) image will be formed.
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FIG 2.7. Two basic operation modes of TEM system: (a) the diffraction mode and (b)

the imaging mode.

High resolution TEM is an imaging mode of the TEM that allows the imaging of

the crystallographic structure of a sample at an atomic scale. Because of the high
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resolution, it is an invaluable tool to study nanoscale properties of crystalline material
such as semiconductors, metals and complex oxides. To achieve HRTEM, there are
several aspects and related simulation work need to be satisfied. The objective lens
should be adjusted to give the shortest possible focal length and the proper specimen
holders must be used. Adjustments need to be done carefully, such as the use of higher
accelerating voltages, will results in higher resolution. Chromatic aberration may be
further lessened by using field emission guns since the energy spread of electrons
generated from such guns is considerably narrower. For most specimens, larger
objective lens apertures should be used to minimize diffraction effects. If contrast is
too low due to the larger objective aperture, smaller apertures may be used but
resolution will be diminished. In addition, they must be kept clean since dirt will have a
more pronounced effect on astigmatism. Small condenser lens apertures will diminish
spherical aberration, but this will be at the expense of overall illumination. Specimen
preparation techniques may also enhance the resolution capability. Extremely thin
sections, for instance, will diminish chromatic aberration.

In HRTEM images, the image contrast are largely depends on the parameters of
the microscope and the specimen. Simple interpretations of image contrast in terms of
columns of atoms are possible only for a narrow range of experimental conditions.
Multislice method is a dynamical calculation of diffracted amplitudes of electron
beams and can help to simulate the beam-specimen interaction as shown in Figure
2.8.1%° The effect of the first slice on the phase of the incident wavefront is calculated,

and the resulting wavefunction is then propagated through free space to the next slice.
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This process is repeated until the desired specimen thickness is achieved. The method

is highly accurate, assuming Az is sufficiently small.
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FIG 2.8. Multiple steps in the calculation of a high-resolution TEM image by the

multislice method.
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The scanning transmission electron microscope (STEM) is one of the working
modes of TEM where the beam scan parallel to the optic axis at all times so that it
mimics the parallel beam in parallel to its scanning. Figure 2.9 shows the schematics of
scanning the convergent probe for STEM images.'*’ The double-defection process
ensures that the probe remains parallel to the optics axis as it scan across the specimen
surface. The rastering of the beam across the sample makes these microscopes suitable
for analysis techniques such as mapping by energy dispersive X-ray (EDX)
spectroscopy, electron energy loss spectroscopy (EELS) and annular dark-field
imaging (ADF). These signals can be obtained simultaneously, allowing direct
correlation of image and quantitative data. By using a STEM and a high-angle detector,
it is possible to form atomic resolution images where the contrast is directly related to
the atomic number (Z-contrast image). The directly interpretable z-contrast image
makes STEM imaging with a high-angle detector appealing. This is in contrast to the
conventional high resolution electron microscopy technique, which uses phase-contrast,

and therefore produces results which need interpretation by simulation.
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FIG 2.9. Schemadic diagram of the scanning of convergent probe for STEM imaging.

TEM specimen preparation is a very broad subject. The main challenge of this

work is finally achieving a thin region less than 100nm in the sample to get electron

transparency. Certain selection of specimen preparation methods depends on the

material information you are looking for and the material features. For complex oxide

thin films studied in this dissertation, we usually prepare cross-section TEM specimen
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to see the film-substrate interface and plan-view TEM specimen to see the
nanocomposite films growth morphologies. Manually, the thin films specimen can be
paocessed as the following steps: (1) thin slice cutting from bulk sample; (2) slices glue
and prethinning; (3) final thinning of the disks and (4) final grinding. The prethinning
can be down by tripod polisher which has been used for many decades with the help of
diamond lapping films and diamond polishing paste. The final thinning can be done by
either electropolishing or ion-milling. Ion-milling is a powderful tool to finally thin the
sample down to 100nm scale. Various factors can be adjusted include ion energy, angle
of incidence, vacuum, initial surface topology, ion orientation and beam energy.
Another TEM specimen preparation method that has been rapidly adopted by the
semiconductor industry is FIB assisted method. In a FIB-SEM dual system, the ion gun
produces well-controlled beam of Ga ions. Two staircases can be cut on either side to
leave a thin wall. The ion-polish can get the wall really thin as required in TEM and

finally the wall will be attached to a probe for lift out and place it on a supporting film.

2.3 Magnetism and magnetotransport properties measurement

Thin films magnetism and magnetotransport properties in this dissertation were
measured by a Physics Property Measurement System (PPMS) (EverCool, Quantum
Design, Inc) combined a vibrating sample magnetometer (VSM) head. The PPMS
provides a flexible, automated workstation that can perform a variety of experiments

requiring thermal control including magnetic and electro-transport measurements. The
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control of PPMS sample environment includes magnetic fields up to =9 T and a 1.9 -
400K temperature range. The temperature can be varied with full sweep capability and
slew rates from 0.01 K/min up to 12K/min. The system thermometer is located at the
bottom of the sample chamber. There is another thermometer on the rotator which is
used for temperature control of loaded samples. Since it is very adjacent to the sample,
superior temperature controlling is achieved. The temperature is stabilized within +2
mk during measurements.

The AC transport measurement option in PPMS incorporates a precision current
source and a precision voltmeter in a package platform. Measurements are typically
made by passing a known current through the sample and measuring the voltage drop
across the sample direction. The ACT option supports four-terminal alternating current
resistivity measurements. In this mode, two leads pass a current through the sample,
two separate leads are used to measure the potential drop across the sample, and Ohm’s
law is used to calculate the sample resistivity. Figure 2.10 shows the sample rod used
for transport properties measurements in PPMS. The samples are mounted on easily
removable printed circuit boards. Each board provides gold pads for up to eight
electrical connections in either 4-wire or 5-wire configurations. The samples were
connected to external measurement circuits through 25-um-thick gold wires with
indium directly pressed on the contacting pads. For each data point of all

measurements, averaging of three times was applied to reduce measurement noise.
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FIG 2.10. Schematics of the sample rod and puck setup in the dewar of the PPMS.

The combined VSM option in PPMS is a fast and sensitive DC magnetometer.
The basic measurement is accomplished by oscillating the sample near a detection coil
and synchronously detecting the voltage induced. This VSM linear motor transport
uses a uniquely designed linear motor to vibrate the sample and the large range of
motion enables the VSM system to perform rapid, completely automated centering

operations.
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2.4 Dielectric properties measurement

The dielectric properties of a material are permittivity and permeability, and
represent its ability of storing energy when an external electric field is applied. As
shown in Figure 2.11, when a DC voltage source is placed across a parallel plate
capacitor, the dielectric material increases the storage capacity of the capacitor by
neutralizing charges at the electrodes. The capacitance with the dielectric material is
related to dielectric constant, and both of them can change with frequency, temperature,
orientation, pressure and molecular structure of the material. The dielectric constant (k)

is equivalent to relative permittivity or the absolute permittivity.
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FIG 2.11. Schematic of a DC parallel plate capacitor.
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A material may have several dielectric mechanisms or polarization effects that
contribute to its overall permittivity. A dielectric material has an arrangement of
electric charge carriers that can be displaced by an electric field. The charges become
polarized to compensate for the electric field such that the positive and negative
charges move in opposite directions.

The frequency-dependent capacitance and dielectric loss of device configurations
of nanocomposite thin films in this dissertation were measured using an HP4194A
impedance analyzer. The samples are stimulated with an AC source and the actual
voltage across the material is monitored. Material test parameters are derived by
knowing the dimensions of the material and by measuring its capacitance and

dissipation factor.

2.5 Lift-off technique

The lift-off process in microstructuring technology is a method of creating
structures (patterning) of a target material on a surface of a substrate using a sacrificial
material. In this dissertation, we use lift-off process to grow Au patterns on top of
nanocomposite thin films for electrical measurements. Figure 2.12 shows a processing
sequence utilizing a positive resist. In order to reverse the tone of the image in the
positive resist so that it functions as a negative resist, a so-called image reversal
method is used in which after exposure the resist layer is subjected to amine vapors.

The amine diffuses through the resist, and reacts with the dissolution enhancer
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(carboxylic acid) photoproduct in the exposed areas. The process is conducted in a
vacuum bake chamber, which allows the amine vapors to be uniformly delivered to the
resist, and for the temperature to be uniformly controlled. Following the vapor
treatment, the resist is flood exposed by UV light, and developed in a conventional

manner.
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FIG 2.12. The lift-off process sequence utilizing positive photoresist.
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The experimental facilities involved in the lift-off process include a spin processor
(Laurell WS-650S) and a contact lithography printer (Quintel Q4000MA mask aligner).
3 um positive photoresist SC1827 will be first of all coated on nanocomposite thin
films in the spin coater with a setting of 3000rpm, 60 seconds and 1000rpm
acceleration speed. After Imin soft bake at 115°C, the sample is moved to the mask
aligner and get contact to the chrome mask. Exposure will be done in the UV light with
energy density of 350 mw/cm® for 7 seconds. The final top Au patterns can be
deposited in the magnetron sputter with thickness around 80nm. The left photoresist

can be removed with MF-319 photoresist developer for 60 seconds.
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CHAPTER 11
TUNABLE LATTICE STRAIN IN VERTICALLY ALIGNED

NANOCOMPOSITE (BiFeOs)x:(Smz03)1.x THIN FILMS”

3.1 Overview

A unique epitaxial two-phase vertically aligned nanocomposite (VAN)
(BiFeO3)x:(Sm,03); 4 thin films were deposited on SrTiOs (001) substrates by pulsed
laser deposition (PLD). The VAN thin films exhibit a highly ordered vertical columnar
structure with high epitaxial quality. We demonstrate that the strains of the two phases
in both out-of-plane and in-plane directions can be tuned by the deposition parameters
during growth, e.g. deposition frequency and film composition of the nanocomposite.
The strain tunability is found to be directly related to the systematic variation of the
column widths in the nanocomposite. The dielectric property measurement shows that
increasing vertical strain control will lead to a systematic dielectric loss reduction in
the VAN thin films. This study suggests a promising avenue in achieving tunable strain

in functional oxide thin films by using VAN structures.

"This chapter is reprinted with permission from “Tunable lattice strain in vertically
aligned nanocomposite (BiFeOs)x:(Sm,03); thin films” by Z. Bi, J. Lee, H. Yang, Q.
Jia, J. L. Driscoll and H. Wang, Journal of Applied Physics 106, 094309 (2009).
Copyright 2009 by American Institute of Physics.
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3.2 Introduction

Nanocompositing two-phase structures have been recently introduced to achieve
better materials functionality or multifunctionalities.’®**'” For example, vertical
nanopillar structures were first demonstrated in Lag;CaysMnO3;(LCMO):MgO
system.”® Following that, several nanocomposite structures with either nanolayers in
BaTiO3(BTO):CoFe,04(CFO) system or nanopillars in BFO:CFO system were
reported.®®*'” More interestingly, through vertically aligned nanocomposite (VAN)
structure, unique vertical strain control was demonstrated in two-phase BiFeO;
(BFO):Sm,0; (SmO) nanocomposite systems.'® BFO itself has attracted wide research
interests recently because of its unique physical properties and potential applications in
advanced memory and magnetoelectric devices.'””'** This non-centrosymmetric
rhombohedral perovskite shows the coexistence of ferroelectricity and
antiferromagnetism, thus called multiferroic.'*'** Because of the possible coupling
between the magnetic and ferroelectric order parameters in BFO, the magnetization
could be switched by applying an electric field, and the ferroelectric polarization can be
switched by applying a magnetic field. Further more, polycrystalline BFO thin films
have attracted extensive attentions recently due to its low cost and comparable

131152 Eitaxial BFO thin films have been successfully fabricated via various

properties.
deposition techniques. '**'>*!°"1> The film structure, especially the film strain in BFO

films has been reported to be quite different, which results in a large variation in the

physical properties of the films. For example, Cruz et al. reported that a film-substrate
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misfit strain may result in a drastically different domain wall stability in epitaxial
BFO(110) films by PLD and Lee et al. reported that electric fields can be used to
control the populations of the equivalent magnetic domains in BFO single crystals via
field-induced strain by neutron scattering. '>*"*’

To maintain a good control of the strain in the BFO films, two-phase vertically
aligned nanocomposites (VAN) architectures were introduced. VAN structures are
interesting for achieving multifunctionality and also have the potential for enhancing a
single functionality through manipulating the strain of one of the phases by another. As
a secondary phase, SmO is introduced mainly because of its cubic structure with a bulk
lattice parameter of 10.92A. It is also an attractive candidate as the gate dielectric
material in the CMOS devices **'*° because of its high dielectric constant (7-15) and
high chemical and thermal stability with Si. The vertical strain control in two-phase
VAN structures has been demonstrated.'” However, the fundamental growth
mechanisms of the self-assembled VAN structures are not clear and the ways to
effectively tune the vertical strain in the system have not yet been discovered.

