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Multifunctional characteristics of Bismuth-based oxides offer great opportunities to design
a variety of devices exploiting either a single functionality or the synergistic multifunctionalities.
In the past decades, strain engineering of thin films arose as a solution for fabrication of novel
structures with highly desired properties. In this thesis, strain engineering has been applied to
Bismuth-based oxides to explore the strain effect on thin film structures and functionalities.

BiFeOs (BFO) servers as the first study platform, because of its strain-induced phase
transition and the corresponding diverse polarization properties. The strain effect of SrRuOs
(SRO)-buffered substrates on ferroelectric and optical properties of BFO thin films has been
investigated. A wide range of strain states have been achieved in BFO films. The ferroelectricity
and bandgap have been effectively tuned even with partial strain relaxation. However, pure BFO
suffers from high leakage current and large coercive field. To overcome these limitations, Sm-
doped BFO (BSFO) systems emerged and has been used in controlling the microstructure and
properties of BFO. Our detailed structure analysis proves the Sm doping amount in BSFO thin
films can be tuned effectively via deposition temperature. Consequently, the Sm dopant influences
phase formation of BSFO and the macroscopic ferroelectric properties.

Another member in Bismuth-based oxide family, BiWQOes (BWO), has been selected as the
base material for the design of the two-phase nanocomposites, because of its unique layered

structure and ferroelectric property. To introduce ferromagnetic component into BWO, two
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methods have been explored. The first method incorporates Mn cations into the BWO matrix
(BWMO), and the second method couples CoFe204 (CFO) as secondary phase with BWO to form
a vertically aligned nanocomposite (VAN) system. Both systems exhibit robust ferromagnetic and
ferroelectric response at room temperature and demonstrate their promise as room temperature
multiferroics for future spintronics and memory applications.

The studies in this dissertation demonstrate the great structure flexibility and tunable
functionalities of BFO and BWO systems. It shows the potential structure modification and
property control of other Bi-based oxides. In the last chapter, new experimental plans and
directions are proposed. The connections between the strain engineering and the tunable material

properties are being built for various applications.
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CHAPTER 1. INTRODUCTION

Functional oxides play important roles in technological advances, owing to their chemical
diversity and their wide range of functionalities. For example, ZnO with a wide bandgap is ideal
for optoelectronic applications such as UV and blue laser diodes; BaTiO3z with high dielectric
permittivity and ferroelectricity has been considered as potential gate oxide materials in transistor.
Single phase multiferroics include BiFeOz and BiMnOs which combine ferroelectric and
ferromagnetic properties together are attractive for researchers. It is an exciting prospect for
memory applications, combining the properties of and offering functionalities beyond both. These
functionalities are determined largely by the crystal structures, bonding, and defects in the material.

Advances in nanotechnology and fabrication have enabled precise control of device
dimensions down to the nanoscale, where unique functionalities have been realized, while not
observed in bulk materials. Strain engineering of thin films arose as a solution for fabrication of
novel structures with highly desired properties. According to the origin of the strain, there are three
approaches on strain tuning: substrate induced strain, multilayer induced strain and vertically
aligned nanocomposite (VAN) induced strain. In the following chapter, a brief review on the oxide
structure and their functionalities will be given. Then each strain tuning approach is introduced.
Detailed examples of oxides will be used to illustrate how these strain tuning approaches could

enhance the ferroelectricity, multiferroicity and optical properties of thin films.

1.1 Functional oxides and crystal structure

1.1.1 Overview of crystal structures

Crystal structure is the basis for analyzing and subsequently controlling materials’

properties and functionalities. The various crystal structures are largely due to the bonding effect,
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with the bonding in functional oxides being predominantly ionic. The covalency of constituent
atoms has a direct impact on physical properties. There are mainly two kinds of functional oxides
based on the components: binary and ternary oxides. Table 1.1 briefly lists representative
functional oxides of the two kinds with their corresponding structures. Binary oxides occupy a
wide range of structures and the common structures include rock salt, wurtzite, rutile, fluorite,
bixbyite, and corundum. Ternary oxides exist in more complex chemical structures, which include
ilmenite ((AB)Os; A, B = metal), spinel (AB20a), perovskite (ABOs), and perovskite-derived
structures like the layered-perovskites, Ruddlesden—Popper (An+1BnOzn+1), Aurivillius ([Bi202]-
[ABO]) and Dion-Jacobson phases (A[A'h-1BnOsn+1]).t These ternary oxides display interesting
properties  like  piezoelectricity,  ferroelectricity,  ferromagnetism,  multiferroicity,

superconductivity and thermoelectricity.

Table 1.1 The category of common functional oxide crystal structures

System Structure Representative Materials

CoO, Eu203, MgO, MnO, Nd20s3, NiO,

Rock salt )
Sm203, TiO, VO, ZrO

Wurtzite Zn0O, BeO

Bi id :
AN OXI%8S e 1orite Ce0y, HfO3, ZrOz, PrO,, ThO,, ThO2
Antifluorite Li»0, Na20, K20, Rb20

Cuprite Cu20, Ag20, PbO
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Rutile TiOz, IrO2, M0oO2, RuOz, SnO2, WO;
Bixbyite Pr20s, T1203

Corundum Al203, V203, Cr203

N— (Fe, Co, Ni, Mn)TiO3, CoMnQs, LiNbO3,

NiMnO3

Ternary oxides | Spinel

(Co, Ni, Mn)Fe20a4, LiTi204, MgAI20a,

Perovskite

SrTiOs, BaTiO3, BiFeOs, LaxSr1-xMnOs3

Layered perovskite

YBaxCu3zO7-5

Perovskite- Ruddlesden-popper series

SraRuOg4, SrsRu207

derived oxides | Aurivillius phases

BioWOs, BisTiNbOg

Dion-Jacobson series

KLaNb207, CsLaNb207

1.1.2 Perovskites

Perovskite exhibits a general structure and occupies a large part of ternary oxides. Its

chemical formula is ABO3z and built based on the ReOs structure as shown in Fig.1.1(a).? The

lattice parameter of ReOs is 3.8 A. Fig.1.1(b) illustrates another way for describing ReOs structure

as corner-sharing octahedral structure. The assemblage of ReOs corner shared cubic produces

perovskite structure. Cation A replaced the position of Re and cation B occupies the center of

oxygen octahedra. The final perovskite structure is shown from Fig.1.1(c)-(d). Cations A and B

cations are coordinated by 12 and 6 oxygen ions, respectively.
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Fig. 1.1 (a) Schematic of the ReOs cubic unit cell with cubic structure. (b) The corner-sharing
octahedra in ReOs. (c) Perovskite ABOs structure from the cubic ReOa. (d) A unit cell of ABO3
perovskite structure.

In an ideal cubic perovskite, the lattice parameter a geometrically related to its three

component ionic radii, ra, re, and ro as described in the following equation?®:

a= V2(r,+1y) =205 +1) (1-1)

The ratio of the two expressions above is called Goldshmidt’s tolerance factor t and can be

used for the estimation of structure distortion, given by the equation®:

_ ra+ro _
L= V2(rp+7o) (1-2)



20

SrTiOs (STO) exhibits an ideal cubic prototype perovskite structure, where rasr = 1.44 A,
remi = 0.605 A, and ro = 1.40 A, resulting in t = 1. A deviation from the unity in the value of t
represents a distortion of the cubic unit cell. With the exception of STO, most ABO3 perovskites
have a distortion in the cubic cell structure.

The covalence diversity of A and B cations introduces various structures in perovskite, but
it can still be categorized into three types: A™'B*°03 (A = Na, K, Ag; B =1, Nb, Ta), A*?B**03 (A
= Ca, Sr, Ba, Pb; B = Ti, Zr, Fe, Mn, Sn, Mo, Hf), and A+3B+303 (A =Y, Bi, La, Pr, Sm; B = Al,
Ti, V, Fe, Co, Mn, Cr). Oxides from the third class are mostly (anti)ferromagnetic (BiFeQOs3,
Lao.7Sro.3Mn03), while those from the first two classes are ferroelectric (BaTiO3z, NaNbQO3).

BiFeOs (BFO) has been studied extensively among various perovskites, due to its room
temperature multiferroic property, e.g., strong ferroelectric polarization and magnetoelectric
coupling.>® The first report of BFO was published in 1957, and its crystal structure was first
characterized by neutron technology after six years later.”° BFO belongs to the rhombohedral R3c
space group (R phase), where Bi cations occupy the 12 coordinate A site and Fe cations sit the 6
coordinate B site. BFO has lattice parameters a = 3.965 A, a= 89.45°, so it can be referred as
pseudocubic structure.’®! Fig.1.2 shows three different ways to illustrate the bulk BFO with
rhombohedral structure. The perovskite structures of BFO are remarkably flexible and allows
distortion. Many factors of variation, such as temperature, strain and composition, are utilized for
structure modification. As temperature increases to 1100 K, BFO transits from R phase to
orthorhombic(Pbnm) phase with first-order phase transition.*** BFO in thin film format also
exhibits a plethora of structural transition and correspondingly it generates unexpected behaviors,

as will be discussed later.
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alI'—>b

Fig. 1.2 Bulk BiFeOs with R3c structure, represented by (a) hexagonal unit cell; (b) two
pseudocubic unit cells; and (c) 2 x 2 x 2 supercell.

1.1.3 Layered perovskites

Layered perovskites are built by perovskite ABO3 layers interleaved with thin sheets of A
or B cations. Based on the thickness of motifs, there are mainly three types of layered perovskites:
Dion-Jacobson, Ruddlesden-Popper and Aurivillius phases, illustrated by Fig. 1.3.1Y The
structure of Aurivillus phases is built from (Bi202)** layers alternating with (An+1BnOsn+1)* blocks
of perovskites, where A is a large 12-coordinated cation and B is a small cation with 6 coordinate.
One important and intriguing feature of Aurivillus phases is the compositional flexibility of A site,
such as Na*, K*, Sr?*, Ca?*, Bi**, Ba?*, Ln®", Y3, U*, and B site. such as Fe**, Ga*', Ti**, Nb**,
W8 In addition, n represents the number of BOs octahedra layers.!® Theses compounds show
ferroelectric properties, which is considered due to the transition metal cations in perovskite layer.
9 The high transition temperature encourages the materials to be applied in capacitors, sensors,

condensers, transductors, memory storage and electro-optical devices.?%?
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Dion-Jacobson Ruddlesden-Popper Aurivillius
K[Ca2Nb301 0] Sr2[8r27i301 0] Bi202[8i2Ti3010]

Bi,O, layer
Sr zre

Perovskite layer
[BioTigO10l

Perovskite layer
[SroTiz04l

Fig. 1.3 Crystal structures of layered perovskites: Dion—Jacobson KCaz;Nb3O1o, Ruddlesden—
Popper SrsTizO10 and Aurivillius BisaTizO12. 1” Reproduced from Ref. 17 with permission from
the Royal Society of Chemistry.

Bi2WOe (BWO) is the simplest member in the Bi-based layered structure family with only
one layer of Bi,O,. It displays orthorhombic crystal structure with parameters: a = 5.457 A, b =
5.436 A, ¢ = 16.427 A and belongs to P2;ab space group. 2 The crystal structure is shown is Fig.
1.4. It shows ferroelectricity at room temperature and has a high Curie temperature (Tc) of
960 °C.2® The ferroelectricity is attributed to the displacement of W cation from the oxygen

octahedron.?
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Fig. 1.4 Crystal structure of BWO.

1.1.4 Spinel

Spinel structure exhibits a close-packed array of eight FCC cells and has a general formula
AB:>04. Each spinel unit cell consists of 32 oxygen atoms, 8 A cations and 16 B cations, as shown
in Fig. 1.5 (a). For the inverse spinel structure, the A sites and B sites switch places. CoFe204
(CFO) is a well-known member in magnetic oxides, due to the high coercivity and moderate
magnetization.?> CFO exhibits an inverse spinel structure with lattice parameter a =b = ¢ = 8.39
A .28 1t resides in the Fd3m space group (no. 227), where Fe®* cations occupy the tetrahedral sites
and half of the octahedral sites, whereas Co?* ions are located at the remaining octahedral sites.?’

The CFO crystal structure is illustrated in Fig. 1.5 (b). 28
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© Oxygen
@ B (octahedral) & 2

@ A (tetrahedral)
JCo @D Fel'd Fete O
Fig. 1.5 (a) The spinel crystal structure. (b) The crystal structure of CFO. 2 Reproduced from

Ref. 28 with permission from the Royal Society of Chemistry.

1.2 Functionality and applications

1.2.1 Overview of functionality

Functional oxides with various crystal structures, (a)symmetry, and defects form the basis
for smart materials whose properties can be altered by external conditions. The fascinating
properties include dielectric, optical, ferroelectric, ferromagnetic, multiferroic, and resistance
switching properties. Ferroelectricity is a property which a material possesses a spontaneous
polarization that can be reversed by an applied electric field. Ferromagnetic materials develop a
spontaneous magnetization in the absence of a magnetic field. Multiferroic property which couples
the ferroelectric and ferromagnetic properties together offers the possibility of using electric field
to control the magnetism. The electronic structure is responsive to the external perturbation such
as strain, electric field and magnetic field, and moderately influences the optical properties. These

phenomena will be discussed in further detail.



25

1.2.2 Ferroelectricity

Ferroelectric materials possess at least two equilibrium orientations of polarization vector.
Under the effect of electric field, the polarization vectors are switched. Based on crystallographic
symmetry, there are 32 possible point groups of crystal structures, stemming from the seven basic
crystal systems. 2 Shown in Table 1.2, there are 21 point groups that are noncentrosymmetric,
among which 20 develop an electrical polarization due to applied mechanical stress, namely
piezoelectrics.®® The lack of a center of symmetry causes a shift in the relative positions of the
anions and cations when mechanical stress is applied, resulting in the formation of electrical
dipoles. The appearance of electrical charge because of mechanical stress is called the direct
piezoelectric effect, while a strain induced due to an applied electric field is called the converse
piezoelectric effect. The direct effect results in a generator action, where mechanical energy is
converted into electrical energy, used in sensing devices and more recently, energy harvesting
devices. 3! The result of the converse piezoelectric effect is a motor action, where electrical energy
is converted into mechanical energy, used in acoustic and ultrasonic devices,

microelectromechanical systems, and transducers. 32

Table 1.2 Crystallographic classification of point groups according to centrosymmetry and

polarity.*
Polarity | Symmetry Crystal System
. Rhombo- Ortho- | Mono- Tri-
Cubic Hexagonal Tetragonal hedral rhombic | clinic | clinic
non- centro 3 3 1
polar (11) m3m| m3| 6/mmm | 6/m | 4/mmm | 4/m | 3m 3 mmm 2/m 1
(22)
non-centro 622 422
(1) 432 | 23 | 6 B 4 | 32 222
6m2 4m2
43m
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Table 1.2 Continued

polar non-centro

(10) (10) 6mm 6 4mm 4 3m 3 mm2 1

The shaded groups are piezoelectric, while those within the bold line are pyroelectric.
Several parameters are considered when evaluating the piezoelectric properties of a
material:*°
The piezoelectric strain constant d (also called the piezoelectric charge coefficient) relates
the induced polarization P to the applied mechanical stress X in the direct piezoelectric effect by
P =dXx (1-3)
d also relates the induced strain x to the external electric field E in the converse
piezoelectric effect by
x =dE (1-4)
d has units of C/N for the direct effect and m/V in the case of the converse effect. d is
typically written as djj, indicating that the coefficient relates the polarization perpendicular to the i
direction due to a mechanical stress applied in the j direction. For example, dss denotes coefficient
for the polarization generated in the vertical direction due to a stress applied in the vertical direction,
and ds1 denotes the coefficient for the polarization in the vertical direction due to a stress applied
in the lateral direction. A similar notation is used for other variables defined in this section.
E is related to the externally applied stress X by the piezoelectric voltage constant g by
E = gX (1-5)

The relationship between d and g is given by

g =— (1-6)
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where ¢ is the permittivity of the piezoelectric material (also known as the dielectric
constant) and &, is the permittivity of free space.
An important gauge for the rate of conversion between mechanical energy and electrical

energy is the electromechanical coupling factor k given by

k2 __ Stored methcanical energy _  stored electricalenergy _ d (1 7)

input electrical energy input mechanical energy E9E'S

where s is the elastic compliance of the material. Of the 20 piezoelectric crystal classes, 10
spontaneously form permanent dipoles depending on the operating temperature.® These materials
are designated as pyroelectrics because the magnitude of the spontaneous polarization is
temperature dependent. Within the lattice of these crystal classes there exists a unique polar axis,
which is why they are also referred to as polar materials.®® Ferroelectrics are a subgroup of
pyroelectrics, which possess a spontaneous polarization that can be reversed by the application of
an external electric field. The perovskite group, or the oxygen octahedral group, is the most
commonly implemented family of ferroelectric materials. In the typical ABOgz unit cell, the
polarization reversibility is primarily due to the displacement of the body centered B-site atom,
housed within the corner-linked oxygen octahedral.®® Upon the application of an electric field, the
B-site atom assumes its new position along the direction of this field, corresponding to one of six
polarization states depending on the direction of the applied field, polarization up and polarization
down, shown in Fig. 1.6. The small ionic movement results in a change in the dimensions of the
unit cell and consequently the ceramic material. The material is said to be ferroelectric when the
dipoles are oriented parallel to each other. In cases where they are oriented in an antiparallel
arrangement, the material is antiferroelectric. The ferroelectric materials can be used for the

fabrication of transistors.
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Polarization Up Polarization Down

Fig. 1.6 The perovskite structure and two possible polarization states caused by the ionic
movement of the B-site cation.®

In 1970, the spontaneous polarization measurement was applied on BFO single crystal
firstly and it turns out 3.5 pC/cm? along the <001> direction.® In 2003, a larger spontaneous
polarization of 50 ~ 60 nC/cm? was shown by epitaxial BFO thin films at room temperature, which
have been of great experimental interest as lead-free ferroelectrics.® A much larger spontaneous
polarization of 90 ~ 100 uC/cm?was predicted in 2005 by density functional theory.®® The large
ferroelectric polarization was attributed to the instability caused by Bi 6s lone pair structure and
was proven as an intrinsic behavior.3*%" In the past decades, many efforts have been paid to tune
the structure and ferroelectric properties of BFO thin films. For example, Ga doped BFO thin films
were predicted to exhibit a giant polarization up to ~230 nC/cm?, which may be due to the super-
tetragonal phases with a giant c/a ratio of 1.25.38:3°

Aurivillus phases are also well known for their ferroelectric properties. They display low
dielectric constants, high Curie temperatures and low fatigue.®*! In the Aurivillius phase where
perovskite layers are sandwiched by two (Bi>02)?* layers, the Bi layers play a key role in the space
charge compensation and insulation, which is also thought of as a barrier for the leakage current.
42 The strong anisotropy of ferroelectric properties is also correlated with the crystalline structure.

