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Abstract 

In this work, I start by introducing a relatively recently innovated thin film 

architecture which offers a new direction in strain control, the vertically aligned 

nanocomposite (VAN). I first present the literature in the field, explaining the 

advantages and unique novel properties stemming from VAN structures. Next, I 

introduce the work I did to examine the unique strain states of Ba0.6Sr0.4TiO3–Sm2O3 

VAN structures. It was found that the strain states in the functional Ba0.6Sr0.4TiO3 phase 

are unconventional compared to those in planar thin films. 3-dimensional strain was 

found to be acting on the Ba0.6Sr0.4TiO3 phase in the VAN structure. The origin of the 

strain was explained using a simple model which takes into account thermal expansion 

mismatch as well as lattice mismatch and elastic coefficients. The ferroelectric 

properties of the films were presented in relation to the observed strain states. I next 

present the work I did on the influence of strain on the magnetic properties in VAN film 

of Sm0.34Sr0.66MnO3–Sm2O3. Ferromagnetism was achieved in an otherwise 

antiferromagnetic Sm0.34Sr0.66MnO3. The effect was explained by a strain induced 

transition from super-exchange to double exchange coupling in the material.  

Last but not least, the potential of scalability of VAN films was explored by using 

sputtering to grow VAN structures instead of the commonly-used PLD growth. 

BaTiO3–Sm2O3 was used as a primary study material due to its well reported VAN 

properties. Preliminary results showing indications of a VAN structure. Some basic 

physical property characterization is also presented and compared to the properties of 

PLD-grown films in the literature. Limitations and challenges that arise due to the 

fundamental differences between sputtering and PLD are also described.  
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Overview of Chapters 

This thesis focuses on the growth and characterization of vertically aligned 

nanocomposites (VAN) epitaxial thin films and the interesting ferroelectric and 

ferromagnetic properties that are achieved using them.  Chapter 1 presents an 

introduction to the thesis including the nature of standard epitaxial oxide thin films and 

VAN films. Chapter 2 presents thin film deposition techniques with a focus on pulsed 

laser deposition (PLD) as well as sputtering which are used extensively in this study. 

Various thin film characterization techniques are presented in Chapter 3.  

From Chapter 4 onwards, the research work undertaken in the thesis is presented. 

Due to the variety of topics for each chapter, the background and motivation as well as 

experimental details are presented at the beginning of each chapter rather than a 

separate chapter. Chapter 4 focuses on understanding the nature and origin of strain in 

VAN architectures as well as the improvement of ferroelectric properties in 

Ba0.6Sr0.4TiO3 VAN. Chapter 5 presents the results on inducing new strain states in 

Sm0.34Sr0.66MnO3 VAN films and it discusses how this enables Sm0.34Sr0.66MnO3 from 

be changed from an antiferromagnet into a ferromagnetic phase. Chapter 6 focuses on 

VAN fabrication using sputtering. Lastly, the Conclusions as well as Future Work are 

presented in Chapter 7. 
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Chapter 1 Introduction 

This chapter presents a short overview of the dissertation, as well as a background 

to oxide thin film growth, strain effects in thin films and VAN films.  

Over the past decades, many studies have been done to achieve a more complete 

understanding of transition metal-oxides and the resulting functional properties such as 

magnetism, ferroelectricity, and superconductivity. With the advances in physical vapor 

deposition as well as better characterization technologies, thin film growth has become 

increasingly viable and popular. The modern study of complex oxide materials has 

largely been led by the development of new growth and characterization techniques that 

have allowed researchers unprecedented access to new phases, structures and properties 

of these materials.1 For instance, epitaxial growth of thin films provides an 

unconventional pathway to discovery and stabilization of new materials that otherwise 

will not be stable in bulk. High quality thin film materials can be produced much faster  

than by bulk single crystal growth which is time consuming and they can be integrated 

in electronic devices which bulk crystals cannot.2  

More recently, the novel thin film architecture of vertically-aligned 

nanocomposites (VAN) has also been demonstrated.3-4 A VAN consists of vertically 

aligned distinctive phases normally grown on a single crystal substrate. The main 

characteristics that define VAN architecture is the ability to couple multiple functional 

properties through strain. This renders epitaxial VAN films new functional properties. 

The inducement of strain resulting from elastic coupling is vital for the control of multi-

functionalities and to offer the possibility of functionalities which cannot be obtained 

in standard films. Thus, one of the focuses of this work is to understand and provide a 

model to explain the epitaxial strain states which arise in VAN oxide thin films.  
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1.1. Epitaxial Strain and Strain Engineering in Oxide 

Thin Films 

1.1.1. Epitaxial Strain in Thin Films 

Strain represents the change of material’s sizes compared with that in the pure, as-

synthesized state. In thin films, strain mainly originates from hetero-epitaxy on the 

substrates on which the thin films are grown. The lattice parameters of the thin films 

and the substrates are usually not identical and during growth the thin films adjusts 

itself to minimize the interfacial energy with the substrate in the form of strain.  

Figure 1.1 shows three different modes of film growth on a substrate. Figure 1.1 

(a) shows homo-epitaxy/commensurate growth which happens when the substrate and 

film are of the same lattice parameter. Figure 1.1 (b) shows hetero-epitaxy growth of 

materials with different lattice parameters, hetero-epitaxy is often used for strain 

engineering in functional thin film growth.  

 

Figure 1.1 Schematic of different types of lattice matching in thin film growth on 

substrate showing (a) homoepitaxy/commensurate growth, (b) pseudomorphic/fully 

strained growth, and (c) Incommensurate/fully relaxed growth. (Figure from 5) 

 

The grown film in Figure 1.1 (b) is under tensile or compression stress on the substrate 

without relaxing this strain by generating misfit dislocations. To understand how stress 

develop in thin film, it is useful to look at lattice mismatch. The in-plane lattice 

mismatch of film with respect to substrate is evaluated by: 
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                                                             𝑓 =
𝑎𝑓0 − 𝑎𝑠

𝑎𝑓0
                                                        (1.1), 

where as is in-plane the lattice parameter of the substrate and afo is the in-plane lattice 

parameter of the thin films in its original (strain-free) condition.   

The in-plane biaxial strain ε// of the film grown on substrate is defined as:  

                                                        ε//=
𝑎𝑓−𝑎𝑓0

𝑎𝑓0
                                                              (1.2), 

Likewise, the out-of-plane strain 𝜀⊥ of the thin film is defined as: 

                                                         𝜀⊥ =
𝑎𝑓⊥−𝑎𝑓0⊥

𝑎𝑓0⊥
                                                          (1.3). 

Where 𝑎𝑓⊥  and 𝑎𝑓0⊥ is the out-of-plane lattice parameters of the strained film and 

strain-free film, respectively. Positive results from the above equations represents 

tensile strain and vice versa.  

It is important to note that in hetero-epitaxy thin film growth, the strain can only exists 

up to a certain thickness before it becomes fully relaxed, as shown in Figure 1.1 (c).  

 

 
 

Figure 1.2 High resolution transmission electron microscopy (HRTEM) and fast 

Fourier filtered images showing domain matching epitaxy of SrTiO3 thin film with 

MgO substrate forming a 14:13 domain matching relationship.(Figure from 6) 

 

It is interesting to note that when lattice mismatch is very large, e.g. f > 0.7%, it is 



 4 

possible for domain matching epitaxy (DME) to form (shown in Figure 1.2.6) In this 

case, the epitaxial growth of thin films is possible by domains matching  of integral 

multiples of substrate and film lattice units across the interface.7 

In the case of domain matching epitaxy, misfit dislocations can be found at the 

interface between substrate and film. These dislocations serve to fully or partially relax 

the strain, resulting in unstrained, high quality growth throughout the film thickness.  

A great advantage of epitaxial thin film growth is that it enables strain 

manipulation in thin films through careful selection of substrates. This can be used to 

deposit films with desirable physical properties since strain states in functional oxide 

films affect their physical properties. For instance, biaxial strains from substrate was 

reported to induced magnetic anisotropy and influences the magneto-transport 

properties in epitaxial manganite films.8-9 

1.1.2. Strain Engineering of Thin Films 

Strain engineering is a powerful and accessible way to manipulate the properties 

of functional oxide thin films. For instance, a lot of works have been done to investigate 

the effect of strain on the structure and properties of ABO3 perovskite. Generally, ABO3 

perovskite consists of cubic sub-lattices of A and B cations. The B cations are 

coordinated by oxygen anions forming an octahedral structure, as shown in Figure 1.3. 

Ideally, ABO3 perovskite has standard cubic symmetry with Pm3m space group. 

However, the structure of ABO3 perovskite can easily be distorted, and many different 

functionalities can result from these different distortions. Figure 1.3 shows three main 

structural distortions in perovskites. The polar displacement of B cations, rigid rotation 

of octahedral BO6 units and Jahn-Teller distortions of the BO6 octahedra are shown in 

Figure 1.3 (a), (b), and (c) respectively.10 Polar displacement of B cations in Figure 1.3 

(a) can be associated with ferroelectricity because the displacement of B cations creates 

dipole moment in each unit cell, which can be switched and retained by applying 

electric field. Rigid rotation and Jahn-Teller distortions of  BO6 octahedra is associated 

with magnetic coupling that can either lead to enhancement or suppression of 
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ferromagnetism, depending on the orbital hybridization of the materials involved.  

Figure 1.3 Common perovskite distortion modes. (a) Polar displacement of B-site 

cations; (b) rigid rotation of the BO6 octahedra, and (c) Jahn-Teller distortion of the 

BO6 octahedra.  