In this work, we processed (BFO),:(SmO);x two-phase VAN thin films with
different compositions x (A=0.5; B=0.6; and C=0.75) and deposition frequencies
(Sample Set 1 at 1Hz; Set 2 at 2Hz; Set 3 at 5 Hz; and Set 4 at 10Hz), one of the most
important deposition parameters during PLD growth. We conducted a detailed strain

analysis in these VAN nanocomposite films as functions of film composition and

deposition frequency, and correlated the strain with the two-phase domain structures. A
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detailed dielectric property measurement was performed to explore the physical

property variation as a function of the film strain.

3.3 Experimental

(BFO)4:(SmO),  thin films were deposited on single crystal STO(001) substrates
in a PLD system with a KrF excimer laser (Lambda Physik Compex Pro 205, A= 248
nm). The laser beam was focused to obtain an energy density (1 Jem™) at an incidence
angle of 45°. The (BFO):(SmO);  (with x=0.5, 0.6, and 0.75, indexed as A, B, and C,
respectively) targets were prepared by a conventional powder mixing method. An
optimized substrate temperature (650 = 5°C) and an oxygen pressure of 0.2 torr were
maintained during deposition. For this study, we control the film thickness around 40-
60 nm to exclude the thickness effect on the VAN structure. Following deposition, the
films were cooled down to room temperature in an oxygen pressure of 60 torr without
any further thermal treatment.

The strain and microstructure of the as-deposited films were characterized by X-
ray diffraction (XRD) (BRUKER D8 powder X-ray diffractometer), transmission
electron microscopy (TEM) (JEOL 2010 analytical microscope with a point-to-point
resolution of 0.23 nm) and scanning transmission electron microscopy (STEM) (FEI
Tecnai G2 F20). A standard cross-section TEM sample preparation including manual
grinding and thinning of sample with a final ion milling step (PIPS 691 precision ion
polishing system, 3.7 KeV), was used. For transport property measurements, Pt

electrodes with an area of 1x10™ cm?, defined by a standard lift-off lithograph process,
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were deposited by sputtering. The frequency-dependent capacitance and dielectric loss
of capacitors of device configurations Pt/BFO:SmO/Nb:STO were measured using an

HP4194A impedance analyzer.

3.4 Results and discussion
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FIG. 3.1. XRD 6~26 scans of (BFO):(SmO); 4 thin films with different compositions

(all deposited at 2Hz).



109

Figure 3.1 shows the XRD 0~260 scans of samples A2, B2 and C2 all deposited at
2Hz. It is obvious that, for all cases, both BFO and SmO phases have grown highly
textured along (00/) direction. For A2 (x=0.5) and B2 (x=0.6), all the BFO(00/) peaks
overlap with STO(00/) peaks and a small BFO(111) peak is also present. For C2
(x=0.75), BFO(001) peak appears instead of overlapping with STO(001) peak as
shown for the cases of A2 and B2. It is clear that, with higher BFO content, higher
order of the BFO(00/) peaks start to show up following the decrease of SmO(008) peak.
For example, for B2 (x=0.6) and C2 (x=0.75), BFO(002) and (003) peaks are clearly
observed in Figure 3.1.

Based on the peak positions observed, the out-of-plane lattice parameters of BFO
and SmO are calculated. The lattice parameters of BFO and SmO are 3.96A and
10.92A in bulk,"”®"’ and, 4.05 A and 10.87 A in pure films deposited at our lab,
respectively. In comparison, for all the x=0.5 and 0.6 films, BFO is in compression and
SmO is in tension out-of-plane. If only the substrate lattice strain control (asto=3.91A)
was considered, BFO should be in compression in-plane and in tension out-of-plane,
while SmO is expected to be in tension in plane (after 45° rotation) and in compression
out-of-plane. The results are exactly opposite which suggests that the vertical strain
control between the BFO and SmO phases is playing a dominant role in the binary
VAN structures rather than the strain control from the underlying substrate.

More interestingly, the out-of-plane lattice parameter / strain is sensitive to the
composition x and deposition frequency. Figure 3.2 a and ¢ compare the local XRD

pattern of BFO(001) as functions of BFO content for samples deposited at 2Hz and of
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the deposition frequency for samples with x=0.5, respectively. It is obvious that
BFO(001) peaks separated from STO(001) peak in most of the cases with either higher
BFO contents or lower deposition frequencies. At lower BFO contents or higher
deposition frequencies, BFO(001) peak tends to overlap with STO(001). This suggests
that, BFO (001) peak shifts towards lower angle, i.e., higher out-of-plane lattice
parameter and closer to the bulk value, with either higher BFO content or at lower
frequency. This also shows that the vertical compressive strain in BFO decreases and
the BFO is more relaxed with either higher BFO content or at lower frequency. Figure
3.2 b and d compare the local scans of SmO(004) peak as functions of the BFO content
and deposition frequency. For samples with x=0.75, as the frequency decreases,
SmO(004) peak shifts towards higher angle, i.e., lower out-of-plane lattice parameter.
However, there is no obvious SmO(004) peaks shifting with different deposition

frequencies.



111

. «—,STO(001)

F=2Hz f\ /
BFO(001 )<’ﬁ

Q

Intensity (a.u.)

Intensity (a.u.) U

31 32 33 34
20/degree
c X=0.5 . STO(001)
Sltesmr e 70w
3 BFO(OO1)/ \ 10 Hz.
5-:: B <:m T |5Hz
- I 1
Iy . o~ N~ [1HZ
220 ' 22].5 ' 2?:.0 ‘ 23:.5
20/degree

Q
>
cl‘_.lj
()]

3
s -
= —,
2 7
g . _
£ il 1 Hz
L I J I J 1
31 32 33 34

26/degree

FIG. 3.2. Local XRD 6~20 scans of a) BFO(001) peak and b)SmO(004) peak as a
function of BFO content x; ¢)BFO(001) peak and d) SmO(004) peak as a function of

deposition frequency.



112

To summarize above observations, we plot the out-of-plane lattice parameters of
these two phases and the film strain (%) as a function of deposition frequency, and
compare them with the bulk values in Figure 3.3 a and b, respectively. In all the films
with x=0.5 and 0.6, they show obvious vertical strain control, i.e., BFO is in
compression and SmO is in tension out-of-plane. The out-of-plane lattice parameter of
BFO increases as the deposition frequency decreases, the out-of-plane lattice parameter
of SmO keeps relatively constant possibly resulted by its rigid structure. However, in
the films with x=0.75, only the ones deposited at higher frequencies (SHz and 10Hz)
shows the vertical strain control. The strain switches from vertical strain control to
substrate strain control and approaches to the pure film value as the deposition
frequency decreases. The overall trend is that, as the deposition frequency decreases or
the BFO content increases, the out-of-plane lattice parameter of BFO increases and the
strain switches from vertical strain control (in compression) (x=0.5 and 0.6) to
substrate strain control (in tension) (x=0.75). On the other hand, the out-of-plane lattice
parameter of SmO decreases and the strain switches from vertical strain control (tensile)
(x=0.5 and 0.6) to substrate strain control (compression) (x=0.75). This suggests that
both film composition and deposition frequency play a very important role in the
overall strain control. When the film composition is in the neighborhood of x=0.5 or
with higher deposition frequency, the strain in the VAN films is dominated by the
vertical interface rather than the interface between the substrate and the film. However

when the composition reaches a certain limit (e.g., x=0.75) or with lower deposition
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frequency, the VAN structure lost its vertical strain control and the substrate strain

control dominates the overall film strain.
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FIG. 3.4. Cross-section TEM images of (a) (BFO)(5:(SmO)y s thin film(A1, deposited
at 1Hz) and (b) (BFO)(6:(SmO)p4 thin film(B4, deposited at 10Hz) on STO(001)
substrate. Insets are the corresponding selected-area diffraction patterns from both the
film and the substrate. Cross-section STEM (Z-contrast) images of (c)
(BFO)5:(SmO)gs thin film(Al, deposited at 1Hz) and (d) (BFO)ys:(SmO)g4 thin
film(B4, deposited at 10 Hz) on STO(001) substrate. Columns with brighter contrast

are BFO and columns with darker contrast are SmO.
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The systematic variations in the VAN film strain is most likely related to the
microstructure of the VAN structure. We conducted a detailed cross-section TEM
investigation on all the samples deposited to fully understand the strain control in VAN
structures. Figure 3.4 a and b show the cross-section TEM images of sample Al (1Hz,
x=0.5) and B4 (10Hz, x=0.6) respectively. In both cases, a clear vertically aligned
columnar structure was observed. BFO and SmO phases/columns are alternating with
each other. Both phases have grown epitaxially on STO substrate, evidenced by the
distinguished diffraction dots from BFO and SmO phases in the corresponding selected
area diffraction (SAD) patterns (as inset). The orientation relationships are determined
to be BFO(002)// SmO(004) // STO(002) and BFO(200)// SmO(220)// STO(200).

One obvious difference between Al (Figure 3.4 a) and B4 (Figure 3.4 b) is the
VAN column/domain size. A1 has much wider column width than B4. This could be
mainly due to the difference in deposition frequency. To systematically study the
column/domain size variation over a large area, we conducted a detailed scanning
transmission electron microscopy (STEM) study on all the samples. STEM under the
high angle annular dark field (HAADF) condition, is also called Z-contrast imaging,
where the contrast is approximately proportional to the square of the atomic number
(Z2"").'° Figure 3.4 ¢ and d show the Z-contrast images of BFO/SmO VAN structures
for Al and B4, respectively. The most striking feature is the bright/dark columns that
align alternatively in the lateral direction, indicating the presence of vertically aligned
BFO and SmO columns. The BFO columns are much brighter than the SmO columns

as the Z number of Bi (Z=83) is higher than that of Sm (Z=62). All the nanocolumns
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are grown vertically through the film thickness without obvious column tilting. No
obvious interface mixing was observed in the view areas. We also conducted detailed
energy dispersive x-ray spectroscopy (EDX) mapping for both samples (not shown
here) and confirmed the growth of BFO/SmO nanocomposites with the film
composition predicted. No obvious intermixing between the BFO and SmO phases was

detected by EDX scans (within the detection limits of EDX).
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Based on both the TEM and STEM observations, we estimated the
column/domain sizes for all the VAN samples. Figure 3.5 a and b plot the average
column/domain size of BFO (black squares) and SmO (red circles), as functions of the
BFO content and deposition frequency, respectively. We averaged the column size
based on multiple low magnification TEM images and STEM images over large view
areas. For Figure 3.5 a and b, it is clear that both BFO and SmO column widths
increase as the BFO content increases or as the deposition frequency decreases. This
can be understood through thin film growth kinetics. Lower deposition frequency
results in longer resting time in between laser pulses and longer atomic diffusion path
on top of substrate. This will cause larger nucleation island, i.e., larger column width.
This observation can also explain the systematic variation of the out-of-plane
compressive strain in BFO. As the frequency reduces, the BFO column width increases
and the total amount of the vertical column boundaries reduces. These will cause the
reduction in the vertical strain control in between BFO and SmO columns and therefore

the out-of-plane compressive strain of BFO reduces.
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FIG. 3.6. Dielectric loss of (BFO)ys5:(SmO)gs thin films grown on conductive Nb-

doped STO (Nb:STO) with different deposition frequencies.

More interestingly, a systematic variation in the physical properties of VAN
structures was observed. As plotted in Figure 3.6, the dielectric loss of
(BFO).5:(SmO)y s nanocomposites systematically decrease from 0.042 to 0.016 as the

deposition frequency increases from 1Hz to 10Hz. The dielectric loss of pure BFO and
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pure SmO films are around 0.055 and 0.03, respectively.® The dielectric loss for the
BFO/SmO nanocomposite is mainly controlled by the BFO phase which has a higher
dielectric loss. First, the BFO phase in all the nanocomposite films has lower dielectric
loss than the pure BFO film which indicates that the vertical strain control has
improved the overall dielectric properties. Second, the systematic reduction in the
dielectric loss is believed to be attributed to the increase of the vertical strain control in
the system. As the deposition frequency increases, the BFO columns are narrower and
the vertical compressive strain in BFO phase increases, that result in the systematic
reduction of the dielectric loss. This is the first demonstration on systematically
tunning the physical properties of one phase using vertical strain control in VAN

nanocomposites.

3.5 Conclusions

We have processed highly ordered epitaxial (BFO)y:(SmO),.x VAN thin films with
various compositions and deposition frequencies on STO(001) substrates. In the films
with x=0.5 and 0.6, they show obvious vertical strain control, i.e., BFO is in
compression and SmO is in tension out-of-plane, at all deposition frequencies.
However in the films with x=0.75, only the ones deposited at higher frequencies (5SHz
and 10Hz) show the vertical strain control. The column width as well as the vertical
strain can be varied systematically as functions of deposition frequency and film

composition. As the deposition frequency decreases, the column/domain size increases
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and the vertical strain control in both BFO and SmO decreases, i.€., the lattices of both
phases approach their bulk values. As the BFO content increases, the column/domain
size decreases and the vertical strain control in both BFO and SmO decreases. A
systematic reduction in the dielectric loss of the BFO/SmO nanocomposites was
observed as the deposition frequency increases, i.e., the column width decreases and
the vertical strain control increases. All of the observations above suggest that the
VAN structures have great potential in precise control of the overall film strain as well

as the resulted materials functionalities.
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CHAPTER IV
MICROSTRUCTURE AND MAGNETIC PROPERTIES OF

Lag.7SrosMn03:Mn304 NANOCOMPOSITE THIN FILMS®

4.1 Overview

Epitaxial (Lag7Sro3MnO3)o7:(Mn304)93 (LSMO:Mn3;04) nanocomposite thin
films were grown on SrTiO; (001) substrate by a pulsed laser deposition (PLD)
technique. The nanocomposite structures vary from triangular domains, to vertically
aligned columns, and finally to smaller spherical domains as the deposition frequency
varies from 1 Hz, 5 Hz to 10 Hz, respectively. The strain in LSMO is systematically
tuned but that of the Mn3;O4 phase is relatively stable as the deposition frequency
increases. The tunable strain is found directly related to the different domain and grain
boundary (GB) structures. Physical properties including saturation magnetization,
Curie temperature (T.), magnetoresistance and metal-insulator transition temperature
(Tmi), all show systematic trends as the deposition frequency varies. This study reveals
that the domain/GBs tunability achieved in nanocomposite thin films can affect the

lattice strain and further tune their ferromagnetic properties.