4344 The integer number n, representing the number of perovskite layers, can determine the
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spontaneous polarization (Ps). If n is even, the material will only exhibit Ps along the a axis, due
to the symmetry and the sliding planes perpendicular to the b and c axis. The layered structure and
ferroelectric properties offer great opportunities to tailor properties with incorporation of ions or

another material.

1.2.3 Ferromagnetic property

Magnetic materials are made of atoms with partially filled shells. Due to the electrons
having unpaired spins, these materials will have a net magnetic moment. When these unpaired
dipoles (spins) tend to align with an external magnetic field, the phenomenon is known as the
paramagnetic effect. Interestingly, ferromagnetism has an additional phenomenon where the
dipoles can align spontaneously even in the absence of a magnetic field, which gives rise to
spontaneous magnetization. Fig. 1.7 shows the magnetic hysteresis loop and alignments of

domains under the external magnetic field.

5E:

ERETee

Fig. 1.7 Ferromagnetic M-H loop corresponding to the two ways of domain alignment, randomly
and parallelly.

Rhombohedral BFO has a high Néel temperature Ty of 640K. > However, it possesses

weak antiferromagnetic property due to the spin canting that is induced by the tilting of the oxygen
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octahedra.*® CFO is well known for its stable ferromagnetic property with a high magnetic
saturation (Ms) of 400 emu/cm? and the high Curie temperature Tc of 860K.*"#® In addition, it
possesses a positive magnetocrystalline anisotropy constant K1 ~ 3 x 10° ergs/cm?, which is greater
than other spinel structure ferrites and results in a high coercivity (Hc).** BMO exhibits various
structure with different O stoichiometry, which controls the magnetic properties.

The unique magnetic properties of CFO make it a great candidate for magnetic spin filters
and spintronics devices.>®%! It has commonly been used as the ferromagnetic materials in of
read/write heads and in commercial magnetic recording media.>?> Research on ferromagnetic
materials continues to gather attention as spintronic devices are considered among the class of the
so-called “next-generation” memory devices and potential candidates for “universal” memory
devices to replace current CMOS technology. Multilayer devices have been engineered to exhibit
interesting structures and properties based on the combination of ferromagnetic, insulating,

nonmagnetic, and antiferromagnetic materials.

1.2.4 Multiferroicity

Multiferroic materials simultaneously display the properties of ferroelectricity and
ferromagnetism, making it possible to change the magnetization by an applied electric field or to
change the polarization by an applied magnetic field. Fig. 1.8 is an illustration of multiferroic
materials.>® Multiferroic properties were first demonstrated in NizB7Oasl in the late 1960s.>* The
coupling between the magnetization and electric field gives one more degree of freedom for
materials design used in actuators and storage devices. The most common single phase multiferroic
perovskites include BiFeOs, BiMnOz, YMnO3z, and Pb(Fe,Nb)Oz. More recently, composite films
of ferroelectric and ferromagnetic materials have been engineered to explore their magnetoelectric

coupling, e.g. CoFe204 with ferroelectrics such as BiFeOs and BaTiOa.
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Fig. 1.8 Multiferroics that exhibit ferromagnetic and ferroelectric properties simultaneously.>?

Aurivillius phase is a potential candidate for multiferroic materials design, due to its
original ferroelectric properties. The main barrier for obtaining the magnetic property is the built-
in magnetic ions. However, the chemical structure of the Aurivillius compound is flexible. A study
on BisFeTizO1s shows there are two main ways for creating magnetic Aurivillius structure: one
way is to focus on the compound with a higher number of perovskite layers (m > 4); the other way
is to increase the magnetic cations in the structure. *° For example, ferromagnetism was observed
in BisTisFeosNiosO1s after half of the Fe cations in BisFeTizO1s (m = 4) were substituted by Ni

ions. 56

1.2.5 Optical Properties and Band Gap

Semiconductor material BFO has a lower band gap, around 2.75 eV, than most other ABO3
perovskites, such as BaTiOs. >"*8 There has been evidence of BFO having a direct band gap, which
may be due to a rather flat valence band. *® In addition, BFO has demonstrated a strong
photovoltaic effect and larger electro-optic coefficients than any ferroelectric materials, and thus
gained great interests for its potential applications in photonics and plasmonics. %2 BFO thin

films are birefringent, comparable to its bulk properties. 834 The large birefringence endows BFO
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with a potential for optical or plasmonic modulators. Bulk photovoltaic (BPV) effect is also
exhibited by BFO thin films. Experiments suggest a strong coupling between its ferroelectric and
optical properties, which makes BFO an ideal candidate for advanced photonic devices such as
electro-optical modulators (EOMs) and oxide-based solar cells. 856

In semiconductor oxides, most materials exhibit a narrow band gap, which is due to the
deep valence band from the O 2p. This phenomenon limits the development of visible-light-driven
photocatalysts. However, it has been reported that the valence band formed by Bi 6s in BWO
determines the bandgap effectively. Additionally, the hybridization of Bi 6s and O 2p could make
the valence band more dispersed, which determines that the bandgap of BWO is in the visible
light range, estimated as 2.7eV.%"%8 The band structures of Bi2WOg are roughly described in Fig.
1.9, which have attracted research interests and shown potential as visible-light-driven

photocatalysts.

Potential/ eV vs. SHE

= 0/H,0

Bi 6s

04| NN VB

02p

Fig. 1.9 Band structures of Bi;WOs photocatalyst.®’
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1.3 Strain engineering in epitaxial perovskite oxide thin films

1.3.1 Epitaxial thin film and strain

Epitaxial thin films refer to the ordered single-crystal growth of a film onto a substrate
which, in most cases, is also single-crystal. For epitaxial film growth on a single-crystal substrate,
there is typically a special relationship between the film orientation relative to that of the substrate.
Homoepitaxy refers to the case where the film and substrate are of the same material. In
heteroepitaxy, the film is of a different material with the substrate. The lattice mismatch f arises

and is given by

f=2x (ﬂ) (1-8)

af+ag

ar and as are the unstrained lattice parameters of the film and substrate. Three modes arise
in heteroepitaxial film growth based on the value of f, shown in Fig. 1.10. In the lattice matched
mode in Fig. 1.10(a), where the lattice misfit is small (f < 1%), films grow similarly to
homoepitaxy. When the mismatch f is becomes larger, but still less than 7%, the film is coherently
strained so that the in-plane lattice parameter of the film as matches as, without relaxation or
generation of misfit dislocations, shown in Fig. 1.10(b).

The in-plane strain can be calculated as

g =L (1-10)

As a result of the change in the value of af, the value of the out-of plane lattice parameter is
changed to ay, .
The resulting out-of-plane strain is calculated as

€, = “f;—;“f (1-11)
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Beyond a certain critical thickness (hc), the misfit dislocations form in the film and it transforms
from a coherent strained structure to a relaxed incoherent structure.

When the misfit strain f is large (f > 7%), the strain is too large for coherent film growth
and strain relaxation is preferred. Interestingly, domain matching epitaxy (DME) is possible, as
shown in Fig. 1.10(c). DME is a special case where domains of m lattice planes of the film are
matched to n lattice planes of the substrate, resulting in epitaxial growth. Lattice mismatch within

the domains then becomes

f=2x (M) (1-9)

mag+nas

where m and n are integers such thatn =m + 1.

(a)

Film

+ + +

Fig. 1.10 Heteroepitaxial film growth: (a) lattice-matched, (b) coherently strained lattice-
mismatched, and (c) incoherent growth-relaxed epitaxy.



35

Due to the epitaxial strain caused by lattice mismatch and differences in thermal expansion
coefficients between thin film materials and the substrates, as well as defects formed during film
growth, a unique opportunity presents itself to achieve enhanced functionalities in oxide thin films.
%9 Additionally, much larger strains, up to several percent, can be accommodated in thin films
unlike bulk materials. Strain engineered growth, however, requires high-quality single-crystal
substrates that are suitable, both, structurally and chemically. Strain engineering has been
employed in many applications, for example, enhancing semiconductor carrier mobility in strained
SiGeix films.®™ In ZnO films grown epitaxially on GaN, the electrical resistivity has been
increased with increasing strain, while the optical bandgap becomes wider and narrower for
compressive and tensile strain, respectively.”? The in-plane lattice constants of some perovskite

and related substrate materials including SrTiOs, LaAlO3, GdScOs, NdGaOs, and YAIOs are

shown in Fig. 1.11.%°

o " O ™ " E b”
Q o© Qo o 0%
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Film lattice (A)
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YAIO NdGaO TtI)ScO NdScO Substrate lattice (A)
| |
LaGaO, GdScO, | SmScO
NdAIO | | EuScO

LaAlO NSAT LSAT SAGT KTaO

Fig. 1.11 Epitaxial perovskite thin films and various perovskite substrates displayed above and
below the number line, respectively. The number line represents the
pseudocubic/pseudotetragonal a-axis lattice constants. °
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1.3.2 Strain engineered ferroelectric oxide thin films

Ferroelectric materials exhibit field switchable stable and spontaneous electronic
polarization. This has wide applications in sensors, actuators, memories, and transistors, and thus
form an important component of today’s materials. Most common ferroelectrics are ABO3
perovskite oxides, like PbTiOs, BaTiOs, BiFeOs, etc.”>’. During the development, strain
engineering has been widely investigated and demonstrated critical influence on the phase contents
and properties of ferroelectrics.”®

BiFeOs (BFO) is the one of the most studied lead-free ferroelectric materials due to its
large polarization of ~100 uC/cm? and multiferroic property (coexistence of ferroelectricity and
antiferromagnetic) at room temperature.>’” Its unique ferroelectricity is believed to be driven by
lone-pair electrons of the Bi ion. The structure of BFO shows remarkable flexibility, hence, lots
of factors, such as temperature, strain and doping, have been used in the structure modification.
As temperature reaches as high as 1100 K, BFO transits from R phase to GdFeOs-like Pbnm phase
or probable orthorhombic y phase with a first-order phase transition.>* For the epitaxial BFO
films, the crystal structure can be modulated by the strain effect with the selection of substrates.
It experiences from R into monoclinic (Ma, Ms, Mc),’8" tetragonal or tetragonal-like, 8
rhombohedral 882 orthorhombic,2*®* and even triclinic®. Fig. 1.12 shows the phase

transformation of BFO thin films under a range of strain effect. The plethora of possible

symmetries of BFO generate unexpected ferroelectric behaviors.%
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(a) (b) (c) (d) (e) (f)

Tetragonal Monoclinic Monoclinic Rhombohedral Monoclinic Orthorhombic
P4mm Mc (Cm) Ma (Cc) R3c Mg (Cc) Ima2
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Fig. 1.12 Various crystal structures of BFO thin films under the strain effect.

Under moderate compressive or tensile strain, BFO shows distorted rhombohedral
structure, and have polarization direction along [111] with polarization of ~100 pC/cm?, similar
with its bulk value®’, while compressive strain rotates the [111] polarization toward out-of-plane,
making the [001] polarization larger, and tensile strain rotates the polarization to in-plane, giving
smaller out-of-plane polarization, shown in Fig. 1.13 (a, b).8” However, BFO can show a unique
tetragonal structure (T phase) with a large c/a ratio of ~1.25 when grown on substrates that can
give compressive epitaxial strain exceeds ~-4% 88 such as LaAlO3(LAO), YAIO3 (YAO),
which is summarized and shown in Fig. 1.13 (c).”® The summary of c/a this new T phase is
predicted and experimentally determined to have a giant polarization of ~150 pC/cm?, higher than
any other perovskite.®° Partially relaxed highly strained BFO films show coexistence of multiple
polymorphs, and remarkable stripe-like domain patterns’3#8 makes it a promising component
for probe-based data storage and actuator devices. Recent work also shows that the highly strained
BFO films, 45nm BFO on LAO, can undergo a transition to a true tetragonal high-temperature
state at 430°C, with an estimated Curie temperature above 800°C. While S’ polymorph is needed
for piezoelectric switching, restricting the switching temperature no higher than 300°C.%8 The

epitaxial strain could be utilized for the formation of morphotropic phase boundary (MPB) is BFO
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system with ferroelectric-antiferroelectric (FE-AFE) boundaries. Fig. 1.13 (d) shows the HR-
STEM image of boundaries between T and R.%® Long-axis tetragonal phase of BFO forms under

in-plane compressive strain and morphotropic phase transition between its T and R is also observed

at the intermediate strains position.
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Fig. 1.13 (a) Remnant polarization vs in-plane strain for BiFeOs films. (b) The spontaneous
polarization direction of the rhombohedral (R) and monoclinic (MA and MB) phases of BFO.%’
(c) Abinitio calculations of structure (c/a ratio) as a function of epitaxial strain of BFO films;

(d) High resolution TEM image of the mixed T and R phase BFO on LAO substrate.”



39

Strain effect has also been utilized to enhance the Curie temperature of ferroelectric
materials. Phase field simulation shows that both tensile and compressive strain can elevate the
Curie temperature (Tc) of BaTiO3.'®% Fig. 1.14 (a) shows strain-temperature phase diagram of
epitaxial BaTiOs3 thin film.%° With increasing in-plane strain, Tc of BaTiOs thin films was increased
and could achieve ~540°C on DyScOs substrate, comparable with the bulk value of 130°C.%
However, the magnitude of strain that can be applied is limited by available substrates and strain
relaxation. Recent work demonstrated that epitaxial strain can control process induced defect
dipoles’ ordering, inducing additional vertical strains and enhancing Tc without need to change
substrates.® Fig. 1.14 (b) gives temperature-dependence of out of plane c lattice parameters of
BaTiOs films grown at different laser fluences.®? There are two regimes of thermal expansion
separated by a kink which indicates a phase transition. BaTiO3 films grown by combining PLD

growth process and GdScOs (110) substrate strain shows Tc over 800°C according to this work.%?
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Fig. 1.14 (a) Phase diagram of BaTiOz films as a function of temperature and substrate in-plane

strain. %° (b) temperature dependent c lattice parameter of BaTiOg3 thin films grown with different
laser fluences.*?

By adjusting the strain, it is possible to induce ferroic properties out of conventional non-

ferroic material. Biaxial strain can tune SrTiOs to perform ferroelectricity and shift the Tc to room
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temperature®®, which has been demonstrated experimentally with development of thin film growth
technique and invention of substrates with different lattice constant.®*%

Besides the epitaxial strain, chemical substitutions is another way to control the phase
stability and transition temperatures in BFO system. Both ways aim to induce a mixed state, in
order to improve its dielectric and electromechanical response, even though by different means:
mechanical pressure and chemical pressure.The general phase diagram of rare earth-doped BFO
(Re-BFO) thin film is shown in Fig. 1.15 (a).% Fig. 1.15 (b) shows the piezoelectric constant dss
measured at different doping amount of Sm is Sm-BFO (BSFO) thin films.®” The maximum dss

value is at round 0.14, which corresponds to the MPB composition.
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Fig. 1.15 (a) Phase diagram of rare earth-doped BFO (Re-BFO) thin film.% (b) dss of BSFO thin
films determined at various Sm doping.®’
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1.3.3 Strain engineered ferromagnetic oxide thin films

Strain can also induce ferroic properties out of conventional non-ferroic material. What’s
more, magnetically ordered insulators EuTiOz that are neither ferroelectric nor ferromagnetic can
be transformed into ferroelectric ferromagnets under proper strain.% Experimental measurements
confirmed that EuTiOs grown on (110) DyScOs substrate shows strong ferroelectric and
ferromagnetic properties.