The understanding of octahedral rotations is very important to investigate the 

strain effect in magnetic materials. For example, it has been shown that the tensile strain 

in LaCoO3 magnetic films stabilizes the intermediate or high spin states and that the 

lattice distortion will increase the paramagnetic effective moment.11-12 As the LaCoO3 

film undergoes tensile strain, the bonding angle between Co-O-Co gradually increases 

from bulk value of 163° toward 180° which leads to stronger hybridization of Co 3d 

and O 2p orbitals. This hybridization favours ferromagnetic coupling between the 

orbitals.  

 

Another example of study on strain engineering in oxide materials was done by 

Adamo et al. In their work, epitaxial La0.7Sr0.3MnO3 (LSMO) thin films were deposited 

using molecular beam epitaxy (MBE) on various single crystal substrates with different 

lattice parameters to induce different level of epitaxial strain. The out-of-plane (εzz) 

lattice strain as a function of the in-plane (εxx) lattice strain on LSMO thin film is shown 

on Figure 1.4. Different magnetic behaviors of the films were observed for different 

level of substrate-induced strains.13 For instance, a decreasing trend of ferromagnetic 

Tc was observed by varying the substrate-induced biaxial strain from compressive (-

2.3%) strain to tensile (+3.2%) strain. Contrary to the trend of LaCoO3, the tensile strain 

in LSMO will increase the Jahn–Teller distortion of the eg electron levels which results 

in weaker orbital hybridization and thus a decrease in Tc. 
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Figure 1.4. The out-of-plane (εzz) lattice strain as a function of the in-plane (εxx) 

lattice strain. The value of out-of-plane strain was calculated based on the Poisson ratio 

of La0.7Sr0.3MnO3 (LSMO).(Figure from 13) 

 

In any perovskites, the three distortion modes in Figure 1.3 energetically compete 

with each other and the most stable one in ground state will play a dominant role in 

physical properties. These structural instabilities typically include long-range co-

operative displacements of atoms in the crystal, as shown in Figure 1.5.  

Figure 1.5 Lattice diagram of (a) the octahedral rotations and (b) the Jahn-Teller 

distortion. The A cations are shown in black, B cations are shown in blue and oxygen 

atoms shown in red. 
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Similar to magnetic properties, studies have been done on strain effect from 

substrate on ferroelectricity as well.14 A diagram showing pseudo-cubic lattice 

parameters was summarized in Figure 1.6 for perovskite and perovskite-related thin 

film growth. The upper part of the figure shows commonly-grown perovskite oxides 

while the lower part of the figure shows commonly-used crystal substrate for thin film 

growth. Ferroelectric properties are measured by spontaneous polarizations which are 

very sensitive to even small values of strain. It has been reported that strain on the order 

of 1% can lead to large enhancement of the ferroelectric transition temperature 

(increasing ferroelectric Tc) and coercive field in ferroelectric materials.15-17  In addition, 

it was reported that bi-axial strain results in switchable polarizations either parallel or 

perpendicular to the plane of epitaxy which leads to stabilization of the incipient 

ferroelectric properties in thin films form.18 

 

Strain engineering is particularly useful for ferroelectric applications because it 

can be used to tune c/a ratio which is the primary parameter determining the magnitude 

of saturation polarization and ferroelectric Tc. In the past years, lots of efforts have been 

spent not only to achieve strained epitaxial film but also to obtain low defect 

heterostructure thin films. For example, buffer layers are used in the case where the 

lattice mismatch between film and substrate is very big. The use of buffer layer is 

primarily to reduce the level of internal stress accumulated in the thin films, which also 

means less dislocations to accommodate the internal stress. It is important to note that 

the residual strain due to incomplete strain relaxation in the buffer layer may act as the 

seed for additional defects during the subsequent film growth. 19-20 
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Figure 1.6 Pseudo-cubic lattice parameter of perovskite and perovskite-related oxide 

thin films and substrates. Black arrows represent commonly grown perovskite thin 

films, blue arrows represent Al-based substrates, purple arrows represent Ga-based 

substrates, and red arrows represent Sc-based substrates (Figure from 21)  

Apart from ferromagnetic and ferroelectric properties, exciting results have also 

been found in strained superconductors where strain can be used to increase the 

superconducting Tc of La2-xSrxCuO4 films when grown on different substrates with 

either compressive or tensile strain. (in this particular case, compressive and tensile 

strain results in increased superconducting Tc).22 

 

In addition to strain engineering using crystal substrates with various lattice 

parameters (layered heterostructures), superlattices are another effective way to control 

strain in oxide thin films. Superlattices consists of periodic structures of layers of two 

(or more) materials with a typical layer thickness being from a unit cell (< 1nm) to a 

few nanometers. In superlattices, the in-plane lattice parameter of all the constituents is 
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fully strained to that of the substrates and the primary factor that determines the physical 

properties of the superlattice is the elastic strain from the substrates. Some superlattice 

systems that have been intensively studied of recent times are (001) PbTiO3/(001) 

SrTiO3 and (001) BaTiO3/(001) SrTiO3 superlattices to investigate the effect of strain 

on thin layers of the ferroelectric materials. The HRTEM images of these superlattices 

are shown in Figure 1.7.1  

 

Figure 1.7 HRTEM images of (a) PbTiO3/SrTiO3 and (b) BaTiO3/SrTiO3 superlattices 

grown by MBE.(Figure (a) from 23 , figure (b) from 1) 

 

More recently, Tenne et al. reported the growth of the (001) BaTiO3/(001) SrTiO3 

superlattice on the (001) SrTiO3 substrate by molecular beam epitaxy (MBE).24 The 

ferroelectric Tc of the MBE grown superlattice is shown in Figure 1.8. The thickness 

of the BaTiO3 layer in the superlattice varied from 1 to 8 unit cells and the thickness of 

the (001) SrTiO3 spacer layer was fixed to be either 4 (solid blue plot) or 13 (solid red 

plot) unit cells. For a fixed number of unit cells in SrTiO3 (m), as the number of unit 

cells in each of the BaTiO3 increases (thicker layer), the dipole coupling between each 

ferroelectric BaTiO3 layer gets stronger, and hence results in increase of the 

ferroelectric Tc. Likewise, for a fixed number of unit cells of BaTiO3 (n), as the SrTiO3 

layer becomes thicker, the dipole coupling between each BaTiO3 layer gets weaker, 
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resulting in a lower ferroelectric Tc (as shown in the blue vs red plot in Figure 1.8). In 

short, both experimental results and first-principle calculations of the superlattice 

showed a significant increase of the ferroelectric Tc in a multi-domain state (thicker 

layer or thinner inter-layer spacing) instead of single-domain state by varying the 

thicknesses of BaTiO3 and SrTiO3 interlayer in the superlattice.1 

 

Figure 1.8 The dependence of ferroelectric Tc on n and m in (BaTiO3)n/(SrTiO3)m 

superlattices. The blue symbols and solid blue line are for m = 4 and red symbols and 

solid red line are for m = 13. (Figure from 1) 

 

Layered heterostructures and superlattices are not the only architectures of strain 

controllable oxide thin films. A new oxide thin film architecture in the form of vertically 

aligned nanocomposite (VAN) thin films offer a different approach to strain control.3-4 

An example of  VAN  is epitaxial pillars of magnetic oxides in a thin film ferroelectric 

matrix which results in electrical coupling of ferromagnetic properties through 

magnetostriction.3, 25 Since the main focus of this thesis is to discuss physical properties 

coupling and enhancement via strain coupling in VAN films, a detailed introduction to 

VAN will be separately presented in the next section.  
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1.2. Vertically Aligned Nanocomposite (VAN) 

Vertically aligned nanocomposites (VAN) are a relatively new and promising 

architecture that can be used to control strain levels in oxide thin films.4, 26-28 A 

schematic of a VAN film is shown in Fig. 1.9. In VAN films, two phases are self-

assembled to form a vertical structure, either as nano-pillars embedded in a matrix or 

in a checkerboard structure.  

 

Figure 1.9. Schematic diagram showing an example vertically aligned nanocomposite 

structure. (Figure from 29) 

 

Both phases are heteroepitaxially grown on the given substrate while the vertical 

interfaces between both phases maintain certain epitaxial relationship as well, 

depending on their vertical lattice matching. The VAN thin film system exhibits many 

interesting physical properties with its unique microstructure. It promises a novel way 

of achieving multi-functionality and tunable strain which is very different from the 

situation for conventional single-phase thin films.  

One unique feature of the VAN structure is that unlike conventional thin films, the 

strain level in the VAN structure is not limited by its thickness. In fact, high strain levels 

are reported for films with thickness up to > 1 μm, something that would not be possible 

in any single-phase thin film.27, 30 The reason for this is that the strain states in VAN 

structure originated from the vertical interface epitaxy between the phases involved 

with minimum influence from the substrate.  



 12 

Besides strain, novel cross-coupling of functional properties over the large vertical 

interfacial areas can be achieved using this architecture. For instance, multiferroicity 

can be achieved by pairing ferromagnetic-ferroelectric phases in the VAN structure.31-

43  

Historically, the first work that lead to the discovery of VAN was a mixed phase 

films of LCMO (La0.7Ca0.3MnO3)1-x: (MgO)x reported by Moshnyaga et al in 2003.44 

These thin films did not have a clean VAN structure but instead contained poorly 

oriented LCMO grains coated with MgO. The films were grown by a solution based 

technique called metal-organic aerosol deposition (MAD) and the initial objectives 

were to demonstrate the phase transition and tunable magneto-transport properties in 

the LCMO phase. Albeit not vertically aligned, this work laid an important foundation 

to physical properties coupling through the use of oxide nanocomposites.   