"This chapter is reprinted with permission from “Microstructural and magnetic
properties of (Lag7Sry3MnOs3)o7:(Mn304)93 nanocomposite thin films” by Z. Bi, E.
Weal, H. Luo, A. Chen, J. L. Driscoll, Q. Jia, and H. Wang, Journal of Applied Physics
109, 054302 (2011). Copyright 2011 by American Institute of Physics.
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4.2 Introduction

Mixed-valence perovskite manganites R;  AxMnO; (R is rare earth and A is
divalent cation) have attracted great research interests in the past decades.'®'®® Their
intrinsic colossal magnetoresistance (CMR) and further more the low field
magnetoresistance (LFMR) give great promises in device applications that require a
large and temperature-independent magnetoresistance under small applied magnetic
fields.””**!%* It has been demonstrated that the enhanced magnetotransport occurred at
the grain boundaries (GBs) in polycrystalline perovskite manganites, where the
magnetic spin alignment is obstructed and the spin-polarized tunneling happened.'®*'%
Much work has been done to increase the GB areal density or the disordered regions at

167-172
87172 However, the

the GBs by incorporating an insulating oxide secondary phase.
approaches on bulk composite samples usually comes with ion diffusion, large porosity
and poor grain connectivity, and it is difficult to control the GBs.'”'”> Well-oriented
nanocomposite thin films give more uniform properties as compared with that of

135.174 . . . .
317 The reduced dimensionality in

polycrystalline films and bulk samples.
nanocomposite thin films provides a better control on the GBs and a great opportunity
in tuning the GBs systematically. In addition, the magnetotransport in perovskite
manganites, such as ferromagnetic Lag;Sro3MnOs, is also strongly influenced by the

microstructure and lattice distortion.”*'?*!7>7® Little attention has been paid on the

strain tuning of the manganite phase with different domain/GBs structures in the
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composite, and the prior studies have mainly focused on either increasing the areal
density of GBs or varying the composition of the secondary phase.

Certain unique nanostructured composite thin films can also achieve better
material functionality or multifunctionalities.”'® As one of the outstanding
representatives which has been extensively studied recently, vertically aligned
nanocomposite (VAN) thin films provide a unique vertical strain control in two-phase
nanocomposite thin films. In those systems, a single material functionality can be
systematically enhanced through manipulating the strain of one of the phases by

100,1 114
another,'%%193

The morphology and microstructure of the nanocomposite thin films,
as well as their strain and material functionalities, can be varied by modifying the
phase ratio, substrate orientation or deposition conditions.'”’

In this work, epitaxial (Lag7Sro3Mn0O3)p7:(Mn3O04)03 (LSMO:Mn;04)
nanocomposite thin films have been processed by pulsed laser deposition (PLD).
Various nanocomposite structures have been achieved by adjusting the deposition
frequency from 1Hz, 2Hz, 5Hz to 10Hz during PLD. Mn;O4 is a ferrimagnetic
insulating oxide with much lower T, as compared with that of LSMO thin film. We
selected Mn304 as the secondary phase because it is chemically compatible with
LSMO and will not affect the stoichiometry of the manganite phase in the
nanocomposite thin film. On the other hand, placing a ferrimagnetic material in contact

with the ferromagnetic phase may modify the magnetic behavior of the later one from

the interaction at the ferromagnet-ferrimagnet interface. The magnetic and
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magnetotransport properties of (LSMO)y.7:(Mn304)o3 nanocomposite thin films were

measured and compared based on their different domain and GBs structures.

4.3 Experimental

(LSMO)y.7:(Mn304)o.3 nanocomposite thin films were deposited on SrTiO3 (STO)
(001) substrates in a PLD system with a KrF excimer laser (Lambda Physik Compex
Pro 205, A=248nm). The laser beam was focused to obtain an energy density of 4
J-em 2 at an incidence angle of 45°. The (LSMO)y7:(Mn304)3 ceramic target was
made by mixing La,Os;, Mn,O; and Sr,O3; powders (99.99%) in proper ratios and
following multiple steps of standard solid state reaction processes. An optimized
substrate temperature of 750°C and an oxygen gas pressure of 200 mtorr were
maintained during the deposition. The film thickness was maintained at 120 nm in this
study. The deposition frequency was varied from 1Hz, 2Hz, 5SHz to 10Hz. The
microstructure of the films was examined using X-ray diffraction (XRD) (BRUKER
D8 X-ray diffractometer), transmission electron microscopy (TEM) (JEOL 2010
analytical microscope) and scanning transmission electron microscopy (STEM) (FEI
Tecnai F20 analytical microscope). The magnetization and magnetoresistance of
(LSMO).7:(Mn304)93 nanocomposite thin films were measured using a vibration
sample magnetometer (VSM) (Princeton Measurement Corporation) and a physical

properties measurement system (PPMS) (Quantum Design, Inc.), respectively.
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4.4 Results and discussion

Figure 4.1a shows the XRD #-260 scans for the (LSMO)y7:(Mn3O4)03
nanocoposite thin films deposited at different frequencies. Both phases have grown
highly textured on STO(001) substrates. The LSMO(002) peak shows up at higher
deposition frequencies (SHz and 10Hz) instead of overlapping with the STO(002) Kg
substrate peak as the samples deposited at lower deposition frequencies (1Hz and 2Hz).
As the deposition frequency increases, the LSMO(002) peak shifts to higher 26
positions and the out-of-plane lattice parameter of LSMO phase decreases as seen in
Figure 4.1b and c, respectively. The secondary cubic Mn;O4 phase was stable and no
obvious peak shifting was observed as the deposition frequency varies. Different from
other epitaxial LSMO films grown by PLD,'”>!'"®!"® above XRD result reveals that a
systematic lattice distortion can be achieved by adjusting the deposition frequency

while having the secondary phase stable in the nanocomposite thin films.
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Further microstructure analysis and phase structure identification of
(LSMO)0.7:(Mn304)9.3 nanocomposite thin films have been performed using cross-
section high resolution TEM (Figure 4.2) and STEM (Figure 4.3). The composition of
LSMO and Mn;O4 phases in the deposited thin films with different deposition
frequencies was maintained at 70:30 verified by the energy dispersive X-ray (EDX) in
TEM (not shown here). In PLD, the deposition frequency has been demonstrated to be
an important factor that affects the microstructures of nanocomposite films.''* The
sample deposited at 1Hz shows reversed alternating triangular LSMO domains with the
zig-zag Mn3;04 phases embedded in between with a width of 5 nm (Figure 4.2a and b).
While with a higher deposition frequency of 2Hz, both phases form smaller domain
structures and start to lose their original domain shapes at 1Hz. It is interesting to see
that at a higher deposition frequency of 5Hz, both LSMO and Mn3;O4 phases show
vertically aligned columnar domain structure. Two phases are alternating with each

other and the column widths are around 20 nm and 5 nm, respectively (Figure 4.2d).



128

4

i,
\

’ M'f‘.q T : LSMO.
LSMO: Mn,0, LsMo
\uo

LS
) LsMo

X
(001) v
T

STO(001)
STO(001)
20 nm

LSMO:Mn,0,

STO(001)

STO(001)
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of both phases; e) and f) 10Hz deposited sample shows spherical shape Mn3;O4 domains
embedded in LSMO thin film. g) to j) selected area diffraction patterns (from the film
only region) for 1Hz, 2Hz, 5Hz and 10Hz deposited (LSMO)y7:(Mn3O4)03

nanocomposite samples, respectively.
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Figure 4.2e¢ and f show that the 10Hz deposited sample has lost its former
vertically aligned columnar structure and the Mn3;O,4 phase grows as spherical shape
domains embedded in the LSMO epitaxial thin film matrix. The secondary Mn3;O4
phase only shows cubic lattice structure instead of the hausmannite structure on single
crystal STO substrate which reveals a weaker substrate strain control of the
nanocomposite film.'” Regardless of the deposition frequency, all the samples have
grown highly epitaxially on STO substrate evidenced from the distinguished diffraction
dots in the selected area diffraction (SAD) patterns (Figure 4.2 j to i) taken from the
film region for all the samples. The nanocomposite thin film and substrate orientation
relationships are determined to be LSMO(002)//Mn304(004)//STO(002) and
LSMO(020)//Mn304(220)//STO(020) for all the samples.

To further confirm the phase distribution in nanocomposite thin films, we
conducted a detailed STEM study on the 1Hz and 5Hz deposited samples as shown in
Figure 4.3 a and b, respectively. In STEM (also called Z-contrast imaging), LSMO
shows a brighter contrast (Z;,=57) and Mn3O4 shows a darker contrast (Zy,=25) due to
their different atomic numbers. The triangular LSMO and zig-zag shaped Mn3;O4
domains for the 1 Hz sample, and the vertically columnar growth of both phases for the
5 Hz sample can be clearly distinguished from Figure 4.3a and b, respectively. Further
more, the EDX line scan across the LSMO and Mn;O4 domains shows obvious
oscillations in intensities for La and Sr, suggesting La and Sr-rich and deficient regions,
but stable intensities for Mn and O. This confirms the compositions of the triangular

domain structure and zig-zag GBs shape, which are also consistent with TEM results.
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deposited

(LSMO)0.7:(Mn304) 3 nanocomposite thin films, respectively. ¢c) EDX line scan across

the LSMO and Mn3;04 domains in 1Hz deposited sample, the oscillating La- and Sr-

profiles demonstrate the elemental intensity variations at different regions.
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The above electron microscopy study on the nanocomposite thin films
demonstrates that the film microstructure as well as the GB shape can be varied by
tuning the deposition frequency during growth. The deposition frequency corresponds
to the flux density of adatoms arriving on top of the substrate, and adjusting it could
cause a competition between the film growth kinetics and the thermodynamic
limitations. For pure LSMO thin films, the lattice parameter is a;smo=3.86A, and if
only the substrate lattice strain control (asto=3.91 A) was considered, pure LSMO
should be in tension in plane and in compression out of plane. In this work, the strain
tuning of LSMO in the (LSMO)7:(Mn304)93 nanocomposite thin films is mainly
caused by different domain structures with various deposition frequencies. As shown in
Figure 4.2b, with lower deposition frequency at 1Hz, the out-of-plane lattice matching
between LSMO and Mn3;04 phases prefer to be along the [011] directions where the
domain interfaces lie in. The substrate-induced strain control only exists in the upright
triangular LSMO domains on the bottom but not the inverted ones on top. Figure 4.2b
demonstrates that the top inverted triangular LSMO domains do not show obvious
substrate induced tension in-plane and less out-of-plane lattice distortions (c=3.885A)
as compared with that of the bottom ones (c=3.863A). With higher deposition
frequency at SHz, both LSMO and Mn3;0O4 phases grow epitaxially on STO(001)
substrate as vertically aligned columns. In this case, the substrate induced strain in
LSMO plays a more effective role than the 1Hz case, which results in an enhanced out-
of-plane compression and a peak shift in the XRD pattern. The 10Hz deposited sample

is very similar to the case of an epitaxial LSMO film but with Mn3;O4 sphere domains
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embedded in. It shows a stronger substrate strain control as compared with samples
deposited at lower frequencies. Meanwhile, different GBs shapes, the domain boundary
switching from [011] to [001] directions and further to the spherical shapes, may also
introduce an extra compression out-of-plane to the LSMO phase with different lattice
matching between LSMO and Mn3;04 phases.

The temperature dependence of magnetization for nanocomposite thin films
deposited at different frequencies is shown in Figure 4.4a. Epitaxial pure LSMO film is
ferromagnetic with Curie temperature (T.) around 340K ~ 360K depending on different
substrates and the T, of pure Mn3;Os film is around 50K 74180 The hybrid
nanocomposite manganites show the decreased T. from 360K to 330K as the
deposition frequency increases. As shown in the inset, the splitting of field cooling (FC)
and zero field cooling (ZFC) curve at 50K for the 1Hz (in black) and 2Hz (in red) films
suggests that the secondary Mn3;O4 phase will only play a role at lower temperature
regimes (T<50K). However the splitting is not observed in the highly strained films
(deposited at SHz and 10Hz), and this may be correlated to the strain relaxation in
nanocomposites deposited at lower frequencies. Similar to pure LSMO thin film, the
(LSMO)0.7:(Mn304) 3 nanocomposite thin films reveal magnetic anisotropy evidenced
by hysteresis loop of 1Hz deposited nanocomposite in Figure 4.4b. It shows in-plane
preferred magnetization as compared with that of out-of-plane. The magnetization of

the nanocomposite is calculated based on the volume of the nanocomposite thin film.
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with field along [100] direction.