Materials with magnetic anisotropy have an easy magnetization direction, which is called
as the magnetic easy axis. The epitaxial strain in thin film has been used to tailor the magnetic easy
axis and control the magnetic response. CFO has been under research interest due to its (100)
magnetic easy axis.*® In addition, a preferential perpendicular magnetization and anisotropy in
CFO are necessary for a variety of application. However, it is still a significant challenge to precise
control the magnetic easy axis and obtain perpendicular anisotropy of the CFO thin film deposited
on an inexpensive substrate; therefore, effective efforts have been placed on developing strategic

approach.

1.3.4 Strain effect on the optical properties of thin films

Multiferroic BFO thin films respond moderately to external perturbations such as strain,
electric and magnetic field. The strain effect on the optical properties, albeit slightly, has been
reported. Fan et al. investigated the tensile strain effect in BFO thin films and predicted larger band
gap with the increased tensile strain.® Tetragonal-like BFO films own an even larger band gap, at
3.1 eV, presumably due to the change in band gap structure, caused by lower valence O 2p orbitals
or higher conduction Fe 3d orbitals.1®11 A detailed experimental study of the microstructure,

optical properties correlating with strain is required.
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1.3.5 Novel layered structure induced by strain

Strain engineering can be used for promoting novel structures, such as the self-assembly
bismuth-based supercell (SC) structure. Introducing the biaxial strain through the substrate in thin
film epitaxy growth has been proved as a very effective way to manipulate the film microstructure
and physical properties.®®%2 Strain effect from the substrates has been proven as the driving force
for the formation of supercell structure in multiferroic BisFe,Mn.Ox (BFM0322) thin films. 103
Films were directly deposited on single-crystalline SrTiO3(STO) and LaAIO3(LAO) substrates
under the identical deposition condition. Highly strained BFMO grown on LAO formed the
supercell structure, while BFMO on STO only shown the conventional pseudo-perovskite

structure. The structure was analyzed by the high-resolution STEM (HR-STEM) and shown in

Fig. 1.16.103

(b)BFMO Supercell
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Fig. 1.16 STEM images of BFMO films on STO and LAO substrates under the same
deposition conditions.*%®

BFMO322 supercell structure on LAO has a much pronounced lattice mismatch (—2.0%)
than that on STO substrate(—0.6%), which means that BFMO is under larger compressive strain
on LAO.X® The strain analysis has also shown that appropriate interfacial reconstruction is

necessary for the growth of the novel BFM0322 supercell structure, besides the lattice misfit from
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substrates. However, the new transitional interfacial phases behaving like coherent film layers only
happens within critical thickness.'® Similar interfacial structure has also been observed in
supercell structure of Bi2AIMnOs.1%® In the new proven Bi:NiMnOs (BNMO) systems with
layered structure, in-plane rotation has been demonstrated to exist between the Bi-based slabs and
Mn-O/Ni-Mn-O octahedral slabs. It contributes to the strain energy release and is helpful for the
layer stacking of two sublattices along the out-of-plane direction.’%® The strain effect in the Bi-
based layered structure prepared by PLD challenges the conventional understanding in existing

epitaxial growth model.

1.3.6 Strain effect in superlattice and vertically aligned nanocomposites

An effective method of strain control, the superlattice structure, is also repeating sequence
of two or more materials, but in this case the individual layers thicknesses are on the order of a
few nanometers, less than the critical thickness for misfit dislocation formation, as shown in the
example of BaTiOs/SrTiOs superlattices in Fig. 1. 17.1%7 In this structure, the in-plane lattice
parameter is constrained to match that of the substrate, keeping the film completely coherent with

the substrate, with the overall properties of the superlattice film determined by the elastic strain.
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Fig. 1.17 (a) Low magnification STEM image, (b) HR-STEM image and (c) atomic models of
BaTiOs/SrTiOs superlattices. %

As mentioned earlier, coherently strained epitaxial films begin to form misfit dislocations
beyond a critical film thickness, after which the film becomes relaxed and incoherent. This
maximum thickness for coherency varies from a few nanometers to a few tens of nanometers,
depending on the film material and the growth conditions. However, in some materials, there is a
minimum thickness above which it exhibits its particular functionality, eg. ferroelectricity, making
it difficult to tailor the strain in thicker films. 1% A solution to this conundrum is the emergent
architecture of vertically aligned nanocomposites (VAN) films, consisting of simultaneously
grown two different epitaxial phases on a single substrate. This architecture offers the advantages
of strain insensitivity to film thickness and very large vertical interfaces, over conventional single
phase epitaxial strain.

The VAN system was first introduced in 2002, a composite film of Lag67Cao.33Mn0O3:MgO
grown by a solution based technique.’®® Tunability of the magnetotransport properties of
Lao.s7Ca0.33Mn0O3 was reported, attributed to mechanical strain coupling with the surrounding MgO.

Following this, a multiferroic system of ferromagnetic CoFe2Os4 pillars in a ferroelectric BaTiO3
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matrix was demonstrated using single composite ceramic target by PLD.™° Shortly after, strain
control was reported in a checkerboard structure of BiFeO3:Sm20z and then in
Lao.7Sro.sMn03:Zn0. Following these pioneering works, several different two-phase systems have
been demonstrated,'** with significant enhancement in their functionalities for variety of
applications like multiferroics, spintronics, superconductors, solid oxide fuel cells, and electrically

tunable dielectrics.*%2117 Symmarized in Table 1.3 is a broad summary of reported VAN

118

systems.
Table 1.3 Summary of reported VAN systems
Crystal structure VAN systems References
LaSrFeOa4:Fe 119
Perovskite-body centered cubic
BaTiO3:Au 120
Perovskite-hexagonal close-
BaZrOs:Co 121
packed
BiFeO3:Sm,03 122-124
BiFeO3:Nd>0O3 118
BiFeOs3:Eu,03 118
Perovskite-rock salt
BaTiO3:Sm>03 7
Lao.7SrosMn0O3:MgO 125
SrTiOs;:MgO L
Perovskite-wurtzite Lag.7Sro.3sMn03:Zn0O 122,126,127
BaTiO3:Ce0> 12
Perovskite-fluorite Lao.7Sro3sMn03:Ce0> 129
Lao5SrosC003:Ce0.9Gdo.10195 | 130
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Table 1. 3 Continued

Perovskite-perovskite BiFeO3:BaZrOs 118
Perovskite-perovskite BaTiO3:YMnO3 131
Perovskite-layered perovskite BazZrO3:YBa2CuzO7-3 152
BaSnOs:YBaCuz07-5 133
BiFeO3:CoFez04 134,135
BiFeO3:NiFe204 136
BaTiO3:CoFe204 137
Perovskite-spinel
BaTiOs: NiFe;04 138
PbTiO3:CoFez04 139
Lao.7Sro3sMn0O3:Mn304 140
Double perovskite- fluorite PrBaCo20s+x: Ce0.9Gd0.101.95 141
Layered perovskite-spinel BisTisFeO15:CoFe,04 142

VAN thin films have two types of strain; horizontal strain induced by the substrate at the
film-substrate interface and the vertical strain along the interfaces between the two phases, shown
in Fig. 1.18. 8 The substrate induced strain relaxes beyond a certain critical film thickness.
However, the strain between the two phases in the VAN system can be tailored by material
selection and material composition. The differences in the out-of-plane lattice parameter, crystal
orientation, and crystal structure results in one phase to be under tensile strain and the other to be
under compressive strain in the vertical direction. The immense sensitivity of the material
properties is due to the large ratio of the surface area of the interfaces to the volume of the

nanostructure phases.
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Fig. 1.18 Schematic representation of (a) relaxed unit cells of the substrate and the individual
VAN phases; (b) substrate induced strain at the film-substrate interface and (c) vertical strain due
to coupling between the two phases in the VAN film.!®

Fig. 1.19 shows the out-of-plane matching relationships between the two phases and the
in-plane matching relationships of the individual phases with the SrTiOs substrates for the BaTiOs-
YMnO3(BTO-YMO) and Lao.7Sro.3Mn0Os3-CeO2(LSMO-CeO2) VAN systems. In the case of BTO-
YMO, the out-of-plane lattice parameter is changed to 7.36 A from the bulk value of 6.149 A
corresponding to a large out-of-plane tensile strain of 9.78% due to the presence of BTO.%3! For
LSMO-CeO,, the LSMO out-of-plane lattice parameter is changed from 3.87 A to 3.789 A
corresponding to an out-of-plane compressive strain of —2.09%. Based on this, the strain in VAN

systems can be tuned by selecting appropriate second phase materials. Shown in Fig. 1.20 is a
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diagram with the theoretical out-of-plane strain matching relationship for various coupled two
phase VAN structures. *8

(b)

Fig. 1.19 Out-of-plane matching relationships between (a) BaTiOs-YMnO3(YMO) 3! and (b)
Lao.7Sro.3sMn0s-CeO, VAN films grown on SrTiOs substrates (Lao.7Sro.3sMnOs = LSMO).143
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Fig. 1.20 A schematic showing theoretical out-of-plane strain matching relationship for various
coupled two phase VAN structures.!®

Two phase VAN systems using a variety of perovskite materials have been explored for

property enhancement. Table 1.4 summarizes the functionalities in several VAN systems. BaTiOs-

Smy03 and BaTiO3-CeO2 have been used to enhance the ferroelectric response in BaTiOz by
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reducing dielectric loss and leakage current and increasing the Tc.”>* Ferroelectrics are coupled
with ferromagnetics for exploration of multiferroic properties like magnetoelectric coupling in
BaTiOs:CoFe204, 13714 and magnetic anisotropy in BiFeOs:CoFe204 systems.**#13 In solid oxide
fuel cell applications, a VAN electrolyte of Ceo9Gdo.10195-Zro92Y0.0801.96 Showed an

enhancement in the out-of-plane ionic conductivity,*®

while an interlayer of Lao.gSro2MnOs.s-
Zro.92Y0.0801.96 between the electrode and electrolyte increased the oxygen catalytic properties. 140
Low field magnetoresistance properties have been enhanced in Lao7Sro3sMnOs3-ZnO and
Lao.7Sro.3Mn0O3-CeO: due to the out-of-plane strain induced in Lao.7Sro3MnOs by incorporating the
second phase.!*4" The incorporation of CoFe,Os as nanoparticles in superconducting
YBaxCuzO7.5, as well as in a VAN buffer layer with CeO2 has provided a unique approach for
analyzing the flux pinning properties in YBa,Cuz07.5.1*>8 In several instances, two different

material properties have been combined for advanced functionalities. A VAN system of CoFe204-

SrRuO3 has been shown to reveal a light-induced change in magnetization in the CoFe204.14°

Table 1.4 Summary of functionalities in VAN systems

Functionalities VAN systems References

BaTi03:Sm203 75

Ferroelectricity BaTi03:Ce0> 128
BiFeO3:Sm203 122-124
BiFeO3:CoFe;04 134,135
BaTiO3:CoFe04 137.145

Multiferroicity BiFeO3:NiFe;04 136
BaTiOs:YMnO3 131
BisTisFeO1s5:CoFe04 | 142
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CHAPTER 2. RESEARCH METHODOLOGY

2.1 Pulsed laser deposition

Physical vaper deposition (PVD) refers to a variety of thin film deposition methods that
involve vaporized materials from a solid target and deposition on desired substrates in a vacuum
chamber. Pulsed laser deposition (PLD) is one PVD technique that uses high power laser beam as
the energy source. It has become the preferred thin film deposition technique, since Dr.
Venkatesan’s research group first realized the deposition of YBa,CusO7 via PLD in 1987.1% Fig.
2.1 shows the schematic of a PLD system. It basically consists of a target manipulator, a heated
substrate holder and a vacuum chamber. The target manipulator could hold single or multiple
targets and do simple rotation. The laser beam strikes target surface at an angle of 45°, while the
substrate holder is positioned 4-5 cm directly in front of the target. The vacuum is maintained at
least 1.0 x 10°® mbar by turbo-molecular pumping systems. Excimer lasers are the popular sources
among common PLD laser sources. The output wavelength depends on the gas species; ArF, KrF,
Nd:YAG produce wavelength of 193 nm, 248 nm, and 355 nm, respectively. Optical components
including mirrors and lenses are placed between the laser and the vacuum chamber to direct and
focus beam. For the thin film growth, the laser power density is varied from 3 J/cm? to 5 J/cm? and
the laser is operated in a pulsed mode with a pulse duration of 20-25 ns. The following parameters
can be used to control the film quality like laser energy density, pulse repetition rate, substrate

temperature, target-substrate distance, working gas partial pressure, and gas species.
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Fig. 2.1 A schematic of the PLD system. >

The physical process of the laser-target interaction can be divided into three steps: (1)
interaction of the laser beam with the target materials, (2) plasma formation and (3) adiabatic
plasmas expansion and deposition. The first two steps begin from the start of the laser and last
through its duration. while the third step occurs after the laser pulse terminates.'® Fig. 2.2
illustrates the laser-target interaction. The electromagnetic energy from the laser pulse is absorbed
by the target surface and converted to thermal, chemical and mechanical energy which will cause
local melting and evaporation. The interaction between the laser beam and the evaporated
materials produce the plasma. It consists of small particles, molted globules, clusters, molecules,
atoms, ions, and electrons. As the target continues absorbing energy, the plume begins to
isothermally expand outward. The adiabatic plasma expansion occurs after the end of pulse and

gives rise to the deposition on the substrate.



52

Absorption

Time I=loexp(-ax)

RER)

Thermal Conduction

Surface Melting

Vaporization
Multiphoton lonization

Plasma Production

Plasma Emission

Inverse Bremmstrahlung

30 nsec ¢

Self-regulating

Fig. 2.2 A schematic of the interaction of high power laser with target.**3

The nucleation and growth of thin films onto substrate surface can be described into three
primary modes including (1) Volmer-Weber (island growth), (2) Frank-van der Merwe (layer-by-
layer growth), and (3) Stranski-Krastanov (island + layer growth). Each mode is illustrated in Fig.
2.3.5% In island growth, the adatoms prefer to stick together and form clusters or islands, which
is attributed to the stronger bonding between adatoms than adatoms with substrate surface. The
layer-by-layer growth is 2D where adatoms attach to the surface and grow into smooth layers. The
island + layer growth is characterized by the island and layer growth. The island begins to grow at

a critical layer thickness, depending on the properties of thin films and substrates.
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Fig. 2.3 Basic growth modes of thin films.1>®

Some PLD systems are equipped with Reflection High Energy Electron Diffraction
(RHEED) for monitoring the film quality. It is operated under a very high vacuum and can gather
the real time lattice information, which is a helpful apparatus for the in-depth studies of the film

growth mechanisms.

2.1 Structural characterization

2.1.1 X-Ray diffraction

X-ray diffraction (XRD) is a non-destructive technique to investigate the structure of
crystalline materials. It can be used to identify the crystal orientation, crystallite size and stress in
thin film materials. X-rays are diffracted by specimen and form a convergent beam at the receiving

slits before they enter a detector. The diffraction, or Bragg diffraction, occurs due to the
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constructive interference between the reflected X-rays from adjacent crystal planes. The basic
principle behind X-ray diffraction is Bragg’s Law as
nA = 2dsinf (2-1)
where 4 is the wavelength of coherent incident X-rays, n is a whole number, and 6 is the
incident angle. Fig. 2.4 is a schematic description of Bragg’s Law. Same type of atoms is located
on their respective parallel planes with interplanar spacing d. The separation between planes
creates interferences giving rise to changes in intensity (depending of the direction). These
intensity changes allow us to get information on the structure of atoms that form the crystal.
Advanced XRD techniques include grazing incidence diffraction, reciprocal space
mapping, pole figure, reflectivity etc. They can be used to characterize thin films with phase

information, strain, texture, mosaicity and surface roughness.

Fig. 2.4 A schematic description of Bragg’s Law for a set of crystal planes with d interplanar
spacing.t®
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2.2.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is a powerful tool for characterization of
materials, which offers more information on the structure in sub-nanometer resolution. It is
developed to overcome the limited resolution of optical microscopy. TEM has the ability to
investigate the internal structure underneath the surface as the electron beam transmits an ultra-
thin sample (~ 100nm). It can also provide projection of microstructure in atomic level. TEM
characterization on thin films offers information on sample morphology, crystallography, and
chemistry sub-nanometer resolution etc. The resolving power or spatial resolution limit of the
microscope is theoretically based on the Rayleigh criterion as uses the electron beam as the light

source

R = 0.6121 (2_2)

nsina

where 4 is the wavelength of the light, n is the refractive index of the lens (n =1 for vacuum),
and o is the half angle of the maximum cone of light that can enter or exit the lens. The product n
sina. 1S also referred to as the numerical aperture of the lens. The TEM uses coherent electron as
the illuminating source with a short wavelength in the order of 0.01 A, which contributes to a much
higher resolution than optical microscopes.

The wavelength A of an electron beam at an accelerating voltage V is given by

1.22
A= 23)

Typically, an accelerating voltage of 200 kV is used, resulting in an electron beam
wavelength of 0.0027 nm.