 

The first ever reported VAN structure was by Zheng et al. on BaTiO3-CoFe2O4 

(BTO-CFO) nanocomposite. The work was inspired by the early development of 

BaTiO3-CoFe2O4 (BTO-CFO) bulk composites. The coupling between ferroelectric and 

ferromagnetic properties was achieved by vertically aligned nanostructures of epitaxial 

CoFe2O4 magnetostrictive spinel pillars embedded in a ferroelectric BaTiO3 perovskite 

matrix.3 Subsequently, many studies have been undertaken on self-assembled 

perovskite VAN architecture to achieve multi-ferroic coupling such as in BiFeO3-

CoFe2O4,
31-33, 35-38, 45 BiFeO3–NiFe2O4,

39-40 and PbTiO3–CoFe2O4 systems.41-43 All 

these studies were aimed at exploiting the strong coupling between ferromagnetic and 

ferroelectric properties in the nanocomposite through strain.  

 

Figure 1.10 shows an example of a typical VAN structure. TEM images of (BaTiO3-

)0.5 - (Sm2O3)0.5 (BTO-Sm2O3) with both planar (Figure. 1.10 (a)) and cross-section 

(Figure. 1.10 (b)) of the film shows a clear vertical alignment of nanopillars and matrix. 

Nanopillars of Sm2O3 are embedded in a matrix structure of BaTiO3. This is just one of 

several possible self-assembled structures. More details regarding other possible 

structures will be shown in the later section.  
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Figure 1.10. TEM images showing an example of real VAN structure from top view 

(left) and lateral view (right). On the left part of the figure, BaTiO3 (BTO) forms the 

matrix while Sm2O3 (Sm2O3) forms the nano-pillar with lateral dimension of about 20 

nm. The lateral view of the TEM image shows well-aligned and low tilting angle of the 

nano-pillars in the VAN structure. (Figure from 29)  

 

VAN architectures are interesting not only for achieving multi-functionality, but 

can also be exploited for enhancing a single functionality through strain manipulation 

of one of the phases by another. Enhancement of functionality by strain has been widely 

reported for horizontal (in-plane) strain thin films. For instance, strain field perturbed 

ferroelectricity.46 Large improvements in the ferroelectric Curie temperature, remnant 

polarization and structural phase transition temperature have been demonstrated in 

SrTiO3 and BaTiO3 through use of substrate-controlled, coherent in-plane biaxial 

strain.18, 47 In VAN, some of the successfully grown films such as BaTiO3-Sm2O3,
30 

(Ba0.60Sr0.40TiO3)1-x-(Sm2O3)x (BSTO- Sm2O3),
48 BiFeO3-Sm2O3,

4, 49-52
 BiFeO3-

Fe2O3,
25 and BiMnO3-Sm2O3

53 have shown unprecedented improvement in properties 

through strain coupling in nanocomposite films such as obtaining high Curie 

temperature,30 improving tunability,48 reducing dielectric loss,52 enhancing multiferroic 

coupling,54 and achieving photostriction-magnetic coupling.55 

Besides coupling ferroelectricity with magnetism, nanocomposites have also been 

developed for tunable microwave devices using ferroelectric and dielectric phases. 
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Some popular combination of ferroelectric and low permittivity oxides are 

Ba0.60Sr0.40TiO3–MgO,56-58 Ba0.60Sr0.40TiO3–TiO2,
59-60 Ba0.50Sr0.50TiO3-Al2O3,

61 and 

BaTiO3-CeO2.
62-63 

 

A summary of oxide VAN materials investigated so far is presented in Table 1.1. 

The presentation of the table is classified based on the resulting physical properties (e.g. 

superconductivity, ferroelectricity, etc) in relation to the coupling mechanism in the 

VAN structure (e.g. vertical strain control, vertical interface coupling, etc) as well as 

crystal structure (e.g. perovskite).  

 

Vertically 

Aligned 

Nanocomposite 

Characteristics 

Defect Engineering Vertical strain 

control  

Strong Coupling 

Effects 

Vertical  

Heterointerface 

Vertical Strain 

Control and 

Coupling 

Nanocomposite 

family 

Superconductivity Ferroelectricity Multiferroicity Electronic  

and ionic transport 

Dielectric and 

optical effects 

Perovskite-

related 

-BaZrO3-YBa2Cu3O7-δ 

(YBCO)64 

-BaSnO3-YBCO65 

-BaHfO3-YBCO66 

-Ba2YTaO6-YBCO67 

-Ba2YNbO6-YBCO68 

-BaTiO3-Sm2O3
69 

-BaTiO3-CeO2
70 

-BiFeO3-Sm2O3
71 

-BiFeO3-CoFe2O4
32 

-BaTiO3-CoFe2O4
3 

-BiFeO3-NiFe2O4
72 

-La2CoMnO6-ZnO54 

-La0.7Sr0.3MnO3 

(LSMO)-ZnO73 

-LSMO-CeO2
74 

-LSMO-Mn3O4
75 

-LSMO-NiO76 

-La1-xCaxMnO3-

MgO77 

-SrTiO3-Sm2O3
78 

-SrRuO3-ZnO79 

-Ba0.6Sr0.4TiO3-

Sm2O3
80 

-SrRuO3-

CoFe2O4
81 

Layered oxides   -Bi5Ti3FeO15-

CoFe2O4
73 

  

 

Table 1.1. Epitaxial nanocomposite heterostructures grouped by VAN coupling 

characteristics, functionality as well as crystal structure.  

 

As presented in Table 1.1., the range of functionality that can be studied using 

VAN architectures is very broad. More exciting possibilities can be further explored by 

broadening the scope of VAN structure to include not only oxide, but metals and 

possibly polymers. More recently, VAN structures consisting of separate metal and 

oxide phases were successfully fabricated by PLD.82-83 In summary, the development 

of the self-assembled VAN architectures represents an exciting new thin film form for 

achieving unprecedented property enhancements and new mutli-functionalities. 
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1.2.1 Materials Selection Criteria for VAN  

The first thing to consider when selecting the phases to be fabricated for VAN is 

the solubility limit of the respective phases. Generally, inter-diffusion between the two 

phases in the nanocomposite can be minimized through careful selection of materials 

with low mutual solid solubility (in this case, solid insolubility is good to minimize 

mixing). Through systematic studies done on VAN for materials selection in growing 

self-assembled nanocomposites, MacManus-Driscoll et al. presented simple guidelines 

and characteristics4, 28 as follows:  

 One or both phases in the nanocomposites should be able to grow epitaxially on 

the single crystal substrate. These phases are not necessarily the phases that are 

present in the target material (e.g. PLD or sputtering target). Instead, phases with 

lowest lattice mismatch with the underlying single crystal substrate are generally 

more thermodynamically favored to grow. 

 The two phases involved should be immiscible with each other. 

 Both phases should have similar growth kinetics at the chosen growth temperature. 

 Cations with large differences in ionic radii are important to prevent intermixing 

between the two phases. 

 Finally, a difference in elastic modulus is required to achieve strain control on one 

phase by the stiffer phase.4 

1.2.2. Growth Mechanisms for VAN 

The nucleation and growth of self-assembled nanocomposites has been 

extensively studied in organic block copolymers, metals and semiconductor systems84-

86 but not widely before for oxide thin films. Before going into discussion of the growth 

of VAN structures, a general widely accepted mechanisms for thin films growth will be 

discussed. The three widely accepted mechanisms of thin film growth namely island 

growth (Volmer-Weber growth), layer-by-layer growth (Frank-Van der Merwe growth) 

and island-layer growth (Stranski-Krastanov growth).87-89 Figure 1.11 shows the 

schematic of the respective growth modes. These models are all based on interfacial 

energy between ad-atoms with ad-atoms and ad-atoms with substrate. Volmer–Weber 
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growth occurs when the clusters forms on the substrate and grow into three-dimensional 

island features. A simple explanation for this growth is that the atoms deposited have 

stronger bond with each other than to the substrate. This happens when the substrate 

and film are of different materials. Frank-Van der Merwe growth is the opposite of 

Volmer-Weber growth. In this mode of growth, atoms formation occurs layer by layer. 

In this mode, the depositing atoms have stronger bond to the substrate than with each 

other. Besides, it typically occurs at relatively low growth rate and high temperature. 

This is the ideal mode for all epitaxial growth of thin films. Lastly, Stranski-Krastanov 

(S-K growth) mode is the combination of island and layer by layer modes. Initially the 

film grows by layer by layer mode but after a while, it becomes energetically 

unfavorable and island growth modes prevails.  
In order to form an epitaxial film, layer-by-layer growth is more favorable. On the 

other hand, for vertically aligned nanocomposites, the growth mechanism more closely 

resemble island growth of two separate phases.90  

 

Figure 1.11 Typical growth modes (a) Volmer-Weber (island), (b) Frank-Van der Merwe 

(layer-by-layer), and (c) Stranski-Krastanov growth. (Figure from 91) 

 

Figure 1.12 shows the schematic diagram of what happens during the initial stage 

of nucleation. First, a nucleus forms on a substrate. The wettability of the island on the 
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substrate is defined by the difference in interfacial energy between substrate-vapor (γsv) 

and film-substrate (γfs) which results in the observed wetting angle, θ between the film-

vapor (γfv) and film-substrate.  

 

 

Figure 1.12 Cluster nucleation during deposition process. 

 

The wetting angle is directly related to interfacial energy by the following equation: 

                                     𝛾 sv = 𝛾 sf + 𝛾 fv 𝑐 𝑜 𝑠  𝜃                                   

(1.5). 

From equation (1.5), the higher the difference in interfacial energy between γsv and γsf , 

the lower the wetting angle will be and vice versa. Thermodynamically, a big difference 

in interfacial energy means the substrate-film formation energy is much lower 

compared to the substrate-vapor energy, thus it is energetically favorable for ad-atoms 

to wet the substrate and spread more evenly. Figure 1.13 shows some examples of the 

possible VAN structures. In short, phase formation in the films is a function of both 

thermodynamic and epitaxial stability. 