134

Figure 4.4c plots the magnetic hysteresis loops at 300K for the pure LSMO film
and the (LSMO)7:(Mn304)03 nanocomposites deposited at different frequencies. It is
interesting to note that the 1Hz deposited nanocomposite sample shows a compatible
saturation magnetization as compared with that of the pure LSMO film if the LSMO
composition is considered. More importantly, a systematic decrease in the saturation
magnetization is observed as the deposition frequency increases. The magnetic
properties of perovskite manganites can be strongly influenced by the microstructure
and lattice distortion.”'”'® The systematic tuning in the saturation magnetization of the
(LSMO).7:(Mn304)o3 nanocomposites is believed to be attributed to the enhanced
substrate strain control in the LSMO phase and the decreased LSMO domain size as
the deposition frequency increases. With the relaxation of out-of-plane compression
strain in LSMO as the deposition frequency decreases, the center MnOg octahedra in
LSMO will be elongated which results in a tetragonal distortion of the lattice.'®"'6*!*!
This distortion will cause longer (Mn-O) bond lengths and smaller (O-Mn-O) bond
angles in the pervoskite, which will further affect the electron transport properties in
manganites such as saturation magnetization. Second, following with the domain
structure changes from triangular shape, vertically aligned columns to spherical shape
as increasing the deposition frequency, the LSMO domain size decreases as seen in
Figure 4.2. Smaller LSMO magnetic domains can be easily aligned parallel to the
external magnetic field as compared with the larger ones deposited at lower frequencies.

The systematic decrease of domain size also contributes to a smaller saturation

magnetization in the nanocomposite thin films.
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thin films with different deposition frequencies. a)lHz; b)2Hz; c)SHz; d)10Hz. The

applied magnetic filed is up to 3T.

To investigate the lattice distortion and GB effect on the magnetotransport

properties, the temperature dependence of in-plane resistivity for nanocomposite thin



136

films has been measured under magnetic field up to 3T as shown in Figure 4.5. LFMR
was not observed in the well-crystallized LSMO:Mn3;0O4 nanocomposites since it
always associated with wide angle grain boundaries which usually do not exist in
epitaxial thin films."””'"®" First of all, the resistivity of the LSMO:Mn;Oy
nanocomposite thin films is compatible with pure LSMO thin films (10°Q-cm) and
related to different secondary insulators in the nanocomposites (eg. LCMO:MgO~10
’Q-em; LSMO:ZnO~10"Q-cm).***” Second, the increased resistivity (~10°Q-cm for
1Hz and 2Hz; ~10Q-cm for 5Hz and 10Hz) as increasing the deposition frequency
would be attributed to the different domain structures. The zig-zag Mn3;Os domain
shape at lower deposition frequencies (1Hz and 2Hz) yields broader current flowing
paths, as compared with that of the columnar domains at higher deposition frequency
(5Hz) which build a network of two phases with columnar separation. The metal-
insulator transition temperature (Tyy) for pure LSMO thin film grown on STO can

reach up to 350K.""

In general, the Ty of the manganite-insulator composite will not
coupled to T and is much lower than that of the pure LSMO film due to the obstructed
magnetic spin alignment near the GBs and static disorder. Figure 4.5a and b show the
temperature dependence of resistivity for samples deposited at 1Hz and 2Hz,
respectively. Under the applied magnetic field of 1T, there is no obvious
magnetoresistance and metal-insulator transition below 300K for both samples. For
samples deposited at SHz and 10Hz (Figure 4.5c and d), increased magnetoresistance

(MR) of 24.2% (5Hz) and 35.7% (10Hz) was observed under the magnetic field of 3T,

accompanied by a decrease of the Ty at 295K and 250K, respectively. The systematic
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tuning on MR and Ty is attributed to the lattice distortion of LSMO as the deposition
frequency varies. On the other hand, the insulating Mn;O4 near GBs obstructs magnetic
spin alignment and the enhanced MR is also correlated to the increased GB areal
density in the nanocomposite thin films as the GB shape changed from zig-zag ones

(1Hz) to vertically columnar ones (5Hz) and to spherical ones (10Hz).

4.5 Conclusions

In summary, epitaxial (LSMO) 7:(Mn304)o3 nanocomposite thin films have been
grown on STO(001) substrates by PLD. Deposition frequency has been demonstrated
to play an important role in the nanocomposite film microstructure and domain shapes.
As the domains changed from triangular shape, to vertically columnar structure, and to
spherical shape, the areal density of GBs increased and the out-of-plane compression
strain increased in the perovskite LSMO phase. Different domain and GBs structures
cause the lattice distortion in the LSMO phase, which systematically tunes the
magnetic properties of the (LSMO)y.7:(Mn304)03 nanocomposite thin films. Meanwhile,
different areal density of GBs also affects the magnetotransport properties in the

nanocomposite thin films.
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CHAPTER V
MICROSTRUCTURAL AND MAGNETIC PROPERTIES

OF Mn304 THIN FILMS

5.1 Overview

Epitaxial and highly textured Mn3O4 thin films were grown on SrTiOs (STO) (001)
single crystal substrates by pulsed laser deposition. In this work, we varied the oxygen
pressure from vacuum to 200 mtorr to explore its effects on film microstructure,
crystallinity, ferromagnetic response, as well as the competition between thin film
growth kinetics and thermodynamic limitations. The film crystallinity and
microstructure were characterized by transmission electron microscopy (TEM),
scanning electron microscopy (SEM) and X-ray diffraction (XRD). X-ray
photoelectron spectra (XPS) and vibrating sample magnetometer (VSM) in a physical
properties measurement system (PPMS) were used to characterize the phase
composition/ionic states and magnetic properties, respectively. It is found that Mn3;O4
thin films deposited at 50 mtorr oxygen pressure show better crystallinity, higher Curie
temperature (T.) at 50K and similar saturation magnetization of 200emu/cc as

compared with earlier literature reports.
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5.2 Introduction

Recently Mn3;O4 has attracted increasing research interests for its growing
applications in electronic and magnetic related areas such as electrochemistry,
molecular adsorption, catalyst and soft magnetic materials.'**'® The stable room-
temperature crystal structure of Mn3;O, is identified as c-axis distorted tetragonal
hausmanite (space group 141/amdZ(141)) while crystallized as a spinel structure.'®
With the Manganese oxide ions close packed as cubic structure, Mn®" ions occupy the
tetrahedral sites, and Mn®" ions occupy the octahedral sites. It is the Mn®" ions that
induce microdistortion to the cubic spinel structure by a cooperative Jahn-Teller effect

at higher temperature.'”'®®

As a model of spinel structure for experimental and
theoretical investigations, Mn3QOy4 thin films, which can be essentially different from the
bulk material, have shown many unique properties because of substrate-induced strain,
structural defects, interface, and morphological effects.'™'*° With different ionic states
(Mn*", Mn>" and Mn"*"), various film stoichiometries (e.g., MnO, MnO,, Mn,Os and
Mn;0,) and different crystal structures are resulted. Therefore the variation in thin film
deposition parameters may lead to large differences in film qualities and physical
properties. For example, oxygen pressure is one of the key factors in epitaxial oxide
thin film growth due to its strong impacts on film microstructure, crystallinity, film
composition and surface morphology. It has been demonstrated that the surface

morphology of Al-doped ZnO(AZO, 2 wt%) thin films varied from a uniform layer to

nanorod structure by simply controlling the oxygen pressure during growth. Similar
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effects were also found in other oxide thin films."”'" Various vacuum-based
techniques have been employed in the Mn3O4 thin film growth, such as atomic layer

194,195

deposition, molecular  beam  epitaxy  (MBE),"*"'"  pulsed laser

deposition(PLD),"” and metal-organic chemical vapor deposition (MOCVD)."?*!¥
However, very few or no report was on the effects of growth parameters on the film
microstructure and magnetic properties.

In this work, high quality Mn3;O4 thin films were processed by PLD on single
crystal SrTiO3; (STO) (001) substrates. A systematic study has been made by adjusting

the oxygen pressure from vacuum (~1.0x10"® mtorr) to 200mtorr. We observed a strong

influence of the oxygen pressure on the film microstructural and magnetic properties.

5.3 Experimental

Mn;0y4 thin films were deposited on STO (001) single crystal substrates in a PLD
system with a KrF excimer laser (Lambda Physik Compex Pro 205, A= 248 nm). The
laser beam was focused to obtain an energy density of 4 J-cm™ at an incidence angle of
45°. The Mn304 polycrystalline target was prepared by a conventional powder
processing method as solid state reaction followed with target sintering under flowing
oxygen at 1100°C for 10 hours. An optimized substrate temperature (750 + 5°C) were
maintained during deposition. The film thickness was controlled at 50 nm in this study.
The oxygen pressure during deposition was varied from vacuum (~1.0x10°mtorr), 50

mtorr to 200 mtorr. No post-deposition annealing was performed on the samples.
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The microstructure of as-deposited thin films was characterized by X-ray
diffraction (XRD) (Rigaku Smartlab thin film X-ray diffractometer), scanning electron
microscope (SEM) (JEOL JSM-7500F equipped with a high brightness conical field
emission gun and a low aberration conical objective lens) and high resolution
transmission electron microscope (TEM) (JEOL-2010 equipped Gatan ORIUS CCD
camera with a point resolution of 2.34A). A standard cross-section TEM specimen
preparation procedure was used including manual grinding and thinning of sample
followed by a final ion milling step using precision ion polishing system (PIPS 691) at
3.7 KeV. X-ray photoelectron spectrometer (XPS) (Kratos Axis Ultra Imaging XPS)
was used for the ionic states analysis. The sample magnetic properties such as
magnetization and hysteresis loops were measured by vibrating sample magnetometer

(VSM) attached on a physical property measurement system (PPMS, Quantum Design).

5.4 Results and discussion

The epitaxial growth of Mn3O4 thin film on STO substrate comes from lattice
matching of two face-centered-cubic (FCC) lattice structures with the bottom oxygen
ions in Mn3Oy4 and top Sr cations in STO lying on the film/substrate interface.'”
Oxygen pressure could play a critical role in achieving heteroepitaxial growth of
Mn;0y4 thin films on STO(001) substrates. XRD was first conducted (shown in Figure
5.1) to explore the crystallinity variation introduced by different oxygen pressures
during PLD. The sample deposited in vacuum shows weak Mn3O4 phase as the Mn3O4

(004) peak intensity is very low. However no other film phases were detected which
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indicates the formation of textured Mn3;O,4 films. As the oxygen pressure increased to
50 mtorr, Mn30O4 shows epitaxial film growth as the (004) peak intensity increased and
the value of full width at half maximum (FWHM) reduced from 0.18° to 0.11° It is
also worth to note that higher oxygen pressure results in the formation of a second
phase, i.e., Mn,Os, as indicated by the increasing intensity of Mn,O3 (004) peak as
oxygen pressure increases. But in the case of 50 mtorr, Mn3;Oy is the dominant phase
with improved crystallinity as compared with the one deposited in vacuum. With even
higher oxygen pressure at 200 mtorr, XRD shows polycrystalline film quality, both
Mn3;04 and Mn, O3 phases exist and the Mn,Os phase become the dominant one. At the
mean time, MnO phase shows up and textures as (021). The XRD patterns illustrate
that the oxygen pressure during deposition play a dominant role in achieving desired
MnOy crystal structures as well as Mn ionic states. i.e., proper oxygen atmosphere is

required for growing high quality pure Mn3;O4 phase.
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FIG. 5.2. XPS spectra of the Mn 2p regions for Mn3O4 thin films deposited under

different oxygen pressures (vacuum, S0mtorr and 200mtorr, respectively).

The variations in chemical composition and oxidation state of as-deposited thin
films were further examined by XPS with a detailed analysis on binding energy peak
positions and shapes. Figure 5.2 shows the XPS spectra of the Mn 2p regions for the
samples deposited under different oxygen pressures. The binding energy curve of Mn

2ps; spectra split into two peaks (Mn®* and Mn*") for the sample deposited under 50
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mtorr (in red) and 200 mtorr (in blue) oxygen pressure, and the one deposited in
vacuum (in black) only shows single distinct peak. The typical binding energy of Mn
ions in Mn3O4 and Mn,0; at the Mn(2ps/;) region have a 1.0eV marginal window
within 640.7-641.7eV according to literature report.””” Obvious splitting of Mn(2p3/)
spectra for sample deposited with 50 mtorr and 200 mtorr oxygen pressure corresponds
to different Mn ionic states in Mn3O4 and Mn,03, which does not show in the spectra
of sample deposited in vacuum. The extra phases shown in XPS spectra of Mn;0Oy4 thin
films as increasing oxygen pressure during deposition reveal that oxygen atmosphere
could also affect the deposited film stoichiometries even though it helps decreasing the
oxygen vacancies and improving the film quality, which is consistent with earlier XRD
discussions.