Shown in Fig. 2.5 is a schematic view of TEM column. A typical TEM mainly contains
four main components: the electron source, the system of electromagnetic lenses, the sample stage

and the image acquisition systems. They are all maintained in high vacuum, which is backed up



56

by a high vacuum pump system. It consists of the mechanical pump, turbo pump or diffusion
pump.'®” The coherent electron beam is produced by the thermal emission guns or field emission
guns and then accelerated by the extraction voltage. The electron beam is then focused and
confined by condenser lens and apertures to provide illumination for the specimen. The objective,
intermediate, and projector lenses as well as their apertures focus the transmitted beam and project

the magnified images on to the phosphorescent screen and CCD camera.
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Fig. 2.5 Major components of TEM.1%8
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The TEM has two basic modes of operation; namely the diffraction mode and the imaging
mode, as shown in Fig. 2.6 diagrams. Each mode can be controlled by changing the focal length
of the intermediate lens. In the diffraction mode, the beam is refocused on the back focal plane of
objective lens. The diffraction pattern is projected on the view screen with the selected area
diffraction (SAD) aperture inserted. While in the imaging mode, the image plane coincides with

the image plane of objective lens.

Imaging mode Diffraction mode

Electron Gun

<[ Y  System of condenser lenses =
Condenser aperture

I
|
I '\/}

_ Specimen

‘ A bW e VEIELCR OTEE QPBIRMTS ow
In image plane of <{ Intermediate lens <
Objective lens \ / (strength changes between two regimes) \

) > In back focal plane of
Objective lens

Screen
Image Diffraction pattern

Fig. 2.6 Two basic modes of operation in a TEM: (a) diffraction and (b) imaging.*>°
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The contrast in the imaging mode can by adjusted by inserting the appropriate objective
apertures at the back focal plane of the projective lens. It will form bright field (BF) and dark field
(DF) images, shown in Fig. 2.7. When only direct transmitted electrons are allowed to pass, a BF
image is formed; when only certain diffracted electrons are allowed, a DF image can be obtained.

Optic axis
Objective aperture

Sample (b)
Objective lens

Back focal plane
== QObjective aperture / Diffraction pattern

(a)

1.Intermediate image

(c)

Intermediate lens

2.Intermediate image

Projection lens

Image

Fig. 2.7 Schematic diagram showing the (a) bright-field, (b) dark-field and high-resolution TEM
imaging modes'®°

Addition analytical techniques of TEM can provide detailed structure information even at
single atomic scale. High-resolution TEM (HRTEM) allows atomic scale imaging and resolution

of the sample possible. The operating mode is shown by Fig. 2.7(e). In this mode, image contrast
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is highly dependent on the conditions of microscope and its components. Appropriate accelerating
voltage, focal lengths and aperture sizes must be selected to minimize the spherical aberration,
chromatic aberration, and astigmatism. Another helpful imaging mode is scanning transmission
electron microscopy (STEM), where a focused beam is scanned over the sample in a raster
illumination system. It makes other analytical techniques possible, such as Z-contrast (Z, atomic
number) annular dark-field imaging, energy dispersive X-ray spectroscopy (EDS), and electron
energy loss spectroscopy (EELS). These signals allow direct correlation of images and

spectroscopic data.

2.2.3 Scanning electron microscopy

Scanning electron microscopy (SEM) consists in an electron source, electromagnetic lens
and an electron detector. It uses a focused beam of high energy electrons as the illumination source.
The layout and components of SEM is mostly similar with TEM, however, it has a different
working principle. Rather than utilizing the transmitted electrons, SEM collects various types of
secondary electrons and photons which are formed by the interaction between electron beam and
sample surface. Therefore, SEM could provide the information of the topography and chemical
composition of the sample. In addition, the resolution of SEM can reach 0.4 nm, which is lower
than that of TEM. Shown in Fig. 2.8 is the schematic showing the layout and components in a

SEM. Unlike the TEM, the objective lens and associated apertures are situated before the sample.
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Fig. 2.8 The major components and their layout in a SEM.16!

The electron beam is focused to a fine probe and scan across the sample in a raster
scan pattern. The position of the beam is combined with the detected intensity of the secondary
species of electrons to produce an image. When the incident electrons impinge in the solid sample,
several interactions occur due to different electron interaction volumes, which produces a variety
of signals as shown in Fig. 2.9. There are three primary types of signals in SEM: secondary electron
(SE), backscattered electron (BSE) and X-rays. SEs are inelastic electrons with energy of less than

50 eV, which are commonly used for the topographical information of the sample. The energy of
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BSEs is higher than 50 eV. They are closely related with the atoms with high atomic number Z, so
the BSE images are valuable for illustrating composition information, especially for the analysis
of the composite. The X-rays are produced when incident electrons hit the electrons on discrete
shells in the sample inelastically. As the excited electrons return to the lower energy shell, they
yield X-ray photons with a fixed wavelength. They are related to the different energy levels of
electrons on different shells. Thus, X-rays are produced for each element and used for
characterization. The working principle is same with the characteristic X-rays in TEM. SEM
analysis is a non-destructive technology; in other words, X-rays generated by electron interactions
do not lead to volume loss of the sample, so it allows for the repeated analysis of the same sample.
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£ characteristic x-rays

Fig. 2.9 Relative escape depths for different secondary species created due to interaction.62
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2.3 Materials properties

2.3.1 Magnetic properties measurement

The magnetization measurements are performed by Physical Property Measurement
System (PPMS Quantum Design DynaCool) with a vibrating sample magnetometer (VSM) head.
They system can achieve magnetic fields up to +/- 9 tesla and a temperature range of 1.8 — 400 K.
The VSM measurement noise is less than 5 x 107 emu. Fig. 2.10 shows the PPMS basic
components with VSM option. After loading the VSM sample in center of the magnet also near a
detection coil, the induced voltage can be detected by oscillating the sample. There are two
different types of VSM measurements. They first type is studying the magnetization vs. magnetic
field (M-H) of perovskite oxide thin films. In these measurements, a magnetic field is applied
parallelly or perpendicularly (out-of-plane) to the sample. Usually, the in-plane magnetization
shows easy axis and the out-of-plane magnetization exhibits a hard axis. The second type

measurement is magnetization vs. temperature (M-T).

VSM coil

Fig. 2.10 PPMS basic components with an illustration of VSM part.163164
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2.3.2 Polarization-electric field measurement

Ferroelectric P-E measurements are typically performed using sophisticated commercially
available testers. In addition to the P-E measurement, several other measurements can be
performed, like retention, imprint, fatigue, capacitance-voltage, and leakage current measurements
on ferroelectrics, as well as resistive and dielectric materials. The basic measurement circuit is a
modified version or the original circuit used by Sawyer and Tower for their measurements on

Rochelle salt. Shown in Fig 2. 11(a) is the original Sawyer- Tower circuit.

(a) (b) x@ —
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Sianal generator

Fig. 2.11 (a) The original Sawyer-Tower circuit *® and (b) a schematic of the Sawyer-Tower
measurement. 166

From the simplified Sawyer-Tower circuit in Fig. 2.11 (b), a voltage source is connected to the
ferroelectric capacitor Cr which is connected in series to a sense capacitor C1 of known capacitance
such that C; >> Ck.
The charge Q across a parallel plate capacitor is given by
Q=CV (2-4)
where C is the capacitance and V is the applied voltage. The charge can also be written as
Q=2P.A (2-5)

where A is the cross-sectional area.



64

From Eqgns. 2-4 and 2-5, the relationship between the capacitance and polarization is given by

C x % (2-6)

Thus, the polarization is measured by monitoring the change in the voltage across the reference

capacitor in Fig. 2.11 (b).
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CHAPTER 3. STRAIN TUNING OF FERROELECTRIC AND OPTICAL
PROPERTIES OF RHOMBOHEDRAL-LIKE BiFeOz THIN FILMS ON
SrRuO3-BUFFERED SUBSTRATES

3.1 Overview

Rhombohedral-like (R-like) BiFeOs (BFO) thin films with a SrRuO3z (SRO) buffer layer
have been deposited on a range of lattice mismatched substrates, including single crystalline (001)-
oriented LaAlO3; (LAO), SrTiO3 (STO), MgO and TiN-buffered Si substrates. A wide range of
strain states in BFO films have been achieved on these substrates. Ferroelectric measurements
indicate that the film strain state affects the polarization of the BFO films. The bandgap of R-like
BFO films follows the trend that highly compressive strain in BFO thin films leads to a larger
bandgap. This study indicates that the physical properties including bandgap and ferroelectricity
of BFO films, can be effectively tuned on large lattice mismatch substrates even with partial strain
relaxation. Furthermore, the integration of ferroelectric BFO on SRO-buffered Si substrates

suggests the possible application of strained BFO in Si-based electronic and optical devices.

This chapter is reprinted with permission from “Strain tuning of ferroelectric and optical
properties of rhombohedral-like BiFeOs thin films on SrRuOs-buffered substrates” by H.
Wang, et al, Materials Research Bulletin, 110, 120(2019). Copyright © 2019 by Elsevier.
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3.2 Introduction

Multiferroic BiFeO3 (BFO) has been intensively studied, because of its strong ferroelectric
polarization and magnetoelectric coupling at room temperature "%’ BFO also attracts strong
interest for its applications in photonics and plasmonics, owing to its band gap (~ 2.7 eV) in the
visible range %8, strong photovoltaic effect 1°° and large electro-optic coefficients 1. The observed
multi-functionalities make BFO an ideal candidate for advanced photonic devices such as electro-
optical modulators (EOMs) 1° and oxide-based solar cells. Strain engineering presents as a
powerful approach through which most of these physical properties of BFO thin films can be tuned
via structural symmetry /%172 There has been particular interest on the influence of substrate-
induced strain on structure, spontaneous polarization, and magnetization of BFO thin films 7. It
has been demonstrated that BFO could experience tetragonal (T) - monoclinic type-C (Mc) -
monoclinic type-A (Ma) - rhombohedral (R) symmetry transition sequence through applied biaxial
strain from substrates 174, Strain-driven morphotropic phase boundaries (MPBs) have been
discovered in BFO thin films 17 Epitaxial BFO thin films on SrTiOs (STO) possess a
monoclinic phase and show a remanent polarization of (50 to 60 puC/cm? and enhanced
magnetization 1’®, which is comparable to the bulk 7. The enhancement is attributed to the
polarization rotation induced by the compressive epitaxial strain in BFO thin films 173, It was
suggested that epitaxial strain, in either compressive or tensile state, can substantially influence
the spontaneous polarizations and Curie temperatures of BFO thin films 131817 BFQ thin films
deposited on LaAlOs (LAO) substrate exhibits a giant c/a ratio of 1.23 under compressive strain.
It exhibits a large bandgap (~ 3.02 eV) and could keep both strong ferroelectric ¥ and
ferromagnetic properties at room temperature 81, There is also an increase of the bandgap (~ 2.80

eV) in tensile-strained BFO thin films 2. The remarkable ferroelectric and optic properties, and
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the coupling between them revealed by BFO thin films, hence, lead to rich tunability and potential
technological applications in these systems.

Towards the practical applications of BFO, (001)-oriented LAO and MgO substrates are
more ideal than STO, because of their lower dielectric constant and loss tangent values 8,
Considering the high cost of LAO, STO and MgO substrates, there are also great needs for oxide
integration on silicon (Si) substrates towards multifunctional oxide devices on Si 818 SrRuO;
(SRO) has been widely used as a bottom electrode in ferroelectric testing and switching of BFO
thin films, for it shows conductive without doping and undergoes minimal structural change under
the influence of strain 888 In addition, SRO is often chosen as the buffer layer to control
nanoscale domain architecture in BFO 8, It is, hence, desired to investigate the strain state,
ferroelectric and optical property tuning of BFO thin films with the SRO buffer layer on various
substrates.

In this study, (001)-oriented LAO, STO, MgO and Si substrates with a wide range of lattice
mismatch varied from compressive to tensile for the proposed tuning study (from + 4.51 % on
LAO, + 1.52 % on STO, and — 6.00 % on MgO, and — 31.20 % on Si (without domain matching
epitaxy)). The lattice parameters of BFO and substrates are compared and shown in Fig. 3. S1. A
thin SRO buffer layer of 15-20 nm has been deposited for this strain tuning study on STO, LAO,
MgO and TiN-buffered Si substrates. TiN/Si has been selected since TiN (a=4.242 A) has been
reported to minimize the large lattice mismatch with Si (a=5.431 A) to around 4.1% through
domain matching epitaxy (i.e., 4 of (200) TiN match with 3 of (200) Si very well) 181%°_ Sych
TiN/Si is helpful for the epitaxial growth of SRO buffer layer and the functional oxides 1°*. We
explored the epitaxial strain effects of SRO/substrate on the overall BFO film quality, and, the

corresponding ferroelectric and optical properties to probe the overall tunability of the materials.
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The mechanisms of strain-controlled optical and ferroelectric properties of BFO films are

discussed.

3.2 Experimental

The Bi-rich Bir1FeOz and SRO targets were prepared by a conventional solid-state
sintering method. The TiN targets (Plasmaterials, Inc) was hot-pressed stoichiometric TiN. The
TiN seed layer was deposited on (001)-oriented Si substrate with the conditions . The epitaxial
BFO and SRO thin films were deposited on single-crystal (001)-oriented LAO, STO, MgO and
TiN-buffered Si substrates by pulsed laser deposition (PLD) using a KrF excimer laser (A = 248
nm). The SRO buffer layer was deposited at a pulse rate of 5 Hz, while the deposition rate of BFO
thin films was 10 Hz. All depositions were under an optimized oxygen partial pressure of 50 mTorr.
Substrate temperature of 700 °C and 670 °C were maintained during SRO and BFO deposition.
Following BFO deposition, the composite thin films were annealed in 500 Torr oxygen at a cooling
rate of 5 °C/min. 100 nm thick Au top contacts of 0.1 mm?area, were deposited by a custom-built
magnetron sputtering system using a 99.99% pure Au sputter target from Williams Advanced
Materials.

The EDS analysis was conducted using a scanning electron microscope (SEM) (FEI Nova
NanoSEM). The pseudocubic index is used throughout this paper unless otherwise specified. The
microstructure of as-deposited films was investigated with X-ray diffraction (XRD, PANalytical
Empyrean) and transmission electron microscopy (TEM, FEI TALOS T200X) operated at 200 kV.
Asymmetric reciprocal space mapping (RSM) of BFO (103) peak was used to analyze the phase
details. The Bragg peak of (103) has been selected for the RSM scans. A two-dimensional (e, 26)
intensity map was collected and then converted to RS coordinate (Qx, Q). The high-resolution

scanning transmission electron microscopy (HRSTEM) images in high angle annular dark-field
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(HAADF) mode (also called Z-contrast imaging) were obtained using a FEI Titan G2 80—200
STEM with a Cs probe corrector operated at 200 kV and a modified FEI Titan STEM TEAM 0.5
with a convergence semi-angle of 17 mrad operating at 300 kV. Ferroelectric polarization-electric
field (P-E loops) measurements were conducted by Precision LC Il Ferroelectric Tester (Radiant
Technologies, Inc.). The phase and amplitude hysteresis loops were collected with atomic force
microscopy (AFM, Bruker Dimension Icon). Bruker SCM-PIT Cr-Pt coated silicon cantilevers
were adopted in the piezoelectric force microscopy (PFM) measurements. The transmission

measurement was performed using Hitachi U-4100 UV-Vis-NIR spectrophotometer.

3.3 Results and discussion

3.3.1 BFO thin films growth
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Fig. 3.1 (a) 6-260 XRD scans of BFO on SRO/LAO, SRO/STO, SRO/MgO and
SRO/TiN/Sisubstrates. Au and TiO> peaks are denoted as “*”” and “#”. (b) Local XRD scan of
BFO (002) peak. (d)-(f) Reciprocal space map (RSM) results of BFO (103) peak on SRO/LAO,
SRO/STO and SRO/MgO, respectively.
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SEM-EDS analysis was conducted on several samples to determine the Bi and Fe content.
The average of Bi/Fe ratio is 1.0, as displayed in the Table 3. S1. It shows the necessity of using
Bi-rich Bi11FeOs target for the BFO deposition for the possible Bi loss during target processing
and deposition. Fig. 3.1(a) shows the XRD 6-28 scans of BFO thin films on SRO-buffered LAO,
STO, MgO and TiN/Si substrates. The R-like BFO phase is evidenced by the BFO (00I)
diffractions, which are marked by the dashed line for all samples. SRO (00I) peaks partially overlap
with BFO ones. To examine the strain-driven lattice parameter variation in BFO, fine XRD spectra
of BFO (002) peak is shown in Fig. 3.1(b). The full width at half maximum (FWHM) of BFO
(002) was measured and summarized in Table 3. S2. The variation of the FWHM values indicates
that BFO on SRO-buffered LAO, STO and MgO have better texture quality, compared to the one
on the SRO-buffered TiN/Si. This could be explained by lower epitaxial quality of the BFO films
in the very large lattice mismatched case of TiN/Si substrate. The out-of-plane lattice parameters
were calculated and plotted in Fig. 3.1(c). They are 3.98 A, 4.00 A, 3.97 A and 3.94 A on
SRO/LAO, SRO/STO, SRO/MgO and SRO/TiN/Si substrates, respectively. The lattice parameter
of rhombohedral BFO (3.965 A) is plotted as the reference. Based on the out-of-plane strain
analysis, BFO on SRO/ LAO, SRO/STO and SRO/MgO are under compressive strain, while the
one on Si exhibits tensile strain. This result is inconsistent with the expectation following the
calculated lattice mismatch, which indicates that SRO buffer layer lessens the strain effect from
pure substrates. The buffer layer could keep the strain states well on STO, due to the relatively
small lattice mismatch of ~ +0.6%. Larger lattice mismatch exists in SRO/LAO (~ +2.0%) and
SRO/MgO (~—6.9%), and thus partial strain relaxation has happened in the SRO buffer layer. For
the case of Si, another buffer layer, TiN, was introduced to minimize the large lattice mismatch

between SRO and Si by domain matching 8818, The low intensity of the SRO peak indicates low
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epitaxial quality of SRO layer on TiN/Si, but in a strained state, which consequently led to tensile
strain in the out-of-plane of BFO.