In VAN structures, there are generally two types of growth that contribute to its 

vertical structure namely nucleation and growth and spinodal decomposition. In 

nucleation and growth modes, species forming different phases coalesce into nuclei on 

the surface of the substrate during the initial stage of deposition followed by subsequent 

arrival of the same atomic species, forming vertical pillar. In spinodal decomposition 

however, atomic species from both phases are deposited simulatenously on the substrate 
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as solid solution, followed by phase-separation upon cooling from deposition 

temperature (typically 700 – 800 °C). In Figure 1.13, different textures such as 

horizontal, vertical, or mixed alignment phase-separated structures have been grown 

epitaxially using either nucleation and growth or spinodal decomposition.28   

 

Figure 1.13. Schematic structures of various nanocomposite architectures categorized 

by its growth mechanisms as well as ordered/disordered nature of the structure. (Figure 

from 29) 

 

How the phases are distributed depends both on the vertical interface and on 

horizontal (between substrate and film phase) epitaxial stabilization, kinetics, and the 

ratios of the two phases.92 For epitaxially directed self-assembly, it is desirable that one 

phase in the film is crystallographically matched to the substrate so that it can nucleate 

and grow epitaxially. This phase has the tendency to form the matrix, even if it is the 

slight minority phase. The second phase does not need to have good crystallographic 

matching with the substrate, but instead it is stabilized by the epitaxial strain from 

vertical interface with the matrix phase. This phase normally forms the pillar phase. In 

other words, depending on surface energy considerations and the relative 

concentrations of the two components in the film, the pillar phase may or may not seed 

its growth on the substrate.  

With sufficient kinetics and material fraction, the pillar phase always aligns 

vertically with the matrix forming vertical interfaces with little intermixing. The matrix 

and pillar can both be functional phases whose functional properties are of interest. 
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Here, the phases couple to one another via strain or charge-coupling of properties at the 

interfaces.3, 54-55 Alternatively, just one of the phases may be the active phase with 

functional properties, with the other phase being the passive, strain controlling phase, 

acting simply to mechanically stabilize or tune the strain state of the active phase.30  

For nucleation and growth, largely immiscible materials need to be chosen, 

whereas the opposite is true for spinodal decomposition. In the spinodal case, solid-

solution mixing is required at high temperature, followed by one of the phases 

separating out of the solid solution upon cooling. The schematic phase diagram showing 

miscibility gap, is shown in Figure 1.14, highlighted in the shaded area.  

 

Figure 1.14 Energy diagram showing miscibility gap that facilitates spinodal 

decomposition. (Figure from 28) 

 

For example, one can select a starting composition with the correct mixture of A 

and B species. Upon cooling, both of the species are no longer solid soluble with each 

other, thus forming separate phases, A1-yByOα and B1-yAyOα. A and B here represent 

metal/rare-earth elements. Whether a laterally or vertically ordered spinodally 
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decomposed structure or random one forms depends on the crystallographic relation 

between the decomposing phases, and between the phases and the substrate, as well as 

their growth kinetics.93 Hence, if the phases are crystallographically similar and 

sufficient time (e.g. slow growth rate) is allowed for epitaxial growth arrangements, 

spatially ordered structures can form. Conversely, if phases are structurally dissimilar 

or if insufficient time is allowed for separation (e.g. fast growth rate), large-area 

disordered structures form.94 It is worth noting that to date, only few ordered spinodal 

structures have been achieved in electronic materials.95-96 On the other hand, in Figure 

1.14, for nucleation and growth to happen, the starting mixture at high temperature must 

fall outside the A1-yByOα – B1-yAyOα composition range. This will result in the 

nucleation of a mixture of A1-xBxOα and A1-yByOα or B1-yAyOα and B1-xAxOα phases, 

depending on starting composition.  

 

The process for nucleation and growth for VAN structure is schematically shown 

in Figure 1.15. Initially, islands of phase containing A cation and phase containing B 

cation nucleate alternately and spread throughout the entire substrate. Subsequently, 

due to lower interfacial energy between like atomic species in both phases, ad-atoms of 

A and B will preferentially grow on existing phase containing A and B cations, 

respectively. This results in formation of VAN films. From an interfacial energy point 

of view, it can be deduced that the interfacial energy controls the column width as well. 

During the initial stage of island formation, if the difference between the interfacial 

energy of substrate-vapor and substrate-film is small, the wetting angle will be larger, 

leading to smaller islands spread across the substrate and vice versa. Smaller islands 

means the resulting column width will also be smaller as well. In other words, the closer 

the interfacial energy between substrate-island to substrate-vapor, the smaller will be 

the column width. 
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Figure 1.15 Schematic illustration of the growth process of vertically aligned 

nanocomposite. (Figure from 97) 
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Chapter 2 Fabrication Process 

2.1. Thin Film Deposition Techniques 

Many oxide thin films deposition techniques involve use of a vacuum. For 

vacuum-based deposition techniques, there are basically two types of thin films 

deposition, either through physical process in physical vapor deposition (PVD), such 

as evaporation method, or through chemical methods in chemical vapor deposition 

(CVD), such as gas- and liquid-phase chemical process. There are also a number of 

processes that combine physical and chemical reactions such as glow discharges and 

reactive sputtering.  

 

For physical vapor deposition (PVD), techniques such as electron-beam 

evaporation, molecular beam epitaxy (MBE), pulsed laser deposition (PLD) and 

sputtering are widely used to achieve high film quality. Those techniques come with 

relatively simple set up and can give good surface coverage and smooth surface. PVD 

techniques can be used to grow almost all materials and can generally provide good 

film stoichiometry for complex materials, given the right growth condition. Chemical 

vapor deposition (CVD) techniques on the other hand, depend mainly on chemical 

reactions and surface absorptions during deposition. In CVD systems, vapor gases 

(precursors) are introduced into the deposition chamber before undergoing reaction on 

or near the surface of the substrate that results in film formation. Based on the pressure 

level as well as chemical species involved, CVD techniques can be generally classified 

into low-pressure CVD, plasma-enhanced CVD, metal-organic CVD and atomic layer 

deposition (ALD). Generally in vacuum deposition systems, the film density, 

microstructures, stoichiometry as well as other properties can be controlled by adjusting 

the deposition parameters. 
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Besides the vacuum based techniques, there are other thin films deposition 

techniques such as liquid phase epitaxy (LPE) and solution-based techniques (sol-gel 

and polymer assisted deposition). These techniques are cost effective because they do 

not require vacuum system. They are widely used in more scalable applications where 

the film microstructure is not of paramount importance. 

 

Our study will focus mainly on PLD as well as sputtering. PLD is the one of the 

most popular methods for oxide thin film growth due to the high quality epitaxy that it 

can produce as well as relatively faster process as compared to MBE or RF sputtering. 

Sputtering, on the other hand, generally offers more scalable growth of thin films and 

has much better thickness uniformity over large area as compared to PLD. However, it 

is not a popular method for growing VAN thin films due to the generally lower epitaxial 

film quality as compared to PLD. The subsequent sections in this chapter will present 

an overview of PLD as well as sputtering separately. The similarities and differences 

between the two methods will be compared in the later part of this dissertation (chapter 

6).  
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2.2 Pulsed Laser Deposition (PLD) 

Pulsed laser deposition (PLD) is a vacuum based physical vapor deposition 

process that has some similarities to molecular beam epitaxy (MBE) and some with 

sputter deposition. PLD is popular mainly due to its simple set-up for its vacuum system 

(thus enabling the versatility in using multiple vacuum chambers that share one laser 

source through beam-splitter), stoichiometric deposition of films with multi-

components under optimized conditions, fine control of thin film deposition in terms of 

film surface and crystallinity as well as possibility of integration with characterization 

equipments such as reflection high-energy electron diffraction (RHEED) and x-ray 

photoelectron spectroscopy (XPS). This section gives an overview of PLD process as 

well as important deposition parameters that can be controlled in PLD from sub-section 

2.2.1 to 2.2.6.  

 

In PLD, as schematically shown in Figure 2.1, a laser is focused onto a target that 

consists of the elements to be deposited. Due to the sufficiently high energy density of 

the laser pulse, a small amount of materials is ablated from the surface of the target, 

creating a plasma. The ablated material that is ejected from the target then travels in a 

normal direction to the target surface in a highly directed plume. The ablation plume 

provides the flux of atomic species for film growth. For multi-species inorganics, PLD 

has proven remarkably effective at yielding epitaxial films. In this case, ablation 

conditions are adjusted in a way that the ablation plume consists primarily of atomic, 

diatomic, as well as other low-mass species. This is typically achieved by selecting an 

ultraviolet (UV) laser wavelength (e.g. KrF excimer 248 nm laser) with small spot size 

and nanosecond pulse width that can be strongly absorbed by a small volume of the 

target species. The absorbed laser then exfoliates target species from the surface to 

create a plasma plume. 

 

PLD is particularly attractive for complex material film growth because of the ease 

of stoichiometric transfer of target material as well as compatibility with wide range of 
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background pressure ranging from ultrahigh vacuum (UHV) to tens of Pa. In addition, 

multiphase films can be deposited with PLD using single mixed stoichiometric target 

or with multiple targets with pure phases. 

 

A major drawback of PLD is that the thickness distribution from a highly directed 

and narrow plume is non-uniform. Consequently, the sample size for PLD growth is 

typically confined to about 5 – 10 mm area. One way to circumvent this drawback is to 

raster scan the ablation laser over the target while rotating the substrate. This can 

produce uniform film coverage over large areas. The state-of-the-art commercial PLD 

has been able to produce uniform deposition up to 8 inches in diameter. Such system, 

although feasible, is very expensive to be used for commercial applications.98  

 

Figure 2.1. Schematic of PLD deposition process.(Figure from 98) 
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2.2.1. Laser Fluence (Energy Density) 

The ability of PLD to realize stoichiometric transfer of material from multi-species 

target arises from the non-equilibrium nature of the ablation process itself. When the 

laser fluence (energy density) is low, the laser pulse would simply heat the target, 

resulting in the ejection of species due to thermal evaporation instead. In this case, the 

composition of the ejected species from a multi-species target would depend on the 

vapor pressures of each species. As the laser fluence is increased, an ablation threshold 

is reached where laser energy absorption is higher than the energy needed for 

evaporation. An ideal growth parameter should have a laser fluence above the ablation 

threshold, which is dependent on the absorption coefficient of the material and is thus 

laser wavelength dependent. At even higher fluences, absorption by the ablated species 

occurs, which results in the formation of plasma at the target surface. Thus, with high 

enough laser fluence (typically from about 1 J/cm2), vaporization that is not dependent 

on the vapor pressures of the constituent cations can be achieved and there is almost no 

selectivity of species ejected from the target surface (e.g. all species are ejected at the 

same time). Therefore, high laser fluence, together with other optimized parameters that 

will be discussed subsequently, results in stoichiometric transfer from target to film.  