The variation of Mn3;Oy4 thin film microstructure and crystallinity as a function of
oxygen pressure was studied by cross-section TEM as shown in Figure 5.3 a-f. Mn3;Og4
thin film deposited in vacuum contains obvious grain boundaries (GB) with the
average grain size around 50 nm as shown in Figure 5.3a. The 45° in-plane rotated
epitaxial growth orientations are determined to be Mn3;04(004)//STO(002) and
Mn304(220)//STO(200) from the corresponding selected area diffraction (SAD) pattern
as the inset in Figure 5.3a. High resolution TEM image in Figure 5.3b shows vertical
grain boundaries within the epitaxial film. Instead of the large amount of vertical grain
boundaries, continuous films were formed for the film deposited under 50 mtorr
oxygen as shown in Figure 5.3c. Few surface clusters were observed with an average

spacing of 80 nm. It is noted that strain contour can be found right underneath the
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surface clusters. High quality epitaxial growth is demonstrated from the high resolution
image in Figure 5.3d and the corresponding SAD pattern in Figure 5.3c. With
increasing oxygen pressure up to 200mtorr, the sample shows improved film
crystallinity however the dominated phase is now Mn,0; as evidenced from the high
resolution TEM image in Figure 5.3f and the SAD pattern inserted in Figure 5.3e. The
film/substrate orientation relations are determined to be
Mn;304(004)//Mn,03(004)//STO(002) and Mn304(220)//Mn,03(220)//STO(200). The
distinguished diffraction dots from manganese oxide film demonstrate the epitaxial
growth of the film on STO substrate in-plane and out-of-plane. Above TEM study
suggests that higher oxygen pressure improves the epitaxial quality of the manganese
oxide films. However, proper oxygen pressure is needed for achieving the desired

composition and Mn ionic state.
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High vacuum and proper deposition conditions are critical for achieving high
quality thin films by PLD. For example, high deposition pressure will decrease the

14201 11 this work,

plume size as well as the mean free path of deposited adatoms.
Mn;04 thin films deposited in vacuum have a continuous layer with very smooth
surface from SEM study as shown in Figure 5.4a. As the oxygen pressure increased to
50 mtorr and 200 mtorr, rectangular clusters formed on the surface of the continuous
films and its density increased as the oxygen pressure increases (Figure 5.4b and c).
The cluster formation may be caused by the reduction of the adatoms mean free path /
surface diffusion rate as the oxygen pressure increases from vacuum to higher values.
And this may also reveals a transition of the Mn3;O, thin film growth from Frank-
vander Merve (2D, layer by layer) mode to Volmer-Weber (3D, cluster) mode.***

Proper control in kinetics will help improve film morphologies (e.g., preventing

clustering) and achieve stable chemical states.
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(a) in vacuum, b) 50mtorr O, and c¢) 200mtorr O, pressure, respectively).



150

The exchange interaction of Mn’" ions within manganese-oxygen octahedra
occurs at lower temperatures, and Mn3Oy4 thin films show ferrimagnetic long-range
order below the Curie temperature T.. Figure 5.5a shows the temperature dependence
of magnetization for Mn3;Oy4 thin films deposited under different oxygen pressures. The
measurements were taken through zero field cooling (ZFC) process. Samples were
cooled down from 300K to 5K without external magnetic field, and then the
magnetization was measured as a function of temperature under an applied magnetic
field of 100000e¢ along [100] axis during the warming-up process. T is identified
using the derivative |[d(Mr)/dT| at maximum. Below T, the thermal agitation as well as
spiral spin caused canted spin array suppresses the demagnetizing field which leads to
an increase in magnetization at lower temperatures. Above T, the ferrimagnetic long-
range ordering disappears and the magnetization drops sharply.’”> ZFC curves in
Figure 5.5a show that the curie temperatures for samples deposited under 50 mtorr and
200 mtorr oxygen pressure are 50K and 48K, respectively. The vacuum deposited
sample shows weak magnetic performance which may be correlated to its high density
grain boundaries and relatively poor crystallinity. The sample deposited under 50 mtorr
which has Mn304 as the dominant phase and best crystallinity, shows higher T, and
magnetization values compared with that of sample deposited under 200 mtorr. The
higher T, may be attributed to the improved film crystallinity by the precise control of
the oxygen pressure and film stoichiometry during PLD. In addition, STO(001)
substrate used in this study could provide a large film-substrate mismatch (i.e.,

compression in-plane and tension out-of-plane) compared with other cases, such as
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Mn;04 grown on MgO(001) with tension in-plane and compression out-of-plane.
Stronger exchange interactions between Mn®" ions with larger c-axis crystal lattice

distortion in the manganese-oxygen octahedral could lead to higher T, value.
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FIG. 5.5. Magnetization measurements of Mn3Oy4 thin film samples. a) Dependence of
the magnetization as a function of temperature for Mn30O4 thin films deposited under
different oxygen pressures. Samples were cooled from 300K to 5K without applying
magnetic fields, then measurement start in a magnetic field of 100000e, applied along
[100] axis. b) The magnetization hysteresis curves of Mn3;O, thin films deposited under

different oxygen pressures measured at SK. The magnetic field is applied along the

[100] axis.
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The magnetization hysteresis loops in Figure 5.5b were measured at 5K along the
[100] direction for Mn3Oy4 thin films deposited under different oxygen pressures. It is
obvious that the hysteresis loops compose the contributions from both Mn3;O4 and
Mn,0Os phases for both 50 mtorr oxygen and 200 mtorr samples. The one deposited
under 50 mtorr oxygen pressure shows the highest magnetic saturation at 200emu/cc
which is attributed to its dominant Mn3O4 phase. This saturation magnetization here is
similar to other Mn3Oy single crystal and polycrystalline samples as reported.””**** The
one deposited under 200 mtorr oxygen pressure has lower magnetic saturation at
145emu/cc but a larger coercivity (40000¢) as compare with that of the sample
deposited under 50 mtorr oxygen pressure (70000¢), which is mainly due to the major
Mn,0Os phase in the film. Meanwhile, the smaller coercivity might be also resulted
from the anisotropy effect due to the disorder based on different crystal orientations
and can be improved in single-crystal sample by applying the external magnetic field
along an easy magnetization axis. The distortion of hysteresis loops for the SOmtorr
and 200mtorr samples indicates the former one has a major Mn3;O4 phase and Mn,03
phase will become dominant as oxygen pressure increases to 200mtorr. The sample
deposited under vacuum does not show obvious ferrimagnetic properties, which is
largely attributed to its high density grain boundaries and its relatively poor
crystallinity. Its narrow hysteresis loop implies a small amount of dissipated energy in
repeatedly reversing the magnetization. Above observations coincide with earlier
discussions, i.e., proper oxygen pressure improves the film crystallinity and lead to

stronger magnetic responses. On the other hand, extra oxygen could involve the
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formation of secondary phases such as Mn,;Os; and MnO, which might cause opposite
moments/ionic states within the sublattices and thus lead to deterioration of magnetic

performance.

5.5 Conclusions

We have investigated epitaxial and highly textured Mn;O4 thin films grown on
single crystal STO (001) substrates under different oxygen pressures. XRD analysis
reveals that 50mtorr oxygen pressure results in Mn3;O4 as the dominant phase with
better crystallinity. However, higher oxygen pressure such as 200 mtorr results in the
formation of secondary phases such as MnO and Mn,0s. TEM study also suggests that
proper oxygen pressure helps improving the film quality and decreasing the amount of
grain boundaries. The epitaxial Mn;O4 thin films with 50mtorr pressure shows an
improved T, of 50K and a saturation magnetization of 200emu/cc which are higher
than other literature reports on epitaxial Mn3Oy thin films. This work demonstrates that
proper oxygen pressure is one of the key factors in achieving better thin film
crystallinity/microstructure as well as enhanced ferrimagnetic properties for Mn3;O4

thin films.
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CHAPTER VI
GROWTH MECHANISM STUDY ON (SrTiO3)os:(MgO)os VERTICALLY

ALIGNED NANOCOMPOSITE THIN FILMS

6.1 Overview

Epitaxial two-phase vertically aligned nanocomposite (VAN) (SiTi03)o.5:(MgO)o s
thin films were deposited by pulsed laser deposition on both SrTiO; and MgO
substrates. The nanocomposite thin films exhibit a highly ordered vertical columnar
structure with high epitaxial quality. The growth rate of the nanocomposite thin films
can be adjusted by laser energy densities and laser repetition rate. We demonstrate that
the strains of the two phases are relaxed as increasing the laser repetitions. The column
width is 3nm for MgO columns and 20nm for STO columns in nanocompoiste films
deposited on STO and MgO substrates, respectively. It is possible that the in-plane
tension induced by MgO substrate causes a faster diffusion rate of STO phase and
therefore a relatively larger column dimension was achieved in the nanocomposite thin
films. In addition to deposition parameter variation, this study suggests another
promising avenue in achieving microstructure control such as the column width in

VAN thin films by substrate induced strain engineering.
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6.2 Introduction

Over the past several years, vertically aligned nanocomposite (VAN) thin films
have received more and more research interest due to its potential in achieving

100,102
36,68,100,10 In

multifunctionality, enhanced single functionality and novel nanostructures.
VAN thin films, two phases are self-assembled heteroepitaxially grown on given
substrates and form a unique nano-checkerboard structure in-plane. The VAN
architecture (shown in Figure 6.1a) promises a novel way of achieving tunable strains
which is very different to the situation on normal composite films. The strains in VAN
thin film exist not only on the film-substrate interface due to epitaxial film growth, but
also on the vertical interfacial phase boundaries with lattice matching in between. In
VAN thin films, the vertical column width are relative small around 20nm that the
substrate induced strain can not fully relax. The strain in the lower modulus phase is
mainly controlled by that in the higher modulus phase and can be maintained
throughout much thicker film thickness (>500nm). The area density of vertical column
phase boundary is a main factor that affects the competition between vertical and
horizontal strains which can be adjusted by the deposition frequency and composite
ratio.”®*!'* On the other hand, different substrate induced strain can also play another
role in affecting the column width, further more tuning vertical boundary area density
as well as the vertical strain.

In this work, we developed VAN (SrTi0O3)05:(MgO)os nanocomposite thin films

as model and investigate the substrate strains effect on composite film microstructure
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and strains. As shown in Figure 6.1b and c, the composite thin films have been
deposited on SrTiO; (STO) and MgO substrates, respectively. Both phase are in cubic
but with different lattice parameters as for STO (a=3.905A) and MgO (a=4.2 A). The
strains of nanocomposite thin films grown on different substrates are in opposite status.
Other factors such as the laser energy density and laser repetition rate during the
deposition have also been systematically adjusted to investigate their effect to the

growth morphology of the nanocomposite thin films.

a b
STO
/=3 9054
STO
a/=3.905A
Two-phases VAN model STO:MgO/STO STO:MgO/MgO

FIG 6.1. Schematics of VAN thin films. (a) Two phases VAN thin film model; (b)
STO:MgO VAN thin film grown on STO substrate; (¢) STO:MgO VAN thin film

grown on MgO substrate.
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6.3 Experimental

(STO)5:(MgO)os thin films were deposited on single crystal STO(001) and
MgO(001) substrates in a PLD system with a KrF excimer laser (Lambda Physik
Compex Pro 205, A= 248 nm), respectively. The laser beam was focused to obtain an
energy density (~ 4 Jem™) at an incidence angle of 45°. The (STO),s:(MgO)os target
were prepared by a conventional powder mixing method. An optimized substrate
temperature (700 £ 5°C) and an oxygen pressure of 0.2 torr were maintained during
deposition.

In this work, we processed (STO)(5:(Mg0O)os two-phase VAN thin films grown
on STO(001) substrates with different laser energy densities (3.4; 4.3; 5.2 and 6 Jem™)
and deposition frequencies (Sample Set 1 at 2Hz; Set 2 at 5 Hz; and Set 3 at 10Hz), one
of the most important deposition parameters during PLD growth. We conducted a
detailed strain analysis in these VAN nanocomposite films as functions of deposition
frequency, based on the d-spacing measured from selected diffraction patterns.