To reveal the phase features of BFO, asymmetric reciprocal space mapping (RSM) around
the BFO (103) peak position was performed and the results are shown in Fig. 1(d)-(f). Both BFO
films on SRO/LAO and SRO/STO (Fig. 3.1(d)-(e)) exhibit an obvious peak splitting, which are
marked by two black dashed circles. It implies the existence of a Rhombohedral-like (R-like) phase
with monoclinic structure in BFO thin films %2, No splitting was observed for the BFO (103) on
SRO/MgO (Fig. 3.1(f)), which suggests the BFO structure is very close to the bulk structure for
this case. It is, however, hard to conclude that the film is fully relaxed considering the calculated
out-of-plane data. The strain analysis is further conducted using strain mapping by STEM imaging

and discussed later.
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3.3.2 Microstructure characterization
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002) (002)

BFO e
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Fig. 3.2 (a) (d) Cross- sectlonal TEM |mages of BFO on SRO/LAO SRO/STO SRO/MgO and
SRO/TIiN/Si substrates, respectively. The inset shows the corresponding (SAED) pattern of BFO
thin films. White arrows mark the interface between each layer

Cross-sectional TEM images in Fig. 3. 2(a)-(d) show the overall film stacks of BFO and
SRO on LAO, STO, MgO and TiN/Si where the interfaces between each layer are marked by
arrows. For the LAO, STO and MgO substrates, clear and flat interfaces are exhibited, and the
thickness of the SRO buffer is 15 ~ 20 nm. The SRO buffer layer on TiN/Si is relatively thick
around 100 nm to ensure improved texture for the growth of BFO. The inset shows the

corresponding selected area electron diffraction (SAED) patterns including the BFO thin films and
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SRO buffer layers. It is obvious that BFO films all grow epitaxially and the ones on SRO/LAO,
SRO/STO and SRO/MgO are of higher epitaxial quality than that on SRO/TiN/Si. Combining the
XRD and TEM results, it suggests that the strain relaxation happened in BFO on SRO/TiN/Si

substrate.

3.3.3 Strain analysis
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Fig. 3.3 (al)-(a2) Cs-corrected high-resolution STEM images of BFO on SRO/LAO and
SRO/MgO substrates, and (b1)-(b2) their corresponding GPA &xx (in-plane strain) maps and (c1)-
(c2) gyy (out-of-plane strain) maps.

Fig. 3.3 (al)-(a2) show the high-resolution scanning transmission electron microscopy
(HR-STEM) images of BFO on SRO/LAO and SRO/MgO substrates. White arrows mark the
interfaces between the BFO, SRO and substrates. The out-of-plane lattice parameters of the BFO

lattice near the interface are measured to be 4.07 A on SRO/LAO and 3.87 A on SRO/MgO. It
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suggests that the BFO near the interface area undergoes an in-plane compressive strain on
SRO/LAO, while it presents an in-plane tensile strain on SRO/MgO. This is inconsistent with the
above XRD results as the STEM study focuses on the film/substrate interface area, while XRD
covers the entire film thickness and a large area. In-plane (exx) and out-of-plane (gyy) epitaxial
lattice strain has been further analyzed using geometric phase analysis (GPA) based on the
HRSTEM images. The mapping data is presented in Fig. 3. 3(b1), (b2), (c1) and (c2) with the SRO
buffer layer as the reference lattice. A gradual strain variation can be seen across the interface of
SRO/LAO (Fig. 3. 3 (b1)-(b2)), while an obvious strain jump, color coded from yellow to red, is
identified across the interface of SRO/MgO. It is evident that more strain relaxation is in the case
of SRO buffer layer on MgO than that of the LAO one. The strain contour across the BFO/SRO
interface is in a uniform color, implying BFO maintained the strain state through SRO. The strain
state of BFO also suggests that SRO buffer layer could remain in-plane compressive strain rather

than in-plane tensile strain.
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3.3.4 Electrical measurements
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Fig. 3.4 (a) Comparison of polarization hysteresis measurements for BFO on SRO/LAO,

SRO/STO, SRO/MgO and SRO/TiN/Si. (b) Amplitude switching behavior as a function of tip
bias with (c) their corresponding phase switching behavior.

The ferroelectric behaviors under a bias of + 4 V in BFO films on SRO/LAO, SRO/STO,

SRO/MgO and SRO/TIiN/Si substrates are shown in Fig. 3. 4(a). The well-defined hysteresis loops

clearly confirm that BFO thin films, even with partial strain relaxation in SRO, exhibit strong
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ferroelectric behavior at room temperature. The remanent polarization values are lower for
SRO/STO, while higher for SRO/LAO and SRO/MgO. Based on the structure characterization,
BFO films on SRO/LAO and SRO/STO are mostly in monoclinic structure. This crystal structure
provides further degrees of freedom for the polarization direction and amplitude related to the
rotation of the oxygen octahedral as previously reported 8. The wider P-E loop of BFO on TiN/Si
may be due to its lower epitaxial quality as indicated in the XRD results. PFM measurements have
been performed on BFO and complete polarization switching has been observed for all the
substrates as shown in Fig. 3. 4(b)-(c). The BFO film on SRO/LAOQO substrate has the most obvious
amplitude enhancement and sharp phase switching by 180°, which indicates that the switched
polarization remains after the bias removal. As previously suggested by Mazumdar et al., it is
possible for the appearance of intermediate states during the polarization switching process in R-

like BFO on LAO substrate 18,



3.3.5 Optical measurements
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Fig. 3.5 (a) Optical transmission spectrums of BFO on SRO/LAO, SRO/STO and SRO/MgO
substrates. (b) The corresponding plot of (ahv)? versus hv. The inset shows the summary of
optical bandgap versus pseudocubic substrate lattice constant.
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Fig. 3.5(a) presents the optical transmission spectrums of the BFO on SRO/LAO,
SRO/STO and SRO/MgO0, and (b) their corresponding Tauc plots. The classical Tauc formula is

shown as follows 1%
ah9? = Constant -(h19 - Eg)

where « is the optical absorption coefficient, h is the Planck’s constant, 9 is the frequency
of incident photons, Eg is the optical band gap, the constant is called the band tailing parameter,
and the index of 2 corresponds to the direct transition for BFO, respectively. The plot of
ah? versus hd gives a straight line in a certain region. The bandgap value Eg is therefore
determined by extrapolating the linear portion of the plot relating ah9? verse h9 to 0. As shown
in Fig. 5(b), the linear extrapolation gives the Eg values of 2.82, 2.76 and 2.71 eV for BFO thin
films on SRO/LAO, SRO/STO and SRO/MgO substrates, respectively. The bandgap of SRO
estimated by work function is 5.2 eV %4 which can’t overlap with the bandgap of BFO. The inset
summarizes the optical bandgap versus substrate lattice constant. Compressive strain results in an
increase of the optical bandgap for R-like BFO, which is consistent with the previous report 182,
The BFO on SRO/MgO has the lowest bandgap, which is related to the compressive strain in BFO
induced by the strain-relaxed SRO buffer layer on MgO. In addition, the above analysis of the
strain mapping suggests that part of the BFO films is still under tensile strain. The balance between
the tensile and compressive strain states will give rise to the final bandgap values. The overall
trend of the bandgap values as a function of substrate lattice is that, as the substrate lattice increases,
the bandgap value decreases. The bandgap variation could be attributed to the distortion of Fe*
local field and the shifts in the O 2p orbitals, which is induced by the strain effect and structure
symmetry breaking %. Combined with the XRD and RSM result, the tuning in bandgap suggests

that the SRO-buffered substrates have strong effects on the optical behavior of BFO thin films.
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Further experimental work on the substrate-induced strain in a systematic way is necessary to

clarify the effect of BFO monoclinic structure in the distorted rhombohedral phase.

3.3.6 Conclusions

In summary, the BFO thin films show high epitaxial quality on various lattice mismatched
substrates, such as STO, LAO, MgO and TiN-buffered Si, all with an SRO buffer layer. The
ferroelectric polarization of the films on LAO, MgO and TiN/Si is comparable to the case of STO
substrate with a good lattice matching. The in-plane compressive strain leads to narrow bandgaps
in BFO thin films. The feasibility of tuning ferroelectric and optical properties of BFO via the
substrate-induced strain with SRO buffer layer is critical for future practical applications of BFO.
The demonstration of BFO integrated on SRO/TIN buffered Si, with a pronounced ferroelectric

response, enables broad applications of BFO thin films in Si-based electronic and optical devices.

3.3.7 Supplementary
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Fig. S3.1 Comparison of pseudocubic lattice parameters. Epitaxial BFO thin film and substrates
displayed above and below the number line, respectively.



Table S3.1 EDS Analysis for Bi and Fe elements

Sample Bi (Atomic %)  Fe (Atomic %) Bi/Fe Ratio
BFO/SRO/LAO - oo 007
BFO/SRO/STO 18:21 3;? igg
BFO/SRO/MgO % o Lot

Average 1.02

Table S3.2 The FWHM of BFO (002)

Sample FWHM of BFO (002), (°)
BFO/SRO/LAO 0.53
BFO/SRO/STO 0.48
BFO/SRO/MgO 0.41

BFO/SRO/TIN/SI 0.75
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CHAPTER 4. EFFECTIVE DOPING CONTROL IN Sm-DOPED BiFeOs
THIN FILMS VIA DEPOSITION TEMPERATURE

4.1 Overview

Sm-doped BiFeOs (Bio.gsSmo.1sFeO3, or BSFO) thin films have been deposited on single-
crystal LaAlOs (LAO) (001) substrates over a range of substrate temperatures. The Sm doping
amount could be effectively tuned via the temperature. Detailed microstructure analysis via STEM
first proves the exitance of Sm in BSFO. It also demonstrates phase information of BSFO could
be controlled with Sm doping and then correspondingly effects the ferroelectric properties. This
demonstration paves a way for controlling the phase information and ferroelectric property of

BSFO with Sm doping amount to meet the practical applications.

4.2 Introduction

BiFeOs (BFO) has attracted enormous research interest, due to its multiferroic property
(coexistence of ferroelectric and antiferromagnetic ordering). In addition, the various phase
structure and the morphotropic phase boundary (MPB) behavior of BFO thin films contribute to
remarkably enhanced piezoelectric response %1%’ Therefore, BFO has been considered as a
promising alternative lead-free piezoelectric material and shows great device potentials in
actuators, acoustic sensors, etc . Epitaxial strain imposed by a wide range of substrates has been
used to control the MPB formation in BFO thin films *°. However, substrate induced strain is
limited and only effective up to 10-20 nm. Further increasing the thickness leads to the strain
relaxation. In addition, it suffers from high-leakage current and large coercive fields, as well as the

electromechanical coefficients not large enough to compete with most conventional ferroelectrics
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198 In order to overcome the above mentioned defects, rare-earth doped BFO (Re-BFO) systems
emerged and been widely used in controlling the microstructure and propertied of BFO.

As the polarization is mainly induced by Bi®* ions, rare-earth elements have been doped
into the Bi-site of BFO to improve the overall ferroelectric response . It showed that La- or Sm-
doping could decrease the leakage current and improve the piezoelectric activity of BFO thin films
200 1n addition, Re-BFO exhibits a number of phase structures or phase boundaries established by
doping foreign elements or forming solid solutions 2°°-2%2, Preliminary phase diagrams of Bij.
«LnxFeOs (Ln=La, Nd, Sm, Gd) systems were proposed 2°2%4, The present results show that Sm-
doped BFO has unique properties compared to the more popular La or Nd-doped BFO systems.
Sm™*® has a much smaller ionic size than La*3. The existence of a low symmetry phase at MPB is
expected to enhance the piezoelectric properties as the polarization vector is no longer constrained
to lie along a symmetry axis but instead can rotate within a suitable plane. The Sm-doped BFO
thin films also exhibit high values of out-of-plane piezoelectric coefficient (ds3 ~ 110 pm/V) and
enhanced dielectric constant, because of the MPB between rhombohedral and pseudo-
orthorhombic phases %72%,

In this work, Bio.ssSmo.1sFeO3 (BSFO) was selected as the model system. To explore how
the Sm doping element tune the microstructures and ferroelectric properties of BSFO thin films,
three different substrate temperatures has been used in the thin film deposition. Deposition
temperature has been proven as an effective deposition parameter in controlling the thin film
microstructure and the related properties. For example, in Ag-doped ZnO (SZO) system,
deposition temperature directly controls the density of staking faults and finally affect the
conductivity property 2%, Studies on the effect of deposition temperature on the growth of BSFO

thin films are missing, so this work will help enrich the knowledge of BSFO system. Detailed
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microstructures of BSFO were analyzed and the corresponding ferroelectric properties were
characterized, which were also compared with the pure BFO to demonstrate the effectiveness of

Sm doping in tuning the structure and physical properties.

4.3 Experimental

The BSFO target was synthesized by a conventional solid-state sintering method using
high-purity Bi>2O3 (99.99%), Fe203 (99.95%) and Sm203 (99.90%) powders. The epitaxial thin
films were deposited on single-crystal (001)-oriented STO substrates by pulsed laser deposition
(PLD) using a KrF excimer laser (A = 248 nm). Thin films were deposited at three different
substrate temperatures of 670 °C, 640 °C and 600 °C. For all depositions, the deposition rate was
5 Hz under an optimized oxygen partial pressure of 200 mTorr. Following the deposition, the films
were cooled down to room temperature in 200 Torr oxygen atmosphere and at a cooling rate of 10
°C/min. 100 nm thick Au top contacts of 0.1 mm? area were deposited by a custom-built magnetron

sputtering system using a 99.99% pure Au sputter target from Williams Advanced Materials.

X-ray diffraction (XRD) spectra were measured using a PANalytical Empyrean with Cu
K, radiation. An FEI TALOS F200X TEM/STEM with ChemiSTEM technology (X-FEG and
SuperX EDS with four silicon drift detectors) operated at 200 kV was used for microstructure
characterization and energy-dispersive X-ray spectroscopy (EDS) chemical mapping.
Ferroelectric polarization-electric field (P-E loops) measurements were conducted by Precision

LC Il Ferroelectric Tester (Radiant Technologies, Inc.).
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4.4 Results and Discussion

4.4.1 BSFO thin film growth
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Fig. 4.1 (a) #-20 XRD spectra of BSFO film deposited at 670 °C, 640 °C and 600 °C. (b) The
summary of out-of-plane lattice parameter. (c)-(e) Reciprocal space map (RSM) results of BSFO
(103) peaks.

The microstructural information was first acquired by X-ray diffraction (XRD). Fig. 4. 1(a)
shows the 8-26 XRD spectra of 670 °C, 640 °C and 600 °C samples. All films mainly show (00I)
diffractions, indicating high epitaxial quality of BSFO along c-axis. It is interestingly observed
that BSFO (003) peak shifts from 71.616° (Tqep=600 °C), to 70.817° (T4ep=640 °C) and to 70.699°
(Taep=670 °C) as the deposition temperature increases. The corresponding out-of-plane lattice
parameters are calculated as 3.951 A, 3.987 A and 3.993 A, and they are summarized in Fig.1(b).
Compared with the out-of-plane lattice parameter of pure BFO film (~ 4.000 A), three BSFO

samples show smaller lattice parameter. The Sm®* ion (radius=0.958 A ) has a smaller radius than
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the Bi®* ion (radius=1.030 A) 2%, It suggests that the partial Bi®* ions have been substituted by
Sm® ions. The BSFO peaks at around 32.155° comes from Rhombohedral (110) peak and denoted
as “*” in the figure. With the deposition temperature increase, the peak disappears in the 670 °C
sample. The above results indicate that the deposition temperature controls the Sm doping amount
and then influence the BSFO crystal structure.