2.2.2. Background Gas Pressure 

Apart from laser fluence, a background gas is often required during PLD process. 

There are two primary purposes of introducing background gas. First, the formation of 

multi-species thin film often involve a reactive species (e.g., oxygen for oxides) as a 

component of the plasma. The amount of gas needed for phase formation depends on 

the thermodynamic stability and oxidation state of the desired phase. Interaction of 

atomic species with the background gas often produces molecular species in the 

ablation plume which facilitate phase formation. In addition to stabilizing the 

stoichiometry of film growth, the background gas serves another purpose to reduce the 

kinetic energies of the ablated species. Higher pressure generally leads to lower kinetic 
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energy of ablated species. At low background gas pressure, kinetic energies on the order 

of several tens of electron volts can be observed. At higher pressure, a background gas 

can reduce the plume energies to less than 1 eV.  

 

Additionally, increasing background gas pressure generally results in lower 

deposition rate because ablated species undergoes more collisions and scattering along 

the way from target to substrate, which may results in less species arriving at the 

substrate. In relation to target-substrate distance, increasing pressure has similar effect 

as increasing the target-substrate distance on the deposition rate. Therefore, 

understanding the interdependency between various deposition parameters is essential 

to optimize the growth parameter in PLD.   

2.2.3. Target Materials 

For the deposition of multi-species materials, target selection can have significant 

impact on film growth process and properties, including particulate density, film epitaxy, 

phase formation, as well as deposition rate. As a minimum requirement, ablation 

requires a target material with high optical absorption coefficient at the selected laser 

wavelength. The most useful range of laser wavelengths for PLD falls between 200 nm 

and 400 nm. This is due to the fact that most materials used for deposition have strong 

absorption at that range. As the laser wavelength gets shorter in the range, the scattering 

coefficients tend to increase, and the penetration depths into the target materials are 

correspondingly reduced. This is favorable to ablate thin layers from the surface (200 

nm penetration depth) of the target materials. KrF (248 nm), XeCl (308 nm) and Nd: 

YAG (532 nm or 355 nm) laser are among the popular choices in the PLD community.98 

In addition, the target material does not need to have the same phase as that of the 

desired film. Assuming stoichiometric transfer and negligible evaporation from the film 

surface, only the target cation stoichiometry need be similar to that of the films. For 

ceramic targets, one prefers target materials that are dense so as to reduce particulates 

formation during the ablation process. Apart from polycrystalline ceramic targets, the 

use of single crystals as ablation targets has been investigated and shown to be effective 
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in further reduction of particulate densities.98 However, it is worth mentioning that the 

use of single crystal as target material is not without problem. For instance, single 

crystal Al2O3 was reported to have insufficient optical absorption for the ablation 

process. For deposition of soft materials, including biological materials, the target 

might be the material of interest or the material embedded in a matrix of an optically 

absorbing substance that does not deposit but yields an efficient ablation process. 

2.2.4. Target – Substrate Distance 

As mentioned earlier, for the PLD ablation process, the plasma plume has a spatial 

distribution and the atomic species are non-uniformly distributed within the ablation 

plume due to its highly forward-directed nature. The implication of the non-uniformity 

within the plasma plume is that the energy and stoichiometry of the arriving species 

varies with the variation of target to substrate distance. Generally, a large target-

substrate distance results in film with uniform thickness and less strain. Besides, in 

complex oxide deposition, multiple atomic species are involved. As different atomic 

size and masses are scattered differently, the film composition can also be affected by 

altering target-substrate distance.99 In addition, if the distance is too far away, some 

species in the plasma plume may undergo more scattering and thus reduces the 

deposition rate which also affects film thickness and quality.100  

 

As discussed in section 2.2.2, although increasing background gas pressure has 

similar effect as increasing target-substrate distance, the two parameters are not 

identical and has to be independently adjusted. For instance, to maintain good thickness 

uniformity in the film, it is generally more effective to increase target-substrate distance 

rather than increasing background gas pressure. Therefore, careful control of each 

parameter is required to reach an optimal distance that results in uniform film thickness 

while maintaining good stoichiometry and phase.  

2.2.5. Laser Repetition Rate and Deposition Rate 

High deposition rate is another feature of PLD as compared to MBE or RF 



 29 

sputtering. By adjusting the laser repetition rate, very high deposition rate on substrate 

can be achieved. This value is generally higher than those of other physical vapor 

deposition (PVD) techniques such as RF sputter deposition and molecular beam epitaxy 

(MBE), which have typical deposition rates of 0.1 to 1 Å/s. Besides controlling the 

deposition rate, the laser repetition rate has implications for the nucleation and growth 

processes. During the time interval between laser pulses, which is determined by the 

pulse repetition rate, the ad-atoms rearrange on the surface by migration and subsequent 

incorporation through nucleation and growth. This rearrangement can be considered as 

an anneal process. Because of the instantaneous deposition during laser pulse duration, 

two basic processes, that is, random deposition (nucleation) and growth through ad-

atom re-arrangements are separated in time, which is again unique for PLD.101 

Lastly, in some cases, laser repetition rate has direct implication on the physical 

properties of the film. For instance, S.B. Lee et al observed that increasing laser 

repetition rate generally results in higher electrical resistance of the resulting films. This 

can be associated with the lack of diffusion time in between two deposition pulses, 

which results in poorer crystallinity of the film and thus higher resistivity. 102 

2.2.6. Substrate Temperature 

Besides all the parameters mentioned earlier, for epitaxial film deposition, the 

substrate is heated to a temperature ranging from 500 to 1000 °C, depending on 

materials. Higher substrate temperature generally leads to more effective ad-atom 

diffusion on the substrate surface, which results in better crystallinity and epitaxial 

quality. However, this does not apply for all cases. For instance, at high temperatures, 

the oxidation state of some materials will change from one state to another. This may 

result in undesirable phase formation on the film. In addition, non-stoichiometry may 

result for oxides that has volatile species, such as the case for BiFeO3. Due to the 

volatile nature of Bi, the optimal deposition temperature of BiFeO3 is optimally 

deposited at 670°C compared to most other oxide materials which are normally 

deposited at substrate temperature of at least 700°C. 103 
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In order to obtain optimized growth parameters for a particular material, 

systematic and careful tuning of deposition parameters has to be done. In addition, all 

these parameters are not mutually exclusive. For instance, the overall deposition rate is 

directly related to target-substrate distance, laser fluence and laser repetition rate while 

it can be indirectly affected by background gas pressure as well as the density of the 

target material.  
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2.3 Sputter Deposition 

In this work, RF (radio frequency) magnetron sputter deposition is also used for 

the growth of epitaxial VAN films. A good understanding of sputtering process, 

especially in relation and in contrast to PLD process is thus critical for the success of 

depositing VAN films using sputtering. Sputtering is a process by which an energetic 

particle strikes a surface with sufficient energy that one or more of the surface atoms is 

ejected from the surface. The incident particle could be an ion, an atom, or an alpha 

particle, although for most practical purposes ions (typically inert gas ions such as Ar+) 

are used. The sputter yield is defined as the ratio of the number of emitted atoms to the 

number of incident particles. Similar to PLD, sputtering is the ejection of (mostly 

neutral) atoms from a target material surface. However, unlike PLD, the ejection of 

atoms from target happens as a result of energetic particle bombardment, normally Ar+. 

The sputtered materials then arrives at the substrate as neutral species. During sputter 

deposition, a plasma between target material and substrate is maintained through 

energetic collision of atomic and ionic species as well as electrons. It is noteworthy that 

the plasma in PLD is very different in nature compared to the one in sputter deposition. 

The main difference between PLD and sputtering plasma lies in the highly non-uniform, 

directed nature of plasma in PLD whereas plasma in sputtering is generally maintained 

over a large volume and is relatively more uniform.  

 

Based on the nature of the power supply used, sputtering can be generally 

classified into DC and RF sputtering. In addition, due to the slow rate of RF sputtering, 

sometimes magnetic field is introduced to increase the sputter rate by more effective 

ionization as well as better utilization of the sputter target.  

2.3.1. DC Sputtering 

In DC sputtering, a DC diode of simply an anode and a cathode is placed within a 

vacuum system. Under suitable pressure and voltage conditions, a discharge can be 

formed between the two electrodes. The minimum voltage for the discharge is a 
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function of the pressure and the electrode spacing. For instance, two electrodes of a few 

cm in size, separated by 50 cm and in a vacuum of 100 mTorr might require 600 V to 

form a plasma. In sputter deposition, plasma is sustained by free charged particles (e.g. 

Ar+ and electrons). The ion density and electron density in the bulk plasma are roughly 

equal. Hence, the net charge in plasma is zero and the plasma is often called quasi-

neutral.104 

 

As shown in Equation 2.1, the applied sputter power is the function of voltage 

across the cathode and anode as well as the current from cathode to anode. For a given 

power, the electric field between cathode and anode is expressed in Equation 2.2. Under 

an external electrical field E, a charged particle is accelerated and gains energy. 