The strain and microstructure of the as-deposited films were characterized by X-
ray diffraction (XRD) (BRUKER D8 powder X-ray diffractometer), transmission
electron microscopy (TEM) (JEOL 2010 analytical microscope with a point-to-point
resolution of 0.23 nm) and scanning transmission electron microscopy (STEM) (FEI
Tecnai G2 F20). A standard cross-section TEM sample preparation including manual
grinding and thinning of sample with a final ion milling step (PIPS 691 precision ion

polishing system, 3.7 KeV), was used.
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6.4 Results and discussion

(STO).5:(MgO)g 5 thin films grown on STO(001) substrate show vertically aligned
columnar structure with good epitaxial quality. The lattice parameters of STO and
MgO are 3.905A and 4.20A, respectively. The lattice mismatch between MgO phase
and STO substrate is around 7% which will lead to a domain matching and epitaxial
growth of MgO phase. Since STO phase in the composite thin film have the same
material crystal structure to the substrate, it will diffuse much faster as compared to the
MgO phase. Figure 6.2a gives the 0-20 XRD pattern of deposited (STO)y5:(Mg0O)o.s
thin films on STO(001) substrate. It shows an obvious cube-on-cube growth of both
phases with the crystal orientation in a relationship of MgOgim
(002)//STO£1m(002)//STOsu,(002). Cross-section TEM image in Figure 6.2b reveals the
film thickness is around 60nm and with smooth film surface for the film deposited at
2Hz. Both STO and MgO phases all aligned alternatively next to each other and the
columnar structure go through the whole film thickness. Both phases have grown
epitaxially on STO substrate, evidenced by the distinguished diffraction dots from STO
and MgO phases in the corresponding selected area diffraction (SAD) patterns in
Figure 6.2c. The orientation relationships are determined to be MgOsim
(002)//STO£m(002) and MgO#iim (020)//STO#i1m(020). Plan-view TEM image in Figure
6.2d confirmed the morphology of two phases in the composite film. Due to their
different surface free energy to the substrate and diffusion rate, the (STO)(s5:(Mg0O)os

thin films grown on STO substrate have MgO columns grown in the STO continued
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thin film matrix. One of the most distinguished findings is that this system shows ultra
thin column dimension (around 3nm). This may caused by the largely thermal
dynamics status of two phases to the substrate. To systematically study the
column/domain size variation over a large area, we conducted a detailed scanning
transmission electron microscopy (STEM) study on all the samples. STEM under the
high angle annular dark field (HAADF) condition, is also called Z-contrast imaging,
where the contrast is approximately proportional to the square of the atomic number
(Z""). Figures 6.2¢ shows the Z-contrast images of (STO)o.s:(MgO)os VAN thin films
grown on STO(002) substrate. The most striking feature is the bright/dark columns
that align alternatively in the lateral direction, indicating the presence of vertically
aligned STO and MgO columns. The STO film matrix are much brighter than the MgO
columns as the Z number of Sr (Z=38) is higher than that of Mg (Z=12). All the
nanocolumns are grown vertically through the film thickness without obvious column

tilting. No obvious interface mixing was observed in the view areas.
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FIG 6.2. Microstructure and crystallinity of (SrTi03)5:(Mg0O)os thin films grown on
SrTi03(001) substrate. (a) XRD 06~26 scans of STO:MgO films deposited at 2Hz; (b)
cross-section TEM image shows vertically columnar growth of both phases; (c)
selected area diffraction pattern from the film region; (d) plan-view TEM image of
STO:MgO thin film deposited at 2Hz; (e) scanning TEM image shows phases

separation and columnar VAN structure.
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section TEM images of (SrTiO3)o5:(Mg0O)os thin films

FIG 6.3. High resolution cross

grown on SrTiO3(001) substrate deposited at 2Hz. (a) 500K HRTEM image and (b)

800K HRTEM image.
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High resolutions cross-section TEM images in Figure 6.3 were taken at 500K
magnification and 800K magnification, respectively. It is clearly to see a smooth
transition of STO phase from the substrate to film. The MgO phase in the film shows a
darker contrast which corresponding to its atomic weight. The MgO columns are
extremely narrow as around 3nm in the (SrTiO3)o5:(MgO)o s thin films grown on STO

substrate.
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FIG 6.4. The growth rate of (SrTiO3)5:(MgQO)os thin films grown on SrTiO3(001)

substrate as a function of laser energy densities.
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The growth mechanism of (SrTiO3)ps:(MgO)os nanocomposite thin films is
strongly dependent on the growth rate of the film. In this work, the growth rate of
deposited thin films has been tuned by adjusting the laser energy densities and pulse
repetition rate. Figure 6.4 shows the growth rate of composite thin films deposited
with laser energy densities of 3.4 J/em?, 4.3 J/em?, 5.2 J/em” and 6 J/cm?, respectively.
For all the samples, cross-section TEM images show well aligned VAN architecture
and there are no obvious column width changes. The sample deposited with 5.2 J/cm?
laser energy density shows the highest grow rate. The particles in the laser plasma
plume obtain higher kinetic energy when the laser energy density increases.””” Thus,
the diffused length of both SrTiO; and MgO phases increase which can improve the
phase crystallites. However, at the same time, higher laser energy density also produces
larger grain size in the films, which degrades the smoothness of the surface.

Laser repetition rate is another important factor that will affect the film
microstructures. Figure 6.5 gives the selected area (SAD) diffraction patterns from
different sample regions as labeled, respectively. As the laser repetition rate increases
from 2Hz to 5SHz and 10Hz, as shown in Figure 6.5 b to d, the in-plane diffraction dots
of MgO phase show up instead of overlapping with that of the SrTiO; phase. The
lattice parameter of SrTiO; phase in the nanocomposite films is similar to that of the
substrate due to the surface energy deficiency. SAD patterns reveal that higher laser
repetition rate at SHz and 10Hz will form the MgO phase with larger in-plane lattice

parameters.
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FIG 6.5 Selected area diffraction patterns of (SrTiO3)5:(Mg0O)o s thin films grown on
SrTiO3(001) substrate. (a) SAD pattern from pure STO(001) substrate, (b) SAD of film
only region on 2Hz deposited (SrTiO3)os5:(MgO)os thin film; (¢) SAD of film only
region on 5Hz deposited (StrTiO3)os:(MgO)os thin film and (d) SAD of film only

region on 10Hz deposited (SrTi03)o5:(Mg0O) s thin film.
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Figure 6.6 reveals the lattice parameters of both STO and MgO phases as a
function of laser repetition rate. It is obviously to see that the strain in MgO phase has
been largely adjusted as increasing the deposition frequency from 2Hz to SHz and
10Hz as compared that of the STO phase. Comparing the lattice paramters of SrTiO;
(a=3.905A) and MgO(4.2A), the in-plane compression of MgO phase decreases as
increase the laser repetition as shown in Figure 6.6b. Adjusting the laser repetition
during deposition will effect the competition between kinetics and thermodynamics at

the early stage of nanocomposite thin films growth.
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FIG 6.6. Lattice parameters of (a) SrTiO; and (b) MgO phases in the
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FIG 6.7. Microstructure and crystallinity of (SrTiO3)o5:(MgO)os thin films grown on
MgO(001) substrate. (a) XRD 6~20 scans of STO:MgO films deposited at 2Hz; (b)
cross-section TEM image shows vertically columnar growth of both phases; (c)
selected area diffraction pattern from the both the film and substrate region; (d)

scanning TEM image shows phases separation and columnar VAN structure.
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(STO)p5:(MgO)g 5 thin films grown on MgO(001) substrate also show vertically
aligned columnar structure and epitaxial growth. Similar lattice matching relationships
between the growth phases and the MgO substrate, however there is tension in-plane in
the STO film phases. Figure 6.7a gives the 0-20 XRD pattern of deposited
(STO)o.5:(MgO)g 5 thin films on MgO(001) substrate. It shows an cube-on-cube growth
of both phases with the crystal orientation in a relationship of MgOgim
(002)//STO#m(002)//STOgu(002). Another STO(111) peak indicate the polycrystal
portion in the STO columns. Cross-section TEM image in Figure 6.7b reveals the film
thickness is around 60nm but with much larger column width around 20nm as
compared to the (STO)g5:(MgO)o s thin films grown on STO(001) substrate. Both STO
and MgO phases all aligned alternatively next to each other and the columnar structure
go through the whole film thickness. Both phases have epitaxially growth on STO
substrate, evidenced by the distinguished diffraction dots from STO and MgO phases
in the corresponding selected area diffraction (SAD) patterns in Figure 6.7c. The
orientation relationships are determined to be MgOsiim (002)//STO#1m(002) and MgOsijm
(020)//STO#m(020). Figures 6.7d shows the Z-contrast images of (STO)s:(MgO)os
VAN thin films grown on MgO(001) substrate. The most striking feature is the
bright/dark columns that align alternatively in the lateral direction, indicating the
presence of vertically aligned STO and MgO columns. All the nanocolumns are grown
vertically through the film thickness without obvious column tilting. No obvious

interfacial mixing was observed in the view areas.
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FIG 6.8. (a) High resolution cross-section TEM image of (StTiO3)¢s:(Mg0O)os thin
films grown on MgO(001) substrate. (b) and (c) Fourier transferred TEM images on

selected regions.
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Figure 6.8 shows high resolution cross-section TEM image of (STO)gs5:(MgO)o.s
thin films grown on MgO(001) substrate at 2Hz. As mentioned earlier, for an epitaxial
growth of MgO with in-plane lattice 4.2A and STO with in-plane lattice 3.905A on
MgO substrate, there is a 7% lattice mismatching. TEM image shows clear lattice
matching with ration around STO:MgO = 4:6. Fourier filtered TEM images on area b
and c also demonstrates the lattice matching relations. It should be noticed that the
film-substrate interface is not flat from the HRTEM image and also the MgO substrate
could be easily contaminated during the deposition. There is a possibility that there
may have some extra chemical or physical reactions happened at the beginning of the
deposition on MgO substrate.

One of the most obvious points as compare the (STO)y s5:(MgO)o.s nanocomposite
thin films grown on STO and MgO substrates respectively is that they both have VAN
architecture but with different column dimensions. The column width is 3nm for MgO
phase and 20nm for STO phase in nanocomposite films grown on STO substrate and
MgO substrate, respectively. The big difference of column width of the doped phase in
nanocomposite thin films corresponds to the different diffusion rate of phase grown on
different substrates. In the initial stage of thin films grown on flat substrates, the
diffusion rate determines the average distance an adatom will travel before joining an
existing island or create a new island to finally form the columns in VAN thin films.
With different in-plane lattice parameters, MgO and STO substrate provide tension and
compression to the deposited (STO)g5:(Mg0O)y s nanocomposite thin films, respectively.

It has been studied that for III-V metal alloys like GeSi growth on substrates with
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different strains, the in-plane compression provide faster diffusion rate of the deposited
adatoms at the early stage of the film growth.””® There is diffusion competition
between MgO and STO phases in the growth of composite films. The MgO substrate
induced tension is believed one of the most important factors that help achieving larger

dope column width.

6.5 Conclusions

Epitaxial two-phase vertically aligned nanocomposite (SiTiO3)ys5:(MgQO)os thin
films were deposited by pulsed laser deposition on SrTiO; and MgO substrates,
respectively. The microstructure and crystal orientations of deposited nanocomposite
films have been analysis by TEM and XRD. The growth rate including the laser energy
densities as well as the laser repetition rate has been adjusted to investigate their
influence to the growth morphology of nanocomposite films on different substrates. It
is find that higher laser repetition rate can help relax the substrate induced strain in
(SiTi03)05:(MgO)os thin films grown on STO substrates. With higher depositition
frequencies from 2Hz to 5SHz and 10Hz, the in-plane lattice parameters of MgO
increases and the compressive strain relaxes. The (SiTi03)o5:(Mg0O)os VAN thin films
show different column width as grown on STO and MgO substrates, respectively. It is
believed that the in-plane tension induced by MgO substrate causes a faster diffusion
rate of STO phase and achieves a relatively larger column dimension in the

nanocomposite thin films. This work generate the STO:MgO system as a model to
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systematically study the growth mechanism of VAN thin films and demonstrate that
the microstructure control such as the column width in functional oxide thin films can

be achieved by substrate induced strain engineering.
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CHAPTER VII
NANOPOROUS THIN FILMS WITH CONTROLLABLE NANOPORES FROM

VERTICALLY ALIGNED NANOCOMPOSITES”

7.1 Overview

Porous thin films with ordered nanopores have been processed by thermal
treatment on vertically-aligned nanocomposites (VAN), e.g., (BiFeO3)s:(Smy03)o s
VAN thin films. Uniformly distributed nanopores with an average diameter of 60 nm
and 150nm were formed at the bottom and the top of the nanoporous films,
respectively. Controllable porosity can be achieved by adjusting the microstructure of
VAN (BiFe0O;):(Sm,03) thin films and the annealing parameters. In situ heating
experiments within a transmission electron microscope (TEM) column at temperatures
from 25°C to 850°C, provides significant insights into the phases transformation,
evaporation and structure reconstruction during the annealing. The in situ experiments
also demonstrate the possibility of processing vertically aligned nanopores (VANP)
with one phase stable in columnar structure. These nanoporous thin films with
controllable pore size and density could be promising candidates for thin film

membranes and catalysis for fuel cell and gas sensor applications.

"This chapter is reprinted with permission from “Nanoporous thin films with
controllable nanopores processed from vertically aligned nanocomposites” by Z. Bi, O.
Anderoglu, X. Zhang, J. L. Driscoll, H. Yang, Q. Jia, and H. Wang, Nanotechnology
21, 285606 (2010). Copyright 2010 by IOP Publishing Ltd.
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7.2 Introduction

Nanoporous materials (thin films) is a kind of nanostructured materials with the
presence of pores/holes and possess unique surface, structural and bulk properties that
lead to important uses in various fields. Nanoporous membranes and thin films have
received a wide range of research interests because of their potential applications as
porous catalysis membranes in fuel cells,??’?%%2%219211 oaq sensors,*'**!* and porous
anodic alumina oxide (AAO) membrane as template for processing nanotubes and
nanowires.”">*'” Besides that, nanoporous materials/thin films also hold great promises
working in environmental separations, clean energy production and storages.