To further analyze the detailed phase information, asymmetric reciprocal space mapping
(RSM) of (103) peak position was performed on all three samples and the results are shown in Fig.
1(c)-(e). The RSM pattern of (T¢ep = 600 °C) exhibits obvious four domains, which are marked by
four red dashed circles. It indicates the existence of four structural domains of arhombohedral
phase 2%, For the other two samples (Tqep=670 °C and Tgep=640 °C), peak split of the domains
along Qx direction is not obvious. It is also shown by the narrower width (Tgep=670°C and Tgep=640
°C) along Qx direction than that of the sample (Tqep=600 °C), indicating the improvement of
crystalline quality in BSFO films deposited at higher temperature. These results provide direct
evidence that the deposition temperature significantly affects the domain structure of the BSFO

film.
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4.4.2 Microstructure characterization

20 nm 5nm

[ : ]

Fig. 4.2 (a) (c) Cross-sectional TEM images of BSFO thin films on STO substrates. (b) (d) High
resolution TEM images. The insets in (a) and (c) show the corresponding (SAED) pattern of
BSFO thin films. The insets in (b) and (d) show the fast-Fourier transformed (FFT) images from
the blue squared region.

In order to analyze the microstructure structure, TEM analysis has been applied on two
samples (Tdep=670°C and Tqep=600 °C). Fig. 4. 2 (a) and (c) show the overall films stacks of BSFO
on STO substrates. The inset shows the corresponding selected area electron diffraction (SAED)

patterns of BSFO thin film with only parent phases. The TEM image of high deposition
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temperature sample (Tq4ep=670 °C) exbibits a few dark lines. And the dark line density in the high
deposition temperature sample is obviously higher than that of lower deposition temperature one.
In TEM bright-field mode, image contrast is proportional to ~Z? (Z, atomic number). The dark line
is thus proposed be related to Sm, due to Zsm is larger than Zgi and Zre. Fig. 4. 2 (b) and (d) are
high resolution TEM (HR-TEM) images from local areas, which were analyzed by Fast Fourier
Transform (FFT). The spots (marked by red arrows) in the FFT image of the sample (Tgep=670

°C) correspond to the incommensurate phase, which is caused by the competition between FE and
AFE. Different phase emerges in the sample (Tqep=600 °C), and the corresponding spots %{010}
are marked by red circle. It has been proved as a none polar orthorhombic AFE phase, linked to
the macroscopic AFE behavior. The phase information of Bio.gsSmo.1sFeO3 thin film in this study

is different from previous reported BSFO with only AFE phases 2%. This shows the effect of

deposition temperature on the phase formation in BSFO system even with 15 atomic percent Sm.
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Fig. 4.3 (a) HR-STEM image of BSFO film deposited at 670 °C. (b) Enlarged view of the yellow
dashed square area from (a). The intensity line profile is inserted along the marked blue line.

STEM analysis was then performed to resolve the composition information. Fig. 4. 3(a)
shows the high resolution STEM (HR-STEM) image of the 670 °C sample. Under the high angle
annular dark field mode (HADDF)in STEM (also called Z-contrast), the image contrast is
proportional to ~Z2 (Z, atomic number). Thus, the white line areas in STEM image are
corresponding to the dark lines in TEM images. We further examined the composition distribution
across this Sm layer using the intensity line profile (Fig. 4.3(b)), which provides a direct
interpretation of composition information in the HAADF imaging mode. It is obvious that the
position near white line area has higher intensity than other areas. This result proves that Sm** ion
has been successfully doped into BFO system. Energy dispersive spectroscopy (EDS)
measurements have been further applied on the same area. The EDS mapping of Bi and Sm
elements are shown in Fig. 4. S1 (b)-(c). A clear Sm-segregation across the white line was observed,

as evidenced by the EDS line-scan of Sm in the inset of Fig. 4. S1(a). Both the TEM and STEM
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results show that the higher deposition temperature BSFO sample (Tdep=670 °C) has higher Sm

doping amount.

4.4.4 Ferroelectric measurements
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Fig. 4.4 (a)-(c) Polarization hysteresis measurements for BSFO film deposited at 670 °C, 640 °C
and 600 °C. (d) Polarization hysteresis measurements for BFO film.

The ferroelectric behaviors were characterized by the polarization—electric field (P—E)
hysteresis loops. Fig. 4. 4(a)-(c) show the P-E loops of BSFO samples with three different
deposition temperatures, while Fig. 4. 4(d) shows the loop of BFO as a comparison. The BSFO
sample (T4ep=670 °C) with higher Sm doping amount exhibits obvious enhanced polarization. The

remnant polarization (Pr) for the film is determined to be 17 uC/cm?, much larger than other two
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BSFO samples and the BFO sample. It was proposed that the incorporation of Sm could break the
short-range dipolar regions, surmount the local barrier and transform it to the long-range polar
structure?!®, The BFO film with four-variant domains exhibits a lower electric filed and remnant
polarization Pr 2, It was also found that the formation of bridging phase could enhance
piezoelectric and dielectric properties of BSFO 2!2. In this work, the BSFO sample (T4ep=600 °C)
shows four structural domain structure and the lowest Pr. With the increase amount of Sm doping
amount, incommensurate phase appears in the 670 °C sample. We conclude that the higher
deposition temperature introduces the higher Sm doping amount, which assists the
incommensurate phase formation and suppresses the AFE phase. Other rare earth doping elements
such as La, Nd and Gd are also worthy of exploring with different deposition temperatures for the

practical applications of Re-BFO in electronic devices.

4.4.5 Conclusions

This study proves that Sm doping amount in BSFO systems can be tuned effectively via
deposition temperature. The Sm doping influences phase formation of Big.gsSmo.1sFeO3 and then
the macroscopic ferroelectric properties. The appearance of incommensurate phase is beyond the
reported Sm doping amount (Bio.geSmo.14Fe03), which adds new data in the BSFO phase diagram.
More interestingly, existence of Sm doping element in BSFO thin film has first been shown by

detailed STEM and EDS analysis.
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4.4.6 Supplementary

AIAAD

Fig. .1HA image (a) with EDS mapping of Bi (b) and sm (c) for BSFO thin film. The
overlays in (a) shows the EDS line-scan profiles of Sm across the white line
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CHAPTER 5. TWO-PHASE ROOM-TEMPERATURE MULTIFERROIC
NANOCOMPOSITE WITH BiMnOs TILTED NANOPILLARS IN Bi;W:-
xMnxOs MATRIX

5.1 Overview

Single phase multiferroics are scarce due to the fact that the coexistence of magnetism (spin
order) and ferroelectricity (electric dipole order) in a single-phase material may be limited. Taking
the advantage of nanocomposite design, combining a ferroelectric phase and a ferromagnetic phase
presents enormous opportunities in multiferroic material exploration. In this work, a new 2D
layered framework of Bi2W1.xMnxOs-BiMNnO3z (BWMO-BMO) in nanocomposite thin film form
has been demonstrated and shows obvious room temperature multiferroic properties, i.e.,
ferroelectric and ferromagnetic at room temperature. The BMO phase forms a unique tilted domain
structure in the BWMO matrix and both phases are with excellent epitaxial quality. The
ferroelectric response originates from the layered Aurivillius phase of BWMO matrix, and the
ferromagnetic properties mainly arise from the BMO nanodomains. Moreover, the band gap of
BWMO-BMO nanocomposite is effectively tuned to 3.10 eV from its original 3.75 eV of BWO.
This study demonstrates a new design of nanocomposite using layered oxides towards future

multifunctional oxides for nanoscale devices.

This chapter is reprinted with permission from “Two-phase room-temperature multiferroic
nanocomposite with BiMnOs tilted nanopillars in BioW1xMnxOs matrix” by H. Wang, ef al,
ACS Applied Materials & Interfaces, (2019). Copyright © 2019 by American Chemical
Society.
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5.2 Introduction

Multiferroic materials with the coexistence of ferroelectricity and magnetism have gained
considerable attention over the past few decades.?3?14 Such materials are interesting because of
their potential applications in non-volatile data storage, sensors and microwave devices.?*>%
BiFeOs is currently one of the most well studied lead-free single-phase multiferroics. Its large
polarization?!® and high Curie temperature (~820 °C)?*® make it appealing for applications in
ferroelectric non-volatile memories and high temperature electronics. However, single-phase
multiferroic materials are scarce in both natural forms and synthesized products,??° due to the fact
that the coexistence of magnetism (spin order) and ferroelectricity (electric dipole order) in a
single-phase material may be limited. Thus, great attention has been placed on the design of novel
multiferroic materials by exploring either new families of materials!®??! or nanocomposite
design.222'223

Aurivillius phases are a class of materials worthy of exploration, because of their unique
layered structures, and excellent ferroelectric properties with low leakage current and fatigue
compared to BiFeQ3.4%?2* The overall chemical formula is (Bi202)?*(Am-1BmOsm+1)%, where many
different cations can be incorporated in the A and B sites within the perovskite-like layers.?% It
offers great potential for tailoring specific properties by varying both ionic composition and the
number of layer structures. For example, enhanced ferromagnetic properties at room temperature
have been reported for materials based on the bulk four-layer compound BisFeTizO1s, with half of
the Fe cations substituted by either Co or Ni.°®??® In addition, a new single-phase multiferroic
material, SrBisFeosC0o5T14018, Was created by the insertion of magnetic BiFe1-xCoxOsz into Auribillius
phase SrBisTisO15.22" However, it should be noted that in many cases the observed polarization and

magnetization were reported in the bulk form, and depend strongly on the synthesis methods.??
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For functional device integration of Aurivillius compounds, thin films growth methods are desired
for functionality tuning and control of the layers.

Another approach for multiferroic material design is through combining a ferromagnetic
phase with a ferroelectric one. Various two-phase nanocomposites have been demonstrated to
show  multiferroic  properties including  BiFeOs:CoFe20s, BaTiOs3:CoFe20s, and
BaTiO3:YMnQ3.1322920 The vertically aligned nanocomposite (VAN) structures provide
effective vertical strain coupling along vertical interfaces which allows enhanced ferroelectric
properties and ferromagnetic properties compared to their single-phase counter parts.?2%23!

In this work, a new layered Aurivillius compound of bismuth tungstate, Bi,WQOs (BWO),
has been incorporated into a thin film structure with excess MnO, composition for the growth of
Bi2W1.xMnxOe-BiMnO3z (BWMO-BMO) nanocomposite. Bi;WOs (BWO) is selected for this
work because it is one of the simplest layered oxide compounds and the most studied systems in
the Aurivillius family.?? It is constructed by alternating (Bi.02)?* slabs and (WO.)?" perovskite
layers, as shown in Fig. 5. 1(a).2%? Because of the layered perovskite structure, it shows directional
spontaneous polarization depending on the crystallinity.? In addition, considerable attention has
been paid on the optical behavior of BWO, owing to its narrow band gap (2.6-2.8 V) and its
potentials in photocatalytic activity in the visible regime.?**?% However, up to date, magnetic
composition incorporated in BWO has not yet been reported. In this work, we report the room
temperature multiferroic properties in the BWMO-BMO nanocomposite thin film as the first two-
phase nanocomposite system in layered oxide structure. The microstructure, magnetic,
ferroelectric and optical properties have been characterized and compared with the pure BWO to

demonstrate the effectiveness of Mn incorporation in tuning the physical properties.
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5.3 Experimental

The targets of BWO incorporated with MnO> (molar ratio of Mn:W is 1:1) and pure BWO
have been prepared by a conventional solid-state sintering method. The epitaxial thin films were
grown on single-crystal (001)-oriented LaAlOs (LAO) substrates by pulsed laser deposition (PLD).
All the thin films were deposited via a KrF excimer laser (A = 248 nm) and with 2 Hz repetition
rate. The substrate was maintained at 600 °C and under an optimized oxygen partial pressure of
200 mTorr during the deposition. Following the deposition, the films were annealed with an
oxygen pressure of 200 Torr oxygen and a cooling rate of 10 °C/min to room temperature. Au
contacts, each have 0.1 mm? area, were deposited on the film surface by a custom-built magnetron
sputtering system with shadow mask method. Au sputter target (99.99% pure) was purchased from
Williams Advanced Materials.

The crystallinity of as-deposited films was analyzed with X-ray diffraction (XRD,
PANalytical Empyrean) first. Then transmission electron microscopy (TEM, FEI TALOS T200X)
operated at 200 kV was used for microstructure characterization. The high-resolution scanning
transmission electron microscopy (HR-STEM) images in high angle annular dark-field (HAADF)
mode (also called Z-contrast imaging) were obtained using TEAM 1, a modified FEI Titan TEM
with a Cs probe corrector operating at 300 kV. The chemical composition was investigated using
X-ray photoelectron spectroscopy (XPS) system (Kratos Axis Ultra DLD) with monochromatic
Al Ko radiation (1486.6 eV). The magnetic properties of the thin films were investigated using the
vibrating sample magnetometer (VSM) option in a commercial Physical Properties Measurement
System (PPMS 6000, Quantum Design). During the measurements, the out-of-plane and in-plane
magnetization were recorded under 1T magnetic field perpendicular and parallel to the film plane.
The polarization-electric field (P-E) loops were measured by Precision LC Il Ferroelectric Tester

(Radiant Technologies, Inc.). The magnetoelectric (ME) coupling was characterized by Magneto-
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electric Bundle (Radiant Technologies, Inc.) The piezoresponse force microscopy (PFM) loop
measurements were carried out by atomic force microscopy (AFM, Bruker, Dimension Icon) with
SCM-PIT Cr-Pt coated silicon cantilevers. The transmittance spectrums were collected by Hitachi

U-4100 UV-Vis-NIR spectrophotometer.
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5.4 Results and discussion

5.4.1 BWMO-BMO thin film growth
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Fig. 5.1 (a) Schematic crystal structure of Bi2WOs (BWO). (b) 8-20 XRD scans of BWMO-

BMO and BWO on LAO substrates.
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XRD analysis was first conducted to characterize the crystallinity of the BWMO-BMO
nanocomposite and pure BWO thin films on (001)-LAO substrates, as shown in Fig. 5. 1(b).
Different from the reported orthorhombic structure of BWO,%3® both thin films mainly present a
series of (00I)-type diffraction peaks. The new set of diffractions belongs to the layered supercell
(SC) structure,*®®which are marked by the dashed line and indexed with S (00I). It suggests highly
epitaxial growth of thin films and Bi2O- layered structure along the out-of-plane direction. An
obvious peak shifting has been observed from the BWMO-BMO sample compared with the peaks
from the BWO SC structure. The out-of-plane d-spacing is then calculated to be 8.19 A for
BWMO-BMO, which is smaller than 8.24 A for BWO. This could suggest the effective
incorporation of Mn ions in the SC structure as the ionic radius of Mn** (67 pm) is smaller than
that of W®* (74 pm). In addition, the full width at half maximum (FWHM) of the SC peaks is
wider for BWMO-BMO than that for BWO, which suggests slightly lower crystallinity and the

possibility of domain formation.
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5.4.2 Microstructure characterization

. [100] Zone

Fig. 5.2 (a, ¢) Cross-sectional TEM images of BWMO-BMO and BWO thin films on LAO
substrates. (b, d) The corresponding SAED patterns of thin films.

Cross-sectional TEM analysis was conducted on both the nanocomposite and pure BWO
thin films to better understand the microstructure details, as shown in Fig. 5. 2. TEM images (Fig.
5. 2(a, ¢)) show the overall film stacks of BWMO-BMO and BWO on LAO, where the interfaces
between films and substrates are marked by yellow dashed line. BWMO-BMO and BWO both

exhibit obvious layered SC structure with the lattice planes parallel to the LAO substrate.
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Interestingly, tilted pillar-like structures are formed in BWMO-BMO, as marked by the dashed
line. The nanopillars formed after the initial few monolayers. Fig. 5. 2(b, d) show the
corresponding selected area electron diffraction (SAED) patterns taken along the substrate [100]
zone axis. The satellite diffraction again confirms the highly epitaxial nature of the BWMO-BMO
and BWO thin films on substrate. It is noted that the SAED pattern of BWMO-BMO only shows
one set of patterns. Combining with the observed pillar-like structure in TEM images, the

formation of domain structure is proposed during the growth of BWMO-BMO.
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Fig. 5.3 Microstructure study of BWMO-BMO. (a) plan-view STEM image of a selected area of
the film, with (b) EDS mapping and (c) atomic-scale high-resolution image of the marked area.
(d) Cross-sectional STEM image of a selected area of the film with (¢) EDS mapping and (f)
atomic-scale high-resolution STEM image of pillar-like structure. Atomic model was used to
illustrate the matrix and nanodomain area. (g) 3D construction of the film, in which the red
pillars represent the BMO nanodomains and the blue area signifies the BWMO matrix.

Furthermore, scanning transmission electron microscopy (STEM) imaged in high angle
annular dark-field (HAADF) mode, coupled with EDS mapping, was used to resolve the
nanodomain evolution in BWMO-BMO. A low-magnification plan-view STEM image and the

corresponding EDS elemental mapping of Bi, W and Mn are presented in Fig. 5. 3(a) and Fig. 5.
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3(b), respectively. The mapping results show that Bi is distributed uniformly throughout the film,
while Mn exhibits segregation in BWMO-based matrix. The Mn segregation regions are circular
and correspond to the dark contrast area in the plan-view STEM image. Detailed EDS analysis has
been applied on the BWMO matrix area. As listed in the supplementary Table S5. 1, the x in the
Bi2W1.xMnxOe matrix is roughly equal to 0.06. High-resolution STEM (HR-STEM) was carried
out on a typical area, as shown in Fig. 5. 3(c). The boundary along the dark contrast area (roughly
marked by the dashed line) is blurred, due to the image overlap caused by tilt angles of nanopillars.
In order to obtain the complete structure information, cross-sectional STEM imaging (Fig.5. 3(d))
coupled with EDS mapping (Fig.5. 3(e)) was performed. The chemical mapping data confirms the
uniform distribution of Bi in the entire film. Mn EDS map shows that the Mn appears segregation
in the pillar-like areas, and also exists in the BWMO-based matrix with lower concentration. Hence,
the overall film structures are attributed to Bi2W1xMnxOs matrix and BiMnOz nanodomains
(BWMO-BMO).