Equation 2.3 shows that at any given time, the particle velocity is inversely proportional 

to its mass (v ∝ 1/m).  

                                                          P = V I                                                       (2.1)         

                                                          V = Ed                                                      (2.2) 

                                              m
dv

dt
 = qE   v(t) = 

qEt

m
                                        (2.3) 

where P: power, V: voltage, I: current, E: electric field, d: cathode-anode distance, 

v: particle velocity, m: particle mass, t: time and q: particle charge.  

As a consequence of the inverse relationship between particle mass and velocity, 

the kinetic energy of lighter particle is higher than that of heavier particle, as shown in 

Equation 2.4.  

                                         EK ∝ mv2  EK ∝ m(
1

m
)2 ∝ 

1

m
                                       (2.4) 

Where EK : kinetic energy 

The above equations are simplified by ignoring collisions encountered by particles 

to illustrate that particle velocity is inversely proportional to its mass. In real plasma, 

the particle reaches an equilibrium velocity at steady state due to collisions with other 

particles.  

 

Because the electron’s mass is much smaller than an atom (hence possess higher 
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kinetic energy), most of the electrical power from the power supply is transferred to the 

electron kinetic energy. As shown in Figure 2.2, ions from the plasma are accelerated 

to the negative electrode (the cathode), and electrons are collected at the anode. The 

discharge is sustained by secondary electrons that are emitted from the cathode during 

ion bombardment. These secondary electrons are accelerated into the plasma, gaining 

enough energy to ionize a few atoms into ions along the way, before they are collected 

at the anode.  

 

Figure 2.2. Schematic showing sputter deposition process. (Figure from 

http://www.m-system.co.jp/newsletter/182/clip_contents.html) 

The cross sectional area for electron impact ionization of the gas in the chamber 

is fairly small and energy dependent.105 Therefore in a DC sputtering it is usually 

necessary to operate at fairly high pressures (0.2 to 2 Torr) to have any reasonable ion 

current. The high pressure results in poor transport of the sputtered atoms away from 

the cathode due to many collisions along its path and subsequently a very low 

deposition rate. A second problem arises when the cathode is insulating, such as the 

case of oxide deposition. Since there is little current flow from the insulating cathode, 

the sputter etching and deposition process effectively stops. This would occur either if 
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the cathode were constructed from an insulator, or if a metallic cathode was operated 

in the presence of sufficient oxygen, and thus over time have a thin oxide layer formed 

on its surface. Therefore, to avoid the problem of insulating sputter target, RF (radio 

frequency) sputtering is used.  

2.3.2. RF Sputtering 

A simple variation of the DC sputtering results in a solution to the two fundamental 

problems (high deposition pressure and insulating target) mentioned earlier. Instead of 

applying a DC voltage to the cathode, an AC voltage is applied. In this setup, the ion 

current density can be increased and concerns with the charging of insulating cathodes 

are eliminated. The most common AC frequency used is in radio frequency of 13.56 

MHz, which is why this technology is often known as RF sputtering. In addition, other 

frequencies from 60 Hz up to 100 MHz have also been used. The applied RF voltage to 

the cathode, typically on the order of several kV, results in a plasma that essentially 

oscillates at the same frequency. Due to their relatively light weight, electrons in the 

plasma have better response to the alternating electric field compared to heavier ions. 

Thus, electrons tend to gain additional energy from the oscillation, in a way that has 

been compared to "surfing" on the applied electric "waves".106 In this way, energy is 

coupled into the electron population, which results in more ionization by the high 

energy tail of the electron distribution (roughly a Maxwell-Boltzmann distribution). 

The higher ionization means a higher ion current at the same applied power compared 

to the one in DC sputtering.   

 

Another key advantage of RF sputtering is that the cathode receives no net current 

from the plasma. Due to the slow response to the alternating electric field, the incident 

ions from one part of the RF cycle are compensated for by the incident electrons from 

the other part of the cycle. In this sense, the cathode and anode switch polarity in each 

RF cycle, resulting in no net current or charging of the cathode (hence there is less 

heating at the cathode compared to in DC sputtering). In addition, because electrons in 

a plasma move much more rapidly than ions, the electron bombardment rate of the 
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cathode during the positive part of the RF cycle can greatly exceed the ion flux during 

the negative half-cycle. If the cathode is capacitively coupled to the power supply, the 

net negative charge will start to look like a net negative potential on the cathode.  

 

Effectively, the DC bias of the cathode begins to drift to the negative voltage with 

each succeeding RF cycle. As this occurs, the fraction of time that the cathode is 

positive with respect to the anode decreases and the net number of collected electrons 

decreases, as illustrated in Figure 2.3. Eventually this process reaches equilibrium after 

just a few cycles with a net DC bias, which is just slightly less than half the applied 

peak-to-peak RF voltage. This net DC bias is also called self-bias. 

  

Figure 2.3. Self-bias (net DC bias) voltage build up during RF sputter 

deposition.(Figure from 107) 

 

Since the ions effectively do not respond to the 13.56 MHz alternating voltages 

(due to their heavy mass, they cannot respond to frequencies above a few hundred kHz), 

they respond to the average DC bias of the cathode. In RF sputtering, the ion energy is 

generally described by the DC bias because the potential of the plasma is usually close 
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to zero. In short, the negative DC bias built up on the cathode effectively attracts 

positive ions (e.g. Ar+) to bombard the sputter target, resulting in sputtered atoms. 

 

RF sputtering is most commonly used for the sputtering of insulating materials 

such as oxides (silicon dioxide, titanium dioxide, aluminum oxide, etc.) and also for the 

sputtering of polymers, such as polyimide. Since sputtered material is mostly emitted 

in the form of atoms, rather than compounds or molecules, it is often necessary to add 

additional reactive gas such as oxygen or nitrogen during the sputter deposition of 

oxides or nitrides, respectively. This can be categorized as reactive sputtering, which is 

described in more detail later. 

2.3.3. Magnetron sputtering 

A magnetron is a cathode that can be operated either in a DC or AC mode, although 

the vast majority are operated in DC. A schematic showing side view and top view of 

sputter target cathode of magnetron sputtering is shown in Figure 2.4. The magnetron 

uses the basic effect that electrons respond to magnetic fields by the simple relation: 

                                                      F= qV x B                                                                (2.1), 

where q is the electron charge, v its velocity, and B the magnetic field.  

    

Figure 2.4. Schematic of magnetron sputtering.(Figure from 108) 

 

In the plasma, electrons moving in magnetic field are subject to Lorenz forces. The 

direction of force acts at the right angles to the electron velocity, which results in a 

spiral path for electrons from cathode to anode instead of a straight line when magnetic 
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field is absent. Since the spiral path that electron takes is significantly longer compared 

to straight path from cathode to anode, every electron thus has a significantly higher 

probability to collide with a background gas atoms and ionize them. This results in 

higher plasma densities at constant applied power (e.g. more efficient ionization 

process). In addition to the presence of magnetic field, in magnetron sputtering, the drift 

path for the electrons is configured by careful tuning of magnetic field direction such 

that it closes on itself, often in the form of a loop (Figure 2.4). The closed path allows 

electrons to travel around the drift path several times.109 This results in a high degree of 

efficiency of coupling the electron energy to the plasma which in turn results in very 

low discharge voltages, high currents (amperes), and most importantly, a significantly 

higher sputter rates.  

 

In this work, we will focus on RF Magnetron sputtering which has the ability to 

grow non-conductive materials yet at the same time has higher deposition rate than RF 

sputtering. Exploratory work using sputter deposition to grow VAN structure will be 

presented in details in Chapter 6.  

 

2.3.4. Reactive Sputtering 

Reactive sputtering is a process in which the atoms sputtered from cathode 

combine with background gas molecules at the sample surface to form a compound. 

Common examples are the sputtering of Al metal with oxygen gas as background 

sputter gas to form aluminum oxide, or the sputtering of Ti in the presence of nitrogen 

to form titanium nitride.  In general, the formation of a compound film occurs at the 

sample surface, not in the gas phase or plasma. However, this leads to a problem in that 

the metallic cathode is experiencing roughly the same environment as the depositing 

film. Therefore, the presence of reactive gas can potentially result in reaction on cathode 

surface as well.   
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This process can be examined phenomenologically by considering a metal cathode 

sputtering with initial pure inert gas species, such as Ar. The films that are deposited 

are purely metallic and generally the deposition rate can be rather high. However, if a 

small amount of oxygen is then added to the chamber, it is immediately incorporated 

into the depositing film. It is actually very difficult to observe the effects of introducing 

small amounts of oxygen because the deposition rate is unchanged, the discharge 

voltage on the cathode does not change, and the pressure does not change. No oxygen 

is visible on a mass spectrometer as well. The first reaction from user is to check to 

make sure the flow controller is working, because it appears as if nothing is happening. 

The films, which are very reactive, are effectively absorbing all the reactive gas present. 

If the reactive gas flow is increased, up to a critical gas flow rate, virtually all the 

reactive gas is still incorporated into the depositing films, the films are at this point 

becoming saturated with the reactive species and are approaching their terminal (and 

usually desired) composition.  

 

Above the critical gas flow rate, however, the films become completely saturated 

with the reacted gas and any additional reactive gas introduced into the chamber will 

react with the magnetron cathode, changing the cathode surface from metallic to 

compound, which generally has a much lower sputter yield. This results in a rapid 

reduction of the sputter rate, and as a result a rapid reduction in the ability of the 

deposited films to further absorb the reactive species. The system thus goes through an 

irreversible transition at this critical flow: The deposition rate drops sharply, the 

discharge voltage changes due to the different nature of compound surface of the 

cathode, and the reactive species is now no longer totally absorbed by the deposited 

films because the supply rate of sputtered atoms has dropped significantly.107 In short, 

reactive sputtering requires very delicate control of deposition parameters (especially 

reactive gas flow rate) to achieve the right stoichiometric compsosition while 

preventing the reaction at the cathode surface.   
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2.3.5. Deposition Parameters of RF Magnetron Sputtering 

Similar to PLD, there are some important sputter deposition parameters that have 

direct effect on film structure and property. This section introduces the overview of 

common parameters in sputter deposition of oxide materials such as total gas pressure, 

substrate temperature, sputter power, Ar/O2 ratio as well as target-substrate distance. A 

more detailed discussion of the influence of deposition parameter on film structure will 

be presented in chapter 6 in relation to the attempt to grow VAN structure using 

sputtering.   