In nanoporous thin films, the pores are classified into two types: open pores which
connect to the surface of the film, and closed pores which are isolated from the outside.
The open pores are often used in functional applications such as catalysis, filtration,
adsorption and sensing. In contrast, the closed pores are useful in sonic, thermal
insulation and lightweight structures. Porous materials could be classified according to
their constitients of their properties as shown in Table 7.1. Nanoporous materials/thin

films are a set of micropores, mesopores and macropores. Typically it has large

porosity (>40%) and with pore diameters between 1-100nm.



Table 7.1 Classification of nanoporous materials.

Alumino-
Polymeric |Carbon |Glass Oxides  |Metal
silicate
Meso- Micro- [Meso- Micro-  [Micro-  [Meso-
Pore size
macro meso  [macro |meso meso macro
Low High |[Low |High Medium |Low
Porosity
>0.6 0.3-0.6 |0.3-0.6/0.3-0.7 0.3-0.6  |0.1-0.7
Low- Low- Low-
Permeability High |Low High
medium |medium medium
weak-
Strength  [Medium |Low Strong (Weak Strong
medium
Thermal Medium- [Medium-
Low High  |Good High
stab high high
Chemical |Low-
High  [High [High Very high |High
stab medium
Low-
Costs Low High  |High Medium |Medium
medium
Medium-
Life Short Long |Long Long Long
long

174



175

Processing porous thin films with geometrically controllable nanopores, i.e.,
controlled pore density and pore size distribution, is important in achieving consistent
chemical catalytic properties of thin film membranes for fuel cells and gas sensor
applications. Also understanding those parameters are fundamentally important in
investigating materials electrical and mechanical properties. It was reported that the
same porous material system processed by different techniques results in a large
variation in the electrochemical performance of cathode membrane for solid oxide fuel
cells (SOFCs).”"*?*! Most of the porous structures were either directly deposited by

222223

solution-based techniques or other deposition techniques, or achieved by post-

94,224,225 226,227

deposition processes such as chemical etching, electrochemical process,

229 Most of these

high resolution photolithography patterning,*® and e-beam etching.
techniques have difficulties in achieving ordered nanoscale porosity with controlled
pore density and pore size distribution. Some of the techniques go through multiple
steps (e.g., high resolution lithography patterning) and can be very expensive (e.g., e-
beam etching).

Our recent work on vertically aligned nanocomposites (VAN) opens a brand new
avenue in achieving ordered nanopores structure. Several VAN structures including
BiFeO5:Sm,05 (BFO:SmO),lOO’114 Lag 7Sro3MnO;3:ZnO (LSMO:ZnO),3 7 and few others
systems have been demonstrated.®®*® Both phases in VAN structures have grown
epitaxially with each other on substrates and formed a unique nanochecker-board

structure in-plane. It shows vertical strain control along the vertical interface which

allows highly strained films achieved in thick films. The two phases in VAN structure
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are selected based on their similar growth kinetics, thermodynamic stability and
epitaxial growth on given substrates.'®'” Using this two-phase VAN ordered
structures as a template, it is highly possible to process ordered nanopore structures by
eliminating one phase in the two-phase VAN structures. Geometry nanopores control
including the pore density and size can be achieved by: 1) adjusting the phase
compositions or the deposition parameters to obtain different column widths in the
VAN structures;''* 2) optimizing the thermal treatment parameters such as annealing
temperature and duration.

In this work, we present our initial success in processing nanoporous films by
both furnace annealing and in situ heating experiments in a transmission electron
microscope (TEM). The VAN system selected for this study is (BFO)(s:(SmQ)y s films
for a demonstration. BFO has a melting point of 817~825°C which is lower than that
of SmO (2300°C).>'** BFO could be decomposed and vaporized and ordered
nanopores will be formed during annealing. The effects of annealing temperature on
the new nanoporous structures were also investigated to explore the formation

mechanisms of the nanopores.

7.3 Experimental

The template we selected to process nanoporous thin films in thermal treatment

experiments is (BFO)(5:(SmO)5s VAN thin films. With 50:50 phase ratios, both BFO

and SmO phases show similar columnar width around 10nm and well-separated phase
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locations in VAN thin film. As mentioned early in this dissertation, the
(BFO))5:(SmO)os VAN thin films were deposited on single crystal SrTiO3(STO) (001)
substrates in a pulsed laser deposition (PLD) system with a KrF excimer laser (Lambda
Physik Compex Pro 205, A= 248 nm). The laser beam was focused to obtain an energy
density (4 J-cm'z) at an incidence angle of 45°. The (BFO),s:(SmO), s target were
prepared by a conventional powder mixing method followed by target sintering with
flowing oxygen (0.150 sccm). An optimized substrate temperature (650 + 5°C) and an
oxygen pressure of 0.2 torr were maintained during deposition. Other details can be

"% The film thickness is controlled at 150 nm for this

found from previous literature.
study.

The microstructure of the as-deposited and annealed films was characterized by
X-ray diffraction (XRD) (BRUKER D8 powder X-ray diffractometer), scanning
electron microscopy (SEM) (FEI SEM with Field Emission electron gun), atomic force
microscopy (AFM) and high resolution TEM. A standard cross-section and plan-view
TEM sample preparation procedures was used here including manual grinding and
thinning of sample with a final ion milling step (PIPS 691 precision ion polishing
system, 3.7 KeV).

Both of the conventional TEM characterization and in situ heating experiments
were carried out using JEOL-2010 (LaBg electron gun) with stored Gatan ORIUS CCD
camera and a point resolution of 2.34A. In situ heating observation can be used to

monitor the behavior, crystal structure and composition of the specimen while applying

heat during the reaction. A Gatan-628 side entry, furnace type single tilt heating TEM
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specimen holder was used for the in-situ heating experiment. This is a powerful tool in
monitoring the microstructure evolution at atomic scale during the annealing process.
The temperature was measured using a thermocouple attached to the furnace and the
maximum operating temperature is 1300°C. Heating current as well as the ramping rate
were carefully calibrated considering the temperature gap between specimen and
thermal sensor. During the temperature rising up, electron beam was switched off to
avoid the thermal radiation effect.

In this work, we conducted three different experiments of thermal treatment on
(BFO).5:(SmO)o.s VAN thin films: 1) ex situ sintering in tube furnace at 1000C for 1hr;
2) in situ heating in TEM from 25°C to 850°C; 3) ex situ sintering in tube furnace at
1000C for 4hrs on templates with different film thickness. We expected to achieve a
nonporous thin film structure and investigated the possible factors that may affect such

as temperature and film thickness during the process.

7.4 Results and discussion

7.4.1 EX situ experiment

A set of (BFO)ys5:(SmO)ys VAN films with film thickness of 150 nm were
processed at identical processing conditions for multiple annealing experiments. Figure
7.1 shows high-resolution TEM images from both cross-section (Figure 7.1a, b) and
plan-view (Figure 7.1c, d) for an as-deposited (BFO)s:(SmO)gs thin film. A clear

vertically aligned columnar structure was observed. BFO and SmO phases/columns are
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alternating with each other. The average width of the BFO/SmO columns is around 10
nm. A remarkable feature of the (BFO)ys:(SmO)ys films is the spontaneous phase
ordering (Figure 7.1b, d). Both phases have grown epitaxially on SrTiO3(STO) (001)
substrate, evidenced by the distinguished diffraction dots from BFO and SmO phases
in the corresponding selected area diffraction (SAD) pattern and Fast Fourier Transfer
patterns (as inset). The orientation relationships are determined to be
BFO(002)//SmO(004)//STO(002) and BFO(200)//SmO(220)//STO(200).

The (BFO)ps5:(SmQO)yps VAN thin films were then ex situ annealed at various
temperatures and durations to explore the annealing effects on the pore formation. The
first annealing was at 1000°C for 1 hour. X-ray diffraction (XRD) was first conducted
to explore the microstructure variation introduced by high temperature annealing.
Obvious differences can be found from the XRD data in Figure 7.2 for both the as-
deposited VAN thin films and the sample after annealing. For the as-deposited sample,
both BFO and SmO phases have grown highly textured mainly along STO(00)
direction. After annealing, the main peaks are indexed as SmO (00/) peaks and no
obvious BFO(00!) peaks observed. This indicates that a large amount of BFO phase
has decomposed and evaporated during the high temperature annealing and SmO is the
major phase left in the annealed sample. The intensity of SmO(800) peak was increased
after the thermal treatment which suggests that high temperature annealing also

improves the SmO phase crystallinity at the same time of the pore formation.



180

BFO SmO BFO
[001] [001]

L-— [o]  —— [o10]

[001]

5
: STO(001) L [o1g) 00—

.

Pighe 3
|

F20Am

FIG 7.1. TEM analysis on (BFO)(s:(SmO)ys VAN thin films. (a) Cross-section TEM
images of (BFO)(s:(SmO)ys VAN thin film with (b) zoom-in high resolution TEM
images and the corresponding selected-area diffraction pattern as inset; (c¢) plan-view
TEM image of (BFO),s5:(SmO)ps VAN thin film with (d) zoom-in high resolution
TEM image and the corresponding selected-area diffraction pattern as inset. The

epitaxial orientation relationships are determined to be

BFO(002)//SmO(004)//STO(002) and BFO(200)// SmO(220)// STO(200).
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FIG 7.2. XRD 6~26 scans of (BFO)(s:(SmQ)ys nanocomposite thin films before and

after 1000°C 1hr annealing.

Microstructures of the annealed (BFO)s:(SmO)g s thin films were examined by
using cross-section TEM. One such image in Figure 7.3a shows that highly ordered
nanopores have formed in the film with an average pore diameter of 60 nm for the ones
close to the film-substrate interface and of 150nm for the ones on the top of the film.
High temperature annealing on (BFO)(5:(SmO)ys VAN thin films forms a unique bi-
layer nanopore structure. The spacing between the neighboring pores is around 50nm

for both layers of pores. Based on the pore size and distribution, the estimated total
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film porosity is around 40%. The corresponding selected area diffraction (SAD) pattern
of both film and substrate shown in Figure 7.3b demonstrate the highly epitaxial SmO
phase in the annealed film without clear diffractions from BFO. This observation is
consistent with the above XRD result. The fast Fourier-transformed patterns processed
from selected areas in the high resolution TEM image also suggest that the majority of

the phase is SmO with only very small portion of areas identified as BFO.

FIG 7.3. TEM image of (BFO)(s:(SmO)ys nanocomposite thin film after 1000°C 1hr
annealing showing bi-layer porous microstructure. Below are (b) selected-area
diffraction pattern from both the film and the substrate; and fast Fourier transfer

patterns from (c) STO substrate; (d) BFO region; (¢) SmO region.
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FIG 7.4. Schematic diagrams illustrate a possible pore formation mechanism in

(BFO)0.5:(SmO)( s nanocomposite during high temperature annealing. a-c are cross-
section view; d-f are plan-view. Areas in red correspond to BFO phase and areas in
yellow correspond to SmO phase. a and d illustrates the initial VAN structure with a
diameter of d. b and e represent the initial decomposing and vaporization process with
pore size d;=d. C and f describe the nanopore growth and the coalescence of SmO
phase (d;> d>> d;). d is the width of BFO columns before phase coalescence; d; is the
diameter of the top open and bottom closed pores during annealing; d> is the diameter
of bottom closed pores after annealing; d; is the diameter of top open pores after

annealing; d’ is the width of BFO column left after phase coalescence.
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This unique porous structure is mainly related to the original spontaneously
ordered vertical columnar structure of the VAN template. Through annealing, the well
aligned vertical nanocolumnar structure has been converted into nanoporous film with
ordered nanopores uniformly distributed. The diameter of the pores is approximately 6
times of the column width in the as-deposited VAN films. Due to the different melting
temperatures of BFO (T,,=817~825°C) and SmO (T,,=2300°C), BFO will decompose
and evaporate first before SmO starts to decompose. The schematics in Figure 7.4
show the possible scenario for the pore formation during annealing from both cross-
section (a, b, ¢) and plan-view (d, e, f). During the high temperature annealing
(1000°C), the BFO phase went through decomposing — vaporization — diffusion
process while the SmO phase went through reconstruction. The top open pores came
from the BFO phase vaporization on the top portion of the BFO columns, and the
bottom closed pores were formed through the BFO phase decomposition and diffusion
to free space (Figure 7.4b and e, d;~d). The closed pores at the film-substrate interface
are typically smaller than the open pores on the top of the film since the bottom pore
formation is also limited by the diffusion process (Figure 7.4c and f, ds>d>).