The STEM image also shows that the formation of BMO nanopillars happens after the few
layers deposition. This suggests the initial psuedomorphic growth of the highly strained layer
because of the substrate strain effect. After the initial substrate strained region, the strain relaxed
and caused the formation of the BMO nanopillars in BWMO matrix. As displayed by the HR-
STEM image in Fig. S5. 1, the BMO nanopillars show up after the initial deposition stage, which
is around 9 nm above the substrate-film interface. In addition, the tilted BMO nanopillars formed
due to the large mismatch between the BWO and BMO phases. Specifically, the out-of-plane
lattice parameter of pure BWO is ~16.427 A, while the out-of-plane lattice parameter is ~28.03 A
for layered BMO with 2-Bi layers.®® The out-of-plane strain was calculated to be as large as 12.87%

considering 3:2 lattice matching between BWO and BMO. The in-plane lattice parameters of pure
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BWO are a = 5.457 A and b = 5.436 A (5.457 / /2 = 3.859 A ). The lattice parameter of
pseudocubic LAO is 3.79 A. The lattice mismatch between the film and substrate can be calculated
as 1.80%. This value is much smaller than the out-of-plane lattice mismatch, which suggests that
the large out-of-plane strain effect could trigger the decomposition of BWMO-BMO
nanocomposite. Tilted BMO nanopillars are formed to effectively minimize the mismatch strain
out-of-plane. Such strain relaxation mechanism has been previously reported in the formation of
other layered oxide systems after the initial pseudo-perovskite layer at the interface.?*” Similar
tilted nanopillars for minimizing the mismatch strain has also been reported in BaSnOs-doped
YBazCuszO7.x VAN systems. 133

The HR-STEM image of one pillar-like area is shown in Fig. 5. 3(f). Since STEM intensity
is proportional to Z* (Z is the atomic number; 1.5 <a < 2; Zgi = 83; Zw = 74; Zmn = 25), the bright
layers in both the BWMO-based matrix and pillar-like area are Bi-based slabs. The dark contrast
layers in the BWMO-based matrix area is W-rich, while the darker contrast layers are assigned as
Mn-rich in the pillar-like areas. Enlarged images are also presented in Fig. 5. 3(f). The schematic
model was overlaid on the top of enlarged atomic images. The successive Bi-layers are marked
with green strip. Based on the above EDS mapping data, minor Mn doping happened in the BWMO
phase. The dark layer hence in this area is illustrated by W atoms (blue circles) combined with Mn
atoms (red circles). In the pillar-like area, Mn layers are sandwiched between Bi-layers. Detailed
structure analysis was applied on a typical pillar-like area (Fig. S5. 2(a)) from Fig. 5. 3(f). The
corresponding (004) fast Fourier filtered image (Fig. S5. 2(b)) shows coherent interfaces across
the BWMO-BMO interface without any obvious misfit dislocations. It suggests the tilted BMO
nanopillars could effectively release the out-of-plane strain with BWMO matrix. In addition, such

coherent interface coupling between the two phases also explains why there are no separate XRD
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diffraction peaks from BMO nanopillars. The composition of thin films has also been analyzed by
EDS in SEM where a larger volume of the films is covered (see Table S5. 2). It shows that the
molar ratio of Mn to W is 0.65:1, which is less than the ratio in target (1:1). The cation atomic
ratio Bi/(W+Mn) is 1.41. The formation of BMO nanodomains may cause the stoichiometry
difference between target and film. The final 3D structure is illustrated in the schematic drawing
in Fig. 5. 3(g), in which the red pillars represent the BMO nanodomains and the blue area signifies

the BWMO matrix.

5.4.3 Magnetic and electrical characterization
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Fig. 5.4 (a) In-plane (IP) and (b) Out-plane (OP) magnetization hysteresis loops of BWMO-
BMO and BWO at 300K. (c) Polarization hysteresis measurement for BWMO-BMO.(d)
Amplitude and phase switching behavior of BWMO-BMO.
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The ferromagnetic hysteresis loops along out-of-plane (OP) and in-plane (IP) are illustrated
by Fig. 5. 4(a,b). The magnetization values were normalized to the entire films’ volume and
excluded the diamagnetic signals from the LAO substrates. The coercive fields from the OP and
IP hysteresis loops were same and determined as ~260 Oe. The OP and IP saturation values of
BWMO-BMO were measured as ~57 emu/cm?® and ~85 emu/cm?® under 5 kOe magnetic field at
300 K. No magnetic response has been observed in pure BWO SC. It has been reported that
spontaneous magnetization of Bi-based oxides could be increased with Mn incorporation,?*® hence
the much stronger magnetization of BWMO-BMO could be induced by the net magnetic moment
from Mn. The XPS analysis of Mn ions (Fig. S5. 3) indicates the existence of two oxidation states,
Mn 3* and Mn**. The ferromagnetic property of BMO SC has been proposed to be related with
double-exchange interaction between different ionic status of Mn ions.*%®2% Based on the above
EDS mapping data, the nanopillar areas present a larger amount (86% atomic ratio) of Mn than
that of the matrix. Therefore, the magnetism of BWMO-BMO could be mostly attributed to the
BMO phase. In addition, the magnetic property of BWMO-BMO thin film is much better than that
of pseudocubic BiMnQOs thin film on LAO (001) with a low Curie temperature 50K.24° It indicates
that the advantages of the SC structure of BMO over the pseudocubic one. The in-plane
magnetization (~85 emu/cm®) of BWMO-BMO is smaller than that (~ 190 emu/cm?) of pure BMO
with layered structure!®, which is possibly due to the tilted domain structure. The difference
between the out-of-plane and in-plane magnetization demonstrates the magnetic anisotropy of
BWMO-BMO. The similar anisotropic magnetization has been observed in other SC structures,
such as BAMO and BMO.1%:1% The structure anisotropy contributes to the magnetic anisotropy,
due to the layered structure along in-plane direction is believed as an easy crystalline axis for

magnetization.



106

To explore the ferroelectric properties of the BWMO-BMO, the ferroelectric hysteresis
loop was measured and shown in Fig. 5. 4(c). It has been reported that BWO thin films with high
crystallinity has poor ferroelectric property.?®® In Bi-based materials, the Bi ions form strong
covalent bonds with the surrounding O anions via the Coulomb force, which causes the Bi 6s? lone
pair of electrons shift away from the centrosymmetric position. An electric dipole is then formed
with the localized lobe-like distribution of the lone pair. It breaks the spatial inversion symmetry
and introduces the ferroelectric distortion in Bi-based multiferroic materials.?! In addition, the
ferroelectric hysteresis loop is in a highly square shape, which is better than the other reported
ferroelectric properties of Aurivillius phase thin films with thicker thickness.?*? It is possible that
the nanodomains broke the long crystallinity and promote spontaneous polarization in a specific
direction. To further explore the ferroelectric property, PFM measurements were also carried out
on the BWMO-BMO sample. Fig. 5. 4(d) shows the obvious out-of-plane phase and amplitude
switching image. The magnetoelectric (ME) measurement has been carried on the hanocomposite
at room temperature. Fig. S5. 4 shows polarization plot with a varied magnetic field. The black
solid line indicates the result of linear fitting. The slope of the plot indicates the ME charge
coefficient o, which is around 1.08 x 10 uC/(cm?.Oe) for this sample. The relationship between
the ME charge coefficient o and ME voltage coefficient ame is o = omeeoer, where g IS the

permittivity of the vacuum (g0 =~ 8.85 x 1012 C/m-V) and & is the relative permittivity of the film.

Since this material is a new system, the value of Bi2WOs film was used as &, which is around

55.243 The calculated ame is 22.19 V/(cm-Oe).
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5.3.4 Optical measurements
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Fig. 5.5 Optical transmission spectrums of BWMO-BMO and BWO. The inset shows the
corresponding plot of (ahv)? versus hv.

Last, to explore the optical property tuning of BWMO-BMO, optical measurement has
been carried out for the films. Fig. 5. 5 shows the optical transmittance spectrums of BWMO-
BMO and BWO as a function of the wavelength. Based on the above discussion and the FFT
analysis shown by Fig. S5. 2, it was proven that the interfaces between the BWMO and BMO are
coherent without obvious misfit lattice formation. In addition, BMO only occupies small portion
(~ 11% volume percent estimated based on the Mn mapping data in Fig. 5. 3(b)) in this
nanocomposite. The Tauc method was used for the band gap calculation. The details are shown
below!®:

ah9? = Constant -(h19 - Eg)
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where « is the optical absorption coefficient, h is the Planck’s constant, 9J is the frequency
of incident beam, Eg is the optical band gap, the constant is called the band tailing parameter, and
the index 2 corresponds to the direct transition. The plot of ah9? versus hd gives a straight line in
a certain region. The inset presents the corresponding direct band gap, where the bandgap is 3.10
eV for the BWMO-BMO, reduced from 3.75 eV for the BWO. Oxygen vacancy has been proposed

as an effective way in narrowing the bandgap of BWO layer?**

and thus it is possible that oxygen
vacancies were introduced with Mn incorporation into BWO phase. The bandgap of BWO SC is
out of the visible range and different from most previous studies (2.6-2.8 eV).%*® It is comparable
with the bandgap value of BWO thin film (3.76-3.79 eV) prepared by sol-gel method.?* In
addition, the bandgap value of a porous BWO sample was reported to be 3.20 eV, which suggests
bandgap variation depending on the microstructure. This result paves a new avenue to design Bi-
layered SC and control its photonic bandgap energy.

The design and fabrication of a new nanocomposite with 2D layered structure in this work
opens up a wide range of possibilities for exploration of nanocomposites. The Bi-layered SC
structure and tilted nanodomain structure presents enormous versatility of the Bi-based oxide
layered structures. Besides Mn ions, other magnetic elements, including Fe and Co, and
nonmagnetic ones could also be incorporated into the BWO system to create new layered oxides

with novel functionalities. In addition, it is highly expected to control the functionalities in

preferred direction with systematic study of Bi-based layered structures.

5.4 Conclusions

In this work, a new layered oxide Bi2W1.xMnxOs-BiMnO3z (BWMO-BMO) in thin film
form has been grown by PLD method on (001)-oriented LAO substrates. The epitaxial

nanocomposite thin films consist of BWMO matrix and pillar-like BMO nanodomains. Robust
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ferroelectricity and ferromagnetism (room temperature multiferroic responses) have been
observed in this novel layered nanocomposite. In addition, unique tunable band gap has been
demonstrated by the incorporation of Mn cation. This work holds great significance for the
modification of magnetic and optical properties of BWO with other magnetic ions. It also presents
the composition versatility of the layered Aurivillius phases and their great potentials in new

layered nanocomposite design.

5.5 Supplementary

Table S5.1 STEM-EDS Analysis for W and Mn elements
Position W (Atom %) Mn (Atom %) Mn/W+Mn

1 26.92 1.12 0.04
2 29.10 2.00 0.06
3 28.00 1.58 0.05
4 26.94 1.74 0.06
5 28.24 1.81 0.06
6 23.42 1.37 0.06
7 28.04 1.33 0.05
8 21.61 0.97 0.04
9 26.09 2.09 0.07
10 28.82 1.81 0.06

Average 0.06




Table S5.2 SEM-EDS Analysis for W and Mn elements

Position Bi (Atom %) W (Atom %) Mn (Atom %) Bi/(W+Mn)  Mn/w
1 9.57 4.03 2.71 1.42 0.67
2 9.09 3.93 2.78 1.35 0.71
3 9.47 4.07 2.73 1.39 0.67
4 9.43 4.01 2.82 1.38 0.70
5 9.43 4.13 2.54 1.41 0.62
6 9.52 4.06 2.41 1.47 0.59
7 9.55 4.12 2.98 1.35 0.72
8 9.34 4.11 2.29 1.46 0.56
9 9.54 4.08 2.43 1.47 0.60
10 9.42 4.15 2.7 1.38 0.65

Average 141 0.65

LAO (001)
Fig. S5. 1 HR-STEM of the film-substrate interface.
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Fig. 85 2 () STEM image of the enlarged pillar-like area. (b) The corresponding (004) fast
Fourier filtered image.
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Fig. S5. 3 The XPS spectrum of Mn 2ps2.
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Fig. S5. 4 Room temperature polarization vs magnetic field of BWMO-BMO. The black solid
line indicates the result of linear fitting.
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CHAPTER 6. MULTIFERROIC VERTICALLY ALIGNED
NANOCOMPOSITE WITH CoFe.O4 NANOCONES EMBEDDED IN
LAYERED Bi;WOs MATRIX

6.1 Overview

Bi2WOs:CoFe,04 (BWO:CFO) vertically aligned nanocomposite (VAN) in epitaxial thin
film form has been demonstrated on single-crystal LaAlOs (LAO) (001) substrates via pulsed laser
deposition (PLD). CFO nanopillars exhibit a unique nanocone shape embedded in the epitaxial
BWO matrix with an Aurivillius layered oxide structure. The growth direction of the CFO
nanopillars is (004), different from that of its epitaxial single-phase counterpart (220), which is
attributed to the interfacial strain effect. Magnetic measurements show robust and anisotropic
magnetic properties from the CFO nanocone structures, and obvious ferroelectric responses are
demonstrated in the BWO matrix, both at room temperature. The BWO:CFO VAN thin film
combining a ferroelectric layered oxide matrix and magnetic vertical nanocone present a new
hybrid material platform for room temperature multiferroics design towards nanoscale sensors and

actuators.

This chapter is reprinted with permission from “Multiferroic vertically aligned nanocomposite
with CoFe>O4 nanocones embedded in layered BioWOes” by H. Wang, et al, Materials
Research Letters, 10, 418(2019). Copyright © 2019 by Talor & Francis.
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6.2 Introduction

Multiferroic materials which exhibit ferroelectric and ferromagnetic response
simultaneously have attracted significant interest in the past few decades'®’. However, truly single-
phase multiferroics are scarce, because the coexistence of magnetism (spin order) and
ferroelectricity (electric dipole order) in a single-phase material may be limited. Hence,
multiferroic nanocomposites that combine a ferroelectric phase and a magnetic phase have been
introduced02131:137.246 “\/arious two-phase nanocomposite thin films have been demonstrated to
show multiferroic properties, including BaTiOs:CoFe,04'%, BiFeOs:CoFe,042%, and
BaTiOs:YMnO3™!. Some of the above nanocomposites were designed with vertically aligned
nanocomposites (VAN) structure, which is a novel thin film architecture and where two
immiscible phases co-grow epitaxially and vertically on substrates®*”248, Furthermore, the VAN
systems provide effective vertical strain coupling along the vertical two-phase interfaces, which
allows the growth of highly strained films and enhanced ferroelectric / ferromagnetic properties
compared to their single-phase counterparts?®t. However, the ferroelectric phases in the reported
multiferroic VAN systems are mostly perovskite oxide structures!?, for example, BaTiOs (BTO)
and BiFeOs (BFO). These representative ferroelectric materials have some limitations: e.g., BTO
was reported to have a low Curie temperature (Tc) of 120 °C to 130 °C, and BFO exhibits high
leakage current. Studies on the growth and property characterizations of both BTO and BFO also
suggested that both films are sensitive to processing conditions and their ferroelectric properties
vary significantly among different reports 24%-21,

Bismuth-based layered oxides (in an Aurivillius phase) have been reported as another
family of ferroelectric materials, which exhibits robust polarization with low leakage current and
resistant to fatigue**. Among various Aurivillius phases, orthornombic Bi;WQs (BWO) is one of

the simplest members in the Bismuth-based layered oxide family. It is constructed by alternating
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(Bi,02)?* slabs and (WOa4)> perovskite layers?®?, as shown in the atomic model in Fig. 6.1(a).
Because of the layered perovskite structure, it shows directional spontaneous polarization

233

depending on the crystallinity=>°. The strong polarization anisotropy makes it unique for mastering

the ferroelectric property by thin film strain effect. However, the work on BWO in thin film form

is very scarce??

and most of the BWO demonstrations have previously focused on dielectric and
photocatalysis properties?®32%,

On the other hand, CoFe.O4 (CFO) with a spinel structure (Fig. 6.1(a)) is an important
ferromagnetic material with excellent magnetic property such as high coercivity, moderate
saturation magnetization, as well as high chemical and structure stability?*®?%”, Furthermore,
because of the high magnetostriction coefficient, it shows the possibility of tuning magnetization
by lattice strain®®. Therefore, CFO as the ferromagnetic component has been previously
introduced into multiple heteroepitaxial nanocomposite systems, such as SrRuQOs:CFO?%,
BiFe03:CFO*° and PbTiO3:CFO™®,

In this study, a new VAN system composed of the ferroelectric BWO layered oxide as the
matrix and the ferromagnetic CFO as the secondary phase has been proposed and illustrated in Fig.
6.1(b). The red pillars represent the CFO phase, while the green area signifies the BWO matrix.
(001)-oriented LaAlIO3 (LAO) substrates have been selected for the epitaxial growth of both phases.
Compared to perovskite VAN systems such as BTO:CFO and BFO:CFO, the proposed BWO:CFO
nanocomposites could present the following potential advantages: (1) high Curie temperature, low
leakage current and high fatigue endurance; (2) the directional spontaneous polarization related

with the layered structure; and (3) reliable ferroelectric properties presented by BWO. We thus

investigated the microstructure, strain state, ferromagnetic and ferroelectric properties of the new
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BWO:CFO VAN system and compared it with the single phase BWO and CFO films, with a focus

on room temperature properties.