 One of the earliest model that links thin film deposition parameters to the 

microstructures of the films was from the work by John. A. Thornton in 1987.110 In 

the work, Thornton famously classified the resulting film structure into 4 zones in a 

range of deposition temperature and pressure. So called Thornton’s zone model 

provides useful guidance for thin film deposition. Although the original work was 

done using sputtering, this model is not only relevant to sputtering, it also applies to 

other physical depositions such as PLD. Figure 2.5 shows the schematic diagram of 

Thornton’s zone model.  

 

Figure 2.5. Schematic of magnetron sputtering. (Figure from 110) 
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As shown in Figure 2.5, film microstructure can be classified into 4 different zones 

namely zone 1, zone T, zone 2 and zone 3. Two deposition parameters, argon pressure 

(mTorr) and substrate temperature with respect to melting point of the material (T/Tm) 

are plotted on each of the horizontal axis, respectively.  

 

In order to discuss the effect of substrate temperature and pressure on film 

structure, tt is useful to describe film growth in three steps. The first step involves the 

transport of sputtered species to the substrate. The second step involves the adsorption 

and surface diffusion of sputtered species on the substrate. The final step involves the 

movement of atoms to their final positions within the lattice by bulk diffusion and solid 

state reactions. In zone 1 (T/Tm < 0.3), at low substrate temperature, the surface 

diffusion of arriving atomic species is minimal. This results in porous structure with 

tapered crystallites separated by voids.  At slightly higher temperature, zone T can be 

associated with densely packed fibrous grains with less porosity than zone 1. Increasing 

temperature gives the atomic species higher energy to overcome surface diffusion 

activation energy, hence more densely packed structures is formed. Besides increasing 

temperature, one can get a relatively more dense structure in zone T by decreasing the 

argon pressure. At lower argon pressure, the sputtered atomic species undergoes less 

collision along the path from cathode to anode, resulting in higher arrival velocity on 

the substrate which gives it enough energy for surface diffusion.     

 

At even higher temperature from the zone T range, zone 2 is defined by oriented 

columnar grains with grain boundaries. Surface diffusion becomes dominant in this 

zone, as evidenced by increasing grain width with increasing temperature. Likewise, 

besides increasing temperature, lowering argon pressure results in similar effect of 

increasing grain width. However, it is worth noting that in zone 2, lowering argon 

pressure is less effective compared to the case of zone 1 and zone T.   

 

 Finally, further increasing substrate temperature from zone 2 results in zone 3 

((T/Tm > 0.8). Zone 3 is characterized by recrystallization and grain growth, which 
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results in large grain structure. The ease of bulk diffusion due to high temperature 

enables grains to recrystallize and hence improves crystallinity. With respect to attempt 

to grow VAN film in this work, zone 3 is the most desirable as it promotes good 

epitaxial quality with less defects compared to other zones. Besides, high surface 

temperature allows atomic bulk diffusion for atomic species, which is the prerequisite 

for VAN film growth. 

   

 Besides substrate temperature and argon gas pressure, finding a good ratio of 

Ar/O2 mixture during the sputtering process is also important. On one hand, for 

deposition to be effective, there has to be enough Ar to bombard the cathode target. On 

the other hand, the presence of O2 gas is important to maintain oxygen stoichiometry in 

oxide deposition. Lastly, film structural quality also depends on deposition rate, which 

can be controlled by target-substrate distance as well as sputter power. Higher sputter 

power or nearer target-substrate distance generally results in higher deposition rate.   
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Chapter 3 Experimental and 

Characterization Techniques 

This chapter presents an introduction and basic working principles of all experimental 

and characterization techniques used in this work. The details of experimental 

parameters of any particular technique will be discussed together in the result chapters 

(e.g. chapter 4, 5 and 6) when the technique is used.  

3.1 XRD 

XRD (X-ray diffraction) is a powerful and non-destructive method in 

crystalline/semi-crystalline material analysis. It is widely used in phase identification, 

crystal structure and orientation, epitaxy determination, as well as strain analysis. X-

ray are electromagnetic radiations with wavelength in the range between 0.05 – 0.25 

nm.111 In this work, Panalytical X'Pert Pro high resolution XRD with PreFIX module 

and Cu Kα source, with the wavelength 0.154 nm was used to characterize our films. 

This section describes the working principle and information obtained from various 

scan modes used in this work.  

 

In a crystalline lattice, atoms are periodically arranged in a long-range order. The 

wavelengths of X-rays is chosen to be of similar magnitude as the interatomic distances. 

In this case, the atoms are analogous to the diffraction gratings for X-rays. When the 

incident X-ray beam is coherently scattered by the atoms, there is bound to be 

constructive interference at some specific angle which corresponds to the diffraction 

peaks observed in an XRD pattern. In general, the XRD pattern is a plot of diffraction 

intensity over a range of diffraction angles. The scan angle depends on the scanning 

modes. It can be 2θ in a 2θ- ω scan, or ω in ω scan. The peak intensity is related to the 

structure of the material, the orientation, crystallinity, and other instrumental parameters.  

 

Figure 3.1 shows the schematic diagram of X-ray diffraction process. Atoms in the 
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crystal are aligned in such a way that they are oriented on the parallel planes labeled as 

A, B, C with the inter-planar spacing of d, and the incident X-ray wavelength λ. The 

incident angle is defined as θ, which is called the Bragg angle. Incident beam 1 is 

diffracted by the atom to beam 1’, and same occurs for other parallel beams.  

 

In order for diffraction to occur, an essential condition must be fulfilled. For 

instance, in order for the diffracted beam 1’ and 2’ to have constructive interference, the 

differences in the X-ray paths must be nλ, where n is an integral. In this case, the 

difference in the X-ray path length can be simply expressed as 2𝑑𝑠𝑖𝑛𝜃. Therefore, this 

essential condition can be written as:  

                                                    2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                      (3.1). 

This equation is also called Bragg’s equation.  

 

 

Figure 3.1 Diffraction of X-rays by a crystal. (Figure from 111) 

The commonly used XRD modes in this diffractometer such as 2θ- ω scans, ω 

scans (rocking curves), Phi-scans, and reciprocal space map (RSM) will be discussed 

below.  
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3.1.1. 2θ - ω Scans 

2θ- ω is a symmetric scan, which means that the incoming X-ray and the diffracted 

X-ray are of the same angle with respect to sample normal direction. From the plot of 

diffraction intensity vs. 2θ, the d-spacing can be extracted from the peak position using 

the Bragg equation. It contains information on the lattice parameter (out-of-plane), 

which can be influenced by compositional change or strain. Although 2θ - ω scan is 

normally used for phase identification, it can also be used to estimate the lattice 

mismatch induced strain between film and substrate, the film orientation, and even film 

thickness using X-ray reflectivity (XRR) mode at low diffraction angle (e.g. 2θ < 5°). 

In this work, this scanning mode is primarily used for phase identification. A phase is 

defined as a specific set of chemical and atomic arrangement with a unique spacing, 

thus each phase has a unique diffracted pattern. The relative intensity of diffracted peaks 

and their positions can be used to match with the reference patterns so that the phase 

can be determined. Miller indices (hkl) can be used to identify different planes and 

orientations.  

 

The working principle of 2θ- ω scan is illustrated in Figure 3.2, where ω is the 

incident angle, 2θ is the angle between detector and the X-ray, S is the diffraction vector 

which bisects the incident beam and the diffracted beam. In this mode, ω is set to follow 

the value of 2θ, with a small offset which is used to align the diffraction vector to be 

parallel with the sample plane normal.  

 

If properly aligned, an epitaxial film or single crystal only have one family of 

diffraction peaks. For a polycrystalline sample, there are a large number of crystallites 

with random orientations. Therefore, all possible diffraction peaks from the sample can 

be observed, albeit with lower intensity compared to aligned sample.  
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Figure 3.2 Schematic drawing of 2θ- ω scan. 

 

3.1.2. ω Scan (Rocking Curve) 

Rocking curve or ω scan is a plot of intensity vs. ω, which is also called rocking 

curve. In this mode, the detector is fixed at a specific angle 2θ while the incoming X-

ray beam angle ω is scanned through a range of angles, usually over a few degrees, as 

schematically illustrated in Figure 3.3. 

 

Figure 3.3 Schematic drawing of ω scan. 

 



 46 

Ideally, a well-aligned high quality crystal will have a very sharp rocking curve 

with a small full width half maximum (FWHM), notwithstanding broadening from the 

instrument. In thin films, there are bound to be defects like dislocation, misorientation 

and inhomogeneity. These defects cause disruptions in the originally parallel atomic 

planes, and thus resulting in the broadening of the rocking curve.  

3.1.3. Phi Scans 

For thin film analysis, phi (Φ) scan is usually used to measure the in-plane 

orientation of the thin film with respect to the substrate. As shown in Figure 3.4, this is 

done by scanning the Φ angles over 360° range while measuring the intensity of a 

specific planar orientation, with other parameters such as ω, 2θ, and χ (chi) being 

constant. The resulting Phi scan can be analyzed to determine the in-plane orientation 

of the film with respect to the substrate. In addition, the crystal symmetry in the in-

plane direction can also be determined from Phi-scan. For instance, a cubic unit cell 

will have four equally-spaced peaks reflected in the phi scans when it is scanned over 

360°.  

 

 

Figure 3.4 Schematic drawing of Φ scan with ω, 2θ, and χ (chi) being constant. 
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3.1.4. Reciprocal Space Map (RSM) 

A reciprocal space map is basically a two-axis asymmetric scan. It is schematically 

shown in Figure 3.5. In a sense, it is a 2-dimensional scan. It consists of many sets of 

2θ-ω scans with a fixed value of ω over a range of ω. RSM map is frequently used in 

strain analysis and is usually presented in a contour map, with Qx and Qz (reciprocal 

space lattice parameter) being the axis. The diffractometer angles can be converted to 

reciprocal space using the following equation: 

 

𝑄𝑥 =
cos 𝜔−cos (2𝜃−𝜔)

𝜆
                                             (3.2), 

                    

𝑄𝑧 =
sin  𝜔+sin (2𝜃−𝜔)

𝜆
                                            (3.3). 

 

 

Apart from strain analysis, RSM indicates the crystalline quality of the observed 

phase as well. For example, a relatively pointed and sharp peak indicates high epitaxial 

quality film and vice versa. Lastly, crystal structure information is also reflected in the 

reciprocal space map scan. For instance, a monoclinic unit cell will result in double 

peak (peak twinning) in the resulting map.  

 

Figure 3.5 Schematic drawing of the RSM configuration. 
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3.2. AFM 

The surface topography of thin films can be characterized by AFM on the scale 

from micrometer down to sub-micrometer range. The basic working principle is 

illustrated in Figure 3.6. The sample surface is scanned with a cantilever with an 

atomically sharp tip. The cantilever motion is controlled by a piezoelectric actuator 

using an active feedback loop that receives its signal from a laser reflected off the top 

of the cantilever near to the cantilever tip. When the tip is close enough to the sample 

surface, the cantilever can be deflected due to the interaction between the cantilever tip 

and the sample. The deflection is then monitored by a diode laser which reflected off 

the back of the cantilever towards a photodetector. The photodetector is used to monitor 

as well as amplify the cantilever deflection. A surface topography image can therefore 

be built up. A feedback circuit loop is used to control the tip-sample distance in order 

to maintain a constant force and avoid damage the tip or the sample.112 The AFM 

measurements in this work were carried out on the AFM: Multimode SPM Nanoscope 

III. The data analysis was carried out using software WSxM 5.0.113 

Depending on the situation, forces that are measured in AFM include the 

mechanical contact force, van der Waals forces, magnetic forces (magnetic force 

microscope, MFM), chemical bonding, electrostatic forces, etc. Some of the most 

commonly used AFM modes for oxide thin films characterizations are contact mode, 

tapping mode as well as piezoresponse force microscopy (PFM).  
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Figure 3.6. A schematic picture of the AFM working principle. (Figure from 

http://www.keysight.com/main/editorial.jspx?cc=IT&lc=ita&ckey=1774141&nid=-

33986.0&id=1774141)  

3.2.1. Contact Mode  

As the name suggests, in contact mode the AFM tip scans the sample in contact 

with the surface during the scanning. The cantilever is "dragged" across the sample 

surface and the contours of the surface are traced directly using the deflection of the 

cantilever. One drawback of the tip remaining in contact with the sample is that large 

lateral forces can be exerted on the sample as the tip is scanned over the sample. These 

large forces can result in deformed tip and damaged samples. The contact mode works 

reasonably well for rigid materials with rough surface.  

3.2.2. Tapping Mode  

One of the most commonly used working modes in AFM is the tapping mode. In 

this mode, the cantilever is driven slightly below its resonance frequency with the tip 
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near the surface of the sample, making contact with the sample at the bottom of its 

swing. During scanning, when the tip is still far from the sample surface, the cantilever 

oscillates at a constant amplitude. When the tip is brought closer to the sample surface, 

the Coulombic and van der Waals interactions impede the movement of the cantilever. 

As a result, the effective resonance frequency and the oscillation amplitude of the 

cantilever is dampened when the tip draws nearer to the sample surface. The amplitude 

would first gradually reduce, followed by an abrupt drop when the tip-sample distance 

is close enough that the tip completely stuck to the sample surface. During normal 

operation, the gradual change in the oscillation amplitude is used to reflect the tip-

sample distance. A feedback circuit is used to keep the oscillation amplitude constant 

so that neither the tip nor the sample would be damaged.112  

3.2.3. Piezoresponse Force Microscopy (PFM) 

PFM is a commonly used method for measuring the ferroelectric domain 

switching at nanoscale.  An agilent 5500 atomic force microscope equipped with 

piezoresponse force mode was used to obtain piezoelectric response domain imaging 

and quantitative piezo response phase as well as amplitudes of the films. In piezo 

response domain imaging, ±10 V external voltage were applied through the conductive 

tip at an excitation frequency of 10 kHz over the scanning area. The phase and 

amplitude of the local piezo response were detected while mapping out the local piezo 

domain configurations. In this work, multiple domain switching with different scan 

areas were performed using Olympus AC240TM Platinum coating Silicon probe. The 

force constant of the cantilever is 2 N/m and the resonant frequency is 70 kHz. The tip 

size is approximately 28 nm ± 10 nm. 

3.3. Superconducting Quantum Interference Device 

(SQUID) 

SQUID has been widely used to measure magnetic properties of material. The 

SQUID working principle is based on Josephson effect on two parallel Josephson 
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junctions consisting of two identical superconductors separated by a thin insulating 

layer. The device allows a change of magnetic flux which induced additional voltage in 

the junction to be measured. The flux which associated by Josephson junctions is 

quantized in units of flux quantum ϕo = 2.07x10-15 T.m2, which is the smallest change 

of flux that can be detected. Figure 3.7 illustrates the working principle of SQUID.   

Figure 3.7. A schematic of the SQUID setup showing two identical superconductor 

separated by thin insulating layers of Josephson junction (http://hydrogen.physik.uni-

wuppertal.de/hyperphysics/hyperphysics/hbase/solids/squid.html) 

 

SQUID is operated with a constant bias current, thus the measured voltage 

oscillates with the phase changes between the two junctions, which depends upon the 

change in the magnetic flux. Detecting this circulating current enables the use of the 

SQUID as a magnetometer. In this work, the temperature dependence of magnetisation 

(M vs T) was determined using a superconducting quantum interference device 

(SQUID) magnetometer (Quantum Design, MPMS).  

3.4. Ferroelectric Properties 

The total electric flux density D in a ferroelectric system comprises of both the 
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linear dielectric component and the nonlinear ferroelectric polarization. When the 

ferroelectric is subject to an electric field, the change in D gives a displacement current 

density 

 

This current is integrated to obtain D. The measured D is plotted versus the applied 

electric field E. This plot is commonly called the P-E plot as the contribution from the 

linear dielectric response is very small compared to the ferroelectric polarization. 

 

The ferroelectric properties of the samples were investigated using a Radiant 

Technology Precision Premium II tester. Two identical bipolar triangular waveforms 

were used successively for the measurement (Figure 3.8). The first wave was to preset 

the ferroelectric to –Pr (remnant polarization) state. The second wave was used to 

measure the hysteresis loop. 

 

Figure 3.8. (a) Ferroelectric hysteresis (b) The input wave form. T represents the 

measurement period. Colored segments represents the correlation between the input 

wave form and the resulting hysteresis loop segment. E represents the applied electric 

field. Pr represents remnant polarization.  
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This system was also used for the poling of VAN films. In this case, a uni-polar 

triangular waveform was used with the maximum voltage larger than the coercive field 

(the magnitude of electric field required to erase the remnant polarization). The pulse 

period was about 0.1 ms. The use of the short electrical pulse was to prevent damages 

to the VAN films that could occur when conventional DC poling was used. 
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3.5. Field Emission Scanning Electron Microscope 

(FESEM) 

Conventional optical microscopy may not be able to resolve features on the order 

of nanometers due to the fundamental diffraction limit of visible light wavelength. 

Electrons can attain sub-nm wavelength when accelerated with a few kV voltage and 

thus resulting in much higher spatial resolutions. Among the many electron microscopy 

techniques, SEM is routinely employed for the observation of the micro-structures of 

semiconductor and MEMS devices. SEM scans across the sample surface with a 

collimated electron beam, which generates secondary electrons from the sample surface 

among other products. In the most common case the secondary electrons are collected 

and processed to form an image of the sample surface. The contrast of the image is 

mainly caused by the topography of the sample. The advantage of using secondary 

electrons is its smaller generation volume and thus it provides higher resolution than 

back scattered electrons. In addition, it is not a strong function of the atomic Z number 

and thus will not cause appreciable contrast from the variations of atomic species. It is 

important to note that although the electron beam diameter on a field emission SEM is 

on the order of 0.1 nm, their resolution is not as sharp as 0.1 nm, but rather it is in the 

range of about 1 nm due to the secondary electron (electron generated from sample by 

the incoming electron beam from the SEM) generation volumes. The generation 

volume of the secondary electrons in an insulator such as a ferroelectric film is usually 

a few tens of nanometers in depth and thus can affect the SEM image. As a result, the 

images of the same surface can look different depending on the particular parameters 

used. It is important to understand the influence of the different parameters on the SEM 

image. Although higher acceleration voltage produces electrons with smaller 

wavelength, the interaction volume is also increased and unwanted signals such as back 

scattered electrons will be increased. This often results in degraded image. Charging 

and sample damage might also be resulted. As a result, it is often desirable to use 

smaller accelerating voltage, especially on insulating or relatively smooth samples. 
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Other parameters can also be adjusted for optimum image quality. The resolution can 

be enhanced by using smaller objective aperture and smaller probe current, eventhough 

it may result in grainy image due to charging. The working distance can also been 

reduced to improve resolution, but at a price of shallower depth of field. Tilting the 

sample can improve contrast by