During the decomposition and vaporization of BFO, SmO columns (as well as a
small amount of residual BFO phase) may have combined together formed more
continuous frames with much larger nanopores (Figure 7.4c and f, d>d). High
resolution SEM image in Figure 7.5a presents the surface pore density of the annealed
film. These surface pores are the ones shown on the top layer in the annealed film

(shown in Figure 7.3a). Based on the contrast difference (area with dark contrast
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corresponding to pores), the surface porosity is estimated to be 35% which is close to
the value estimated by the cross-section TEM study. The distribution of the surface
pores size is plotted in Figure 7.5b. Most of the surface pores are in the range
100~200nm which are larger than the ones at the substrate-film interface. AFM
scanning on the nanoporous thin film sample (not shown here) also confirmed that the

average diameter of the top pores is around 150 nm and with 30 nm in depth.
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FIG 7.5. (a) High resolution scanning electron microscopy analysis on 1000°C 1hr
annealed (BFO)5:(SmO)y s nanocomposite thin film show ordered nanopores on film

surface. (b) Surface pore density distribution reveals the average pore size of about

150nm.
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7.4.2 In situ experiment in TEM

To fully understand this bi-layer nanopores structure formation mechanism during
the annealing process, we conducted in situ heating experiments in TEM. It is a
powerful tool in monitoring the microstructure evolution at atomic scale during the
annealing process. It is noted that the in situ annealing experiment deals with a semi
2D sample foil (with foil thickness around 50-100nm depending on the regions in the
foil) which might not completely represent the formation mechanisms of the 3D
sample. However this in situ experiment can at least reveal the decomposition and
evaporation process of the BFO phases in real time. The movie snapshots from the
two-stage annealing, from 25°C to 600°C and from 600°C to 850°C, are shown in
Figure 7.6a and b, respectively. During the experiment, ramping rate was gently
controlled to avoid the sharp temperature difference between the TEM specimen and
the sample stage. From 25°C to 600°C (Figure 7.6a), there is no obvious evaporation
observed until the temperature raised up to 600°C with some indication of
decomposition and vaporization of BFO phases. From 600°C to 850°C, as shown in
Figure 7.6b, the snapshots show obvious material evaporation and structure variation
during the annealing process. It is clear that the vaporization of the BFO phases starts
uniformly throughout the BFO columns. Starting from 750°C, the majority of the BFO
phases has vaporized and left nanopores along the sides of the SmO columns. The

SmO columns are largely intact.
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FIG 7.6. In situ heating cross-section TEM analysis on (BFO),s5:(SmQO)ps VAN thin

films. (a) Snapshots taking during temperature ramping from room temperature to
600°C. No obvious decomposition and evaporation observed. (b) Snapshots taking
from 600°C to 850°C show the sequence of decomposition, evaporation and pore

recombination.
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Different from the ex situ annealed sample in Figure 7.3, the vaporization of BFO
nanopores did not alter the SmO nanocolumns during the in situ experiments. It shows
that the well-separated individual nanopores did not coalesce at lower temperature
from 650°C to 750°C. Starting from 750 °C to 850°C, the nanopores start to coalesce
with the neighboring ones and the SmO nanocolumns begin to lose their vertical
alignment and form larger SmO grains around the nanopores.

It is worth to point out that the experimental temperature is lower than the melting
temperature of SmO. This suggests that there is a significant amount of materials
diffusion promoted by the extra thermal energy, the energy stored at the nanocolumn
boundaries and the surface energy of nanopores, which results in the coalescence of the
SmO grains even around 800°C. This in situ heating experiment definitely provides
useful information for understanding the annealing process and provides a clear insight
that it is possible to process ordered vertically aligned nanopores by precisely
controlling the annealing process on the VAN structure.

Regarding the materials system selection, a large number of VAN structures have
been demonstrated up-to-date.*”¢*10%103-114230 This oives a vast choice in the material
selection of the nanoporous structures. Besides annealing, the secondary phase can be
removed by chemical etching or other approaches which are currently under

investigation.
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7.4.3 Film thickness effect

Above work shows that 1 hour ex situ sintering at 1000°C on (BFO).5:(SmQO) s
VAN thin films provide a chance to achieve novel bi-layered nanoporous thin film. It
will be interesting to investigate the annealing effect with different VAN
(BFO)5:(SmO)os film thickness or different thermal treatment duration. From the
thermal dynamic point of view, thinner as-deposited film thickness and longer sintering
will cause more intensive reactions and film microstructure evolution. In this work, we
conducted ex situ high temperature annealing on a set of (BFO),s:(SmO)os VAN thin
films for 4hr at 1000°C with different film thickness (25nm; 50nm; 100nm and 150nm).
After 4hrs high temperature annealing at 1000°C, (BFO)(s:(SmQO)s VAN thin films
with different film thickness shows different microstructures (as shown in Figure 7.7).
For 25nm sample, it is obviously to see both BFO and SmO formed continuous layers
aligned alternatively on STO substrate with 100nm alternation. SmO layers were
thicker than BFO layers since part of BFO phase has decomposed and evaporated out
during the high temperature annealing. For 50nm samples, we found SmO cumulus
aligned alternatively with 100nm distance in between on top of BFO continuous layer.
It can be found that there is already some BFO layers formed on the bottom below the
edge of the SmO layers for annealing at 25nm films. And for the 50nm thin films, after
the thermal treatment, all BFO were formed as continuous layer on top of STO

substrate with SmO cumulus aligned on the top.
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FIG 7.7. Cross-section TEM image of 1000°C 4hr annealed BFO:SmO thin film on
STO(001) substrate with different film thickness. A) 25nm; b)50Onm; c)100nm;
d)150nm. Right columns are high magnification TEM images corresponding to left

Square arcas.
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All BFO and SmO phases were highly epitaxial layers or cumulus, and we can see
there were no columnar structures anymore after 4 hr 1000°C sintering on 50nm films.
For 100nm and 150nm thick (BFO)(s:(SmQ), s thin films, nanopores started to formed
alternatively on STO substrate with 200nm alternation distance after thermal treatment.
Right selective area higher magnification TEM images corresponding to Figure 7.7¢
and d show the pores have a dimension of 100nm in diameter and with BFO phase
rounded. There were no obvious regularly aligned VAN columnar structures within the
film thickness but only epitaxial BFO and SmO phases mixed with each other.

Compared with samples annealed lhr at 1000°C, longer annealing duration (4hr)
can get larger pores size (2 times in diameter). Above thickness series annealed
BFO:SmO thin films analysis can help understanding the two phases VAN
microstructure evolution mechanism at high annealing temperature. For thinner
(BFO)5:(SmO)ps VAN thin films (<25nm), the columns height-width ratio is small
(<4). During the 1000°C annealing, BFO will decompose and vaporize out, lose its
vertical aligned columnar structure and form continuous layers. SmO will accumulate
to cumulus with losing its originally vertical aligned columnar boundaries and
recombined to nearby columns. They will form a SmO/BFO/STO multilayered
structure because of the relative higher kinetic movement activity of BFO. Besides the
vertical atom movement within BFO, there is also a horizontal atom movement within
BFO continuous layer since the high evaporation rate on exposed BFO layer. This
horizontal density grad will cause BFO atoms move from the middle of

SmO/BFO/STO sandwich structures to the BFO/STO single layer area. Finally, the
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SmO cumulus on STO substrate within BFO continuous layers (matrix) formed. With
thicker (BFO)(5:(SmQO)y s thin films (25-100nm), larger height-width ration (4-14), the
evaporation rate will be same but with more BFO content compared with thinner
(BFO))5:(SmO)g 5 thin films which will cause the SmO cumulus on BFO continuous
layer structure. More BFO content can provide enough materials to form continuous
layer even below the SmO cumulus. For even thicker (BFO)ys:(SmO)gs thin films
(>100nm), with even larger heigh-width ratio(>15), the phase with relative larger
kinetic movement activity (BFO phase) can not gain enough energy to totally break up
the column boundaries limitation with 4hr 1000°C annealing. This will cause closed
pores formed at the bottom of BFO:SmO thin films aligned alternatively and two
epitaxial phases mixed with each other through the film thickness. Compared with
Figure 7.3a and Figure 7.7c and d, it is reasonable to see that with longer thermal
treatment duration, the porous size getting larger and the VAN structure getting lost.
This demonstrates larger annealing energy introduced into the two phases VAN system
is helpful to eliminate the column boundaries. And with thinner (BFO)y5:(SmO)g s thin
films, same amount of introduced annealing energy can not only counteract the column

boundaries but also help reorganize separated phases to continuous layers.
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FIG 7.8. SEM images of 1000°C 4hr annealed BFO:SmO thin film on STO(001)
substrate with different film thickness. A) 25nm; b) 50nm; ¢)100nm and d) 150nm. The
middle column are corresponding contrast converted images by using IPP software for
surface feature size analysis. Right column are corresponding surface feature size

analysis with Gauss fit curve.
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Figure 7.8 gives the surface morphology analysis on the thickness series
(BFO)5:(SmO)ps VAN thin films annealed at 1000°C for 4 hrs. 25nm and 50nm
thickness annealed samples showed bright color SmO cumulus accumulate on top of
BFO dark layers. With less BFO content, 25nm annealed sample showed an
uncontinuous layer while there is more consecutive BFO bottom layer in 50nm
annealed sample that can be found from Figure 7.8a and b. 50nm and 100nm thickness
annealed samples show similar surface morphology from Figure 7.8b and c. All bright
SmO cumulus accumulated on top of continuous BFO layer but it is notable to see
porous cavities started to form within the bottom continuous BFO layer in 100nm thick
sample. The SEM image of 150nm annealed BFO:SmO shows more continuous mixed
two phases layer with clearly open pores on surface and closed pores on the bottom.

The nanoporous thin film surface 2D porosity analysis shows a porosity decrease
from 84.3% to 3.7% as the film thickness increase from 25nm to 150nm in Figure 7.9.
This plotting suggests that the film thickness also play an important role in achieving a

controllable porosity within the two phases VAN thin films.
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FIG 7.9. Surface porosity of thickness series BFO:SmO thin films annealed at 1000°C

for 4hrs which calculated based on the HRSEM analysis.

7.4.4 Thermal treatment duration effect

Another factor that may affect the nanoporous structure is the annealing duration.
We select the 150nm (BFO)(5:(SmQO)os VAN thin films as templates and conducted ex
situ thermal treatment at 1000°C for different duration (0.5hr, 1hr and 1.5hr). High
resolution SEM analysis show in Figure 7.10 reveals that different annealing duration
will cause different microstructure in the nanoporous thin films. As the annealing
duration increased from 0.5 hr to 1 hr, the surface nanopores dimension increased from

50nm to 100nm. In the meanwhile the nanoporous thin film surface porosity, which
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can be identified from Figure 7.11, also increases from 13% to 32%. With even longer
annealing duration for 1.5hr, it is interesting to see closed surface pores former. The
open area is with similar size as compared with that of the 1hr annealed case, however
it is clear to see an enlarged pore formed right below the film surface. The surface
porosity dropped to 5%, however it comes with an enlarged top pores in the bilayer
nanoporous thin films.

Above electron microscopy analysis on thermal treatment duration series annealed
(BFO)5:(SmO)ps VAN thin films demonstrate that the nanopores will grow with
longer thermal treatment, especially for the top pores. However, after a period of
annealing, SmO will lose its original columnar structure, and collapse to form a
continued surface layer. The decreased open region of the top pores may cause a lower

efficient for the nonoporous thin films working as membrane or catalysis.
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FIG. 7.10. SEM images of 1000°C annealed BFO:SmO thin film on STO(001)

substrate with different annealing duration. a) as deposited; b) 0.5 hr annealed; c)lhr
annealed and d) 1.5hr annealed. Right column are corresponding zoomed in picture for

surface feature analysis.
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FIG 7.11. Surface porosity of the nanoporous thin films after different thermal
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7.5 Conclusions

In summary, we have presented a new approach in processing nanoporous thin
film with ordered nanopores from (BFO)(s5:(SmQO)ys VAN thin films. High resolution
TEM reveals that, after annealing at 1000°C for 1 hour, a bi-layer nanopore structure

with open pores on top and closed pores on bottom has formed. In situ heating
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experiment in TEM demonstrates that the BFO phases went through a decomposition —
vaporization — diffusion process starting from 600°C while SmO phases remain mostly
intact. Above 750°C, the nanopores start to coalesce into large pores and the SmO
columns start to recombine into large grains around the nanopores. Besides, the
thickness of the VAN thin film template and the thermal treatment duration all have
been proved to be very important factors that will affect the final nanoporous
microstructure. This demonstrates that it is feasible to process vertically aligned
nanopores or nanoporous films with controlled nanopore density by controlling the

annealing process of VAN structures.



200

CHAPTER VIII

SUMMARY AND FUTURE WORK

In this dissertation, we performed a systematic study on the vertically aligned
nanocomposite oxide thin films. This is an exciting approach and brand new
architecture in thin films that promises tunable material functionalities as well as novel
nanostructures.

Tunable strain control and physical properties have been demonstrated in
BFO:SmO and LSMO:Mn304 VAN thin film systems by varying the film deposition
parameters and the phase compositions. The growth mechanism study on MgO:STO
and BFO:SmO VAN systems reveals that both the substrate induced strain and phase
composition play important roles in determining the morphology and microstructures
of nanocomposite thin films. Ex-situ thermal treatment and in-situ heating experiment
in TEM illustrate the feasibility of processing nanoporous thin films with controllable
nanopores by using VAN thin film as templates.

Vertically aligned nanocomposite architecture 1is generic to achieve
multifunctionalities and novel nanostructures in thin films. This work also suggests a
promising avenue in strain engineering in functional nanocomposite oxide thin films.

Further work can be carried out to address below questions:

1. Is that possible to promote VAN architecture from oxide material to others?

What are the critical factors that will restrict this transition?
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2. How can the morphology of VAN thin films be controlled as checkerboard in-
plane instead of doped columns? Which one is better for precise strain control and
device applications?

3. What is the atomistic process in the early stage of VAN thin films growth?

4. How can the self-assembled nanostructures or devices be processed based on

VAN architecture? How to selectively eliminate one of the phases?
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