6.3 Experimental

The BWOos: CFOos target was prepared by a conventional solid-state sintering method.
The epitaxial thin films were deposited on single-crystal (001)-oriented LAO substrates by pulsed
laser deposition (PLD) using a KrF excimer laser (A = 248 nm). The deposition rate of thin films
was 2 Hz under an optimized oxygen partial pressure of 200 mTorr. Substrate temperature of 670
°C was maintained during the deposition. Following the deposition, the films were cooled down
to room temperature in 200 Torr oxygen atmosphere at a cooling rate of 10 °C/min. 100 nm thick
Au top contacts of 0.1 mm? area, were deposited by a custom-built magnetron sputtering system

using a 99.99% pure Au sputter target from Williams Advanced Materials.

The microstructure of as-deposited films was investigated with X-ray diffraction (XRD,
PANalytical Empyrean) and transmission electron microscopy (TEM, FEI TALOS T200X)
operated at 200 kV. The high-resolution scanning transmission electron microscopy (HRSTEM)
images in high angle annular dark-field (HAADF) mode (also called Z-contrast imaging) were
obtained using TEAM 1.0, a modified FEI Titan TEM with a Cs probe corrector operated at 300
kV. The magnetic properties of the thin films were investigated using the vibrating sample
magnetometer (VSM) option in a commercial Physical Properties Measurement System (PPMS
6000, Quantum Design). During the measurements, the out-of-plane and in-plane magnetization
were recorded by applying a magnetic field of 1T perpendicular and parallel to the film plane,
respectively. Ferroelectric polarization-electric field (P-E loops) measurements were conducted by

Precision LC Il Ferroelectric Tester (Radiant Technologies, Inc.). The phase and amplitude
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hysteresis loops were collected with atomic force microscopy (AFM, Bruker Dimension Icon).
Bruker SCM-PIT Cr-Pt coated silicon cantilevers were adopted in the piezoelectric force

microscopy (PFM) measurements.

6.4 Results and discussion

6.4.1 BWO:CFO film growth

BWO:C
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Fig. 6.1(a) Atomic models of Bi.WOs (BWO), CoFe 04 (CFO) and LaAlOs (LAO). (b)
Schematic diagram of VAN structure. CFO phase is represented by red pillars and denoted with
C, while BWO is the rest green area. (c) 8-260 XRD scans of BWO:CFO, BWO and CFO on
LAO substrates, respectively.
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XRD analysis was first carried out to check the crystallinity of the BWO:CFO film. Pure
BWO and CFO films were also deposited and measured for comparison, as shown in Fig. 6. 1(c).
The pattern of nanocomposite BWO:CFO presents BWO (001) and CFO (004) peaks. The BWO
(00I) peaks indicate the layered structure and are identical to that of the pure BWO on LAO. The
lattice parameter of BWO (004) is calculated to be 8.213 A, which is almost half of the bulk
parameter 16.427 A?2. It indicates nearly perfect matching between BWO and CFO phases in the
out-of-plane direction. In addition, it is clearly observed that BWO (004) matches with CFO (004)
in the out-of-plane direction. However, the pure CFO on LAO shows (220) and (440) as the
textured orientation, which is different from the preferred (004) texture of the CFO phase in the
nanocomposite. Similar preferred (004) CFO growth orientation has been reported in the
BFO:CFO system'3":% \where the interface of CFO (004) shares the {110}c-type interface with
BFO matrix, due to the low interface energy between the octahedron in the perovskite and those
in the spinel phase. Thus, the preferred orientation of (004) CFO in BWO:CFO nanocomposite
compared with the pure CFO is highly due to the strain effect from BWO matrix. The out-of-plane
lattice parameter of CFO in BWO:CFO can be calculated to be 8.367 A compared to the bulk
parameter of 8.39 A% which indicates a minor compressive strain of — 0.27% in out-of-plane
direction. The effect of deposition rate on the nanocomposite microstructure has also been
explored. Fig. S6. 1 shows the XRD pattern of BWQO:CFO deposited under the laser frequency of
10 Hz. CFO phase shows the (004) growth orientation and the out-of-plane lattice parameter is
calculated as 8.359 A, which is also under compressive strain. However, BWO phase shows more
peaks, besides the primary (00l) peaks, which are marked by “*”. It indicates other orientations of
BWO phase have grown in the high deposition frequency sample. This result is similar to the

previous bismuth-based oxides work that the layered structure is sensitive to the deposition rate?6?,
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Similarly, the film composition (i.e., two phase molar ratio) could also affect the overall film

microstructure and the resulted film properties. It thus shall be further explored as future work.

6.4.2 Microstructure characterization

Fig. 6.2 (a) Cross-sectional TEM image of BWO:CFO. (b) The corresponding SAED pattern
from thin film area. BWO phase is denoted with B. (c) HRTEM image along the interface
between BWO and CFO. The insets show the fast-Fourier transformed (FFT) images from BWO
and CFO phases. (d) The corresponding FFT filtered image (the dashed line guides the
interface).

TEM was applied to further investigate the microstructure and strain status of the
nanocomposite films. The cross-sectional TEM image (Fig. 6. 2(a)) shows that both phases grew
as vertical domains from the substrate surface to the top of the film. The distinguished dots in the
corresponding selective area electron diffraction (SAED) pattern (Fig. 6. 2(b)) exhibit only (00I)-

orientated BWO and (004)-oriented CFO phases, which agrees well with the previous XRD results.
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The in-plane lattice parameter of CFO is then calculated to be a = b = 8.404 A and the
corresponding in-plane strain is determined as 0.17%. It indicates that the CFO phase in
BWO:CFO is under out-of-plane compressive strain (goo01), Which is calculated as — 0.44%. As a
comparison, pure BWO and CFO phases were also characterized and shown in Fig. S6. 2(a, ¢) by
TEM. BWO wets the substrate completely and follows a layer-by-layer growth, which is identified
by the satellite diffraction pattern (Fig. S6. 2(b)). In comparison, the pure CFO thin film follows
islands growth with (044) as the out-of-plane orientation in the SAED pattern (Fig. S6. 2(d)). It
suggests that the BWO phase in the nanocomposite facilitated the nucleation and growth of CFO
(004). BWO:CFO heterointerface was investigated with high-resolution TEM (HRTEM) (Fig. 6.
2(c)). The two phases show excellent epitaxial quality. The BWO phase exhibits clear layered
structure along the out-of-plane direction (c-axis). The insets are fast Fourier transform (FFT)
images obtained from local BWO and CFO areas. They agree well with the SAED pattern. The
corresponding fast Fourier filtered image (Fig. 6. 2(d)) confirms the well matching between 4 of
BWO (001) and CFO (004) along the vertical interface, which is energy saving with small residual

strain.
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Fig. 6.3 Microstructure study of BWO:CFO. (a) plan-view STEM image of a selected area of the
film, with (b) EDS mapping of the marked area and (c) atomic-scale high resolution image of
one pillar interface. (d) Cross-sectional STEM image of a selected area of the film with (e) the
corresponding EDS mapping and (f) atomic-scale high resolution STEM image of BWO:CFO

interface. (g) The atomic models of the coupling between BWO and CFO. (h) 3D construction of

the film.

Further microstructure analysis has been conducted to reveal the chemical composition
distribution and the out-of-plane strain status of BWO:CFO. Fig. 6. 3(a) presents the plan-view
low-mag STEM image, and Fig. 6. 3 (b) shows the corresponding EDS mapping data. The top
view of CFO nanopillars shows a rectangular shape. Based on the high-resolution STEM
(HRSTEM) (Fig. 6. 3(c)) and EDS results, the interfaces between the two phases are very sharp

without any obvious inter-diffusions. Cross-sectional STEM (Fig. 6. 3(d)) and corresponding EDS
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mapping (Fig. 6. 3(e)) were also carried out to explore the 3D nature of the film. The diameter of
the CFO nanopillars increases along the growth direction and the pillars form an inverted cone
shape, which could be related to the strain effects on CFO pillars from BWO matrix decrease as
the film grows thicker. Similar inverted cone shape of CFO nanopillars has been reported in the
BiFeO3:CFO nanocomposite, in which CFO nanopillars also grow along (001) direction?*®, Hence,
the overall 3D structure of BWO:CFO VAN thin film is illustrated in Fig. 6. 3(h). HRSTEM was
applied to explore the triple phase interface area between the substrate and the two phases, as
shown in Fig. 6. 3(f). BWO shows very clear layered structure along the growth direction (c-axis).
It is noted that four layers of BWO (a half unit cell thickness) are coupled with CFO (004) (a unit
cell thick of CFO). The coupling is illustrated by the atomic model in Fig. 6. 3(g). Based on the
above strain and structure analysis, parts of the octahedron in CFO phase is shown under out-of-
plane compressive strain. The strain effect from BWO on CFO phase could lead to a pronounced

change in the coupling behaviors.



6.4.3 Electric and magnetical characterization
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Fig. 6.4 (a) In-plane (IP) and Out-plane (OP) magnetization hysteresis loops of BWO:CFO and
pure CFO at 300K. (b) Polarization hysteresis measurement for BWO:CFO and pure BWO. (c)

Amplitude and phase switching behavior of BWO:CFO.
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To demonstrate the multiferroic nature of the two-phase nanocomposite film, both
magnetic and ferroelectric measurements have been conducted at room temperature. Fig. 6. 4(a)
shows the in-plane (IP) and out-of-plane (OP) magnetic hysteresis (M-H) loops of BWO:CFO film
measured at 300 K. The magnetization values were normalized to the volume fraction of CFO
(~29%) approximately after subtracting the diamagnetic signals from the LAO substrates. This
demonstrates the effectiveness of CFO as secondary phase into VAN systems to introduce
ferromagnetic property. The ratio of remanence to saturation magnetization (M:/M:s) for the out-
of-plane (M¢/Ms). is 61%, which is larger than that for the in-plane (M/Ms), value of 37%.
Meanwhile, the coercive field (Hc) in out-of-pane direction is 2.39 kOe, which is also much larger
than that of the in-plane direction of 1.07 kOe. The high magnetic anisotropy can be attributed to
the anisotropic microstructure of the nanocomposite film, i.e., the CFO nanocone structures in the
BWO matrix. The IP and OP magnetic hysteresis (M-H) loops of pure CFO are also shown in Fig.
6. 4(a), which suggests a lower magnetic response of (220)-oriented CFO pure film.

The magnetic anisotropy related with CFO phase has also been observed in other magnetic
CFO nanopillar structures®?%3 One source for the magnetic anisotropy could be the
magnetostriction effect, which stems from the compressive strain of CFO. The stress in CFO is
given by the equation 6 = Yeoo1, Where Y is the Young’s modulus (~ 141.6 Gpa)?®* and g0 is the
strain along the [001] direction (~ — 0.44%). The magnetoelectric energy(Kme) is calculated by Kme
= —3)0016001/2, Where Ago1 is the magnetostrictive coefficient of CFO (~— 350 x 10)%4, Thus, the
anisotropy energy for CFO in VAN is 3.27 x 10° erg/cm®. Another possible source for the
magnetic anisotropy is the shape anisotropy of CFO. The anisotropy energy (Ks) is calculated
based on a heterogeneous model Ks = —2tMs??®°, which is — 0.46 x 10° erg/cm®. The total

anisotropy energy in BWO:CFO thin film is thus 2.81 x 10° erg/cmq. The anisotropy field is given
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by Hstress = 2K/Ms = 20.8 kOe, which is larger than the experimental observed value of 10 kOe.
The difference could be due to other possible sources for the magnetic anisotropy such as interface
exchange anisotropy and magnetocrystalline anisotropy. In addition, the model used for the
calculation of shape anisotropy energy is only a two-dimensional model without consideration of
CFO nanocone structures, which need to be modified in future work.

Ferroelectric measurements demonstrate a well-defined P-E hysteresis loop of BWO:CFO,
as shown in Fig. 6. 4(b). It is compared with the loop of pure BWO. The remanent polarization
(Pr) of BWO:CFO is 0.40 uC/cm?® which is slightly lower than that of pure BWO with 0.53 nC/cm?,
It is probably due to the incorporation of none-ferroelectric phase CFO in the system. In addition,
PFM measurement was performed on BWO:CFO VAN thin film. Fig. 6. 4(c) shows the out-of-
plane phase and amplitude switching plots as a function of the bias applied. An 180° phase
transition with the change of tip bias direction can be seen in the phase switching curve while a
perfect butterfly-like shape is shown in the amplitude curve. This demonstrates the ferroelectric
response of the BWO:CFO VAN thin film at the room temperature.

The demonstration of multiferroic BWO:CFO paves a way to create new nanocomposites
which combine a bismuth-based layered oxide with a spinel phase, beyond the conventional
perovskite oxide systems. It also provides a practical approach for introducing magnetic
components into the ferroelectric and piezoelectric layered oxides. BWO:CFO VAN exhibits a
larger in-plane (M:/Ms) anisotropy in magnetic property compared with the reported BFO:CFO
VAN films?2%283_ The strong coupling effect between the layered BWO matrix and CFO could be
the possible source. In addition, pure BWO thin films have been reported with directional
polarization, which is highly dependent on the growth orientation?3. Hence, the BWO:CFO VAN

system is worthy of a systematic study on the influence of several experimental parameters, such
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as the molar ratios and deposition rate. It is promising to control directional multiferroic properties
in 3D materials with build-in layered structure and to incorporate the new hybrid material platform

for spintronic devices, nanoscale sensors and actuators.

6.4.4 Conclusion

In summary, BWO:CFO VAN thin films with layered oxide VAN structure have been
grown on (001)-LAO substrate by PLD. The CFO phase forms inverted cone-shaped nanopillars
in BWO layered oxide matrix. The BWO:CFO VAN system shows robust multiferroic properties
as a result of the vertical interface coupling between the ferroelectric BWO layered oxide matrix
and the ferromagnetic CFO nanopillars, under room temperature. The BWO:CFO VAN thin films
present a new hybrid layered oxide platform for room temperature multiferroics design towards

nanoscale sensors and actuators.
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6.4.5 Supplementary
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Fig. S6.1 XRD 6-26 scans of BWO:CFO deposited at 2Hz and 10Hz.
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corresponding SAED patterns.
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CHAPTER 7. SUMMARY AND FUTURE WORK

In this dissertation, we have exploited the structure and functionalities of Bi-based oxide
thin films via strain engineering. For the first study system BiFeOs (BFO), we have deposited a
set of BFO thin films on SRO-buffered substrates and then explored the buffered-substrate strain
effects on ferroelectric and optical properties of the films. The tensile strain provides potential of
narrowing band gap in BFO. Highly strained BFO thin films show lower coercive field, which
owing to the coexistence of polar instabilities and the rotation of the oxygen octahedral. In addition,
we have grown BFO on TiN-buffered Si substrates, which further proves the practical applications
of BFO. Compared with pure BFO, a much higher polarization was measured in Sm-doped BFO
(BSFO). We have tuned the structure and polariton of Sm-doped BFO systems via deposition
temperature. It is the first demonstration of Sm dopant existence in BFO via STEM and EDS
measurement.

For the second study system Bi.WOs (BWO), we have incorporated magnetic cations Mn
into BWO to create a new nanocomposite Bi2W1xMnxOs-BiMnO3. Robust room temperature
ferroelectric and ferromagnetic response (room temperature multiferroic responses) and unique
tunable optical properties have been observed for this new layered structure. In addition, we have
demonstrated a new VAN structure of BWO:CFO with layered structure. The new VAN system
shows strong multiferroic properties as a result of the vertical interface coupling between the
ferroelectric BWO layered oxide matrix and ferromagnetic CFO nanocones.

We have proven the structure flexibility and tunable functionality in BFO and how a
vertically aligned structure can improve the ferromagnetic properties in BWO. Future work

includes investigation on:
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More property characterization and strain analysis of BSFO samples is required.
BWO-based VAN structure will be considered as new research project, since the
horizontal stain effect has been explored on the structure and properties of BWO thin
films. For example, other spinel phases are considered as a candidate for the second
phase. Other properties such as optical can be characterized in the BWO-based VAN.
. The work presents great potentials of layered oxides in terms of new VAN design.

. The proved nanocomposite can be deposited on Si substrates and incorporated in the

functional devices, such as nanoscale sensors and actuators.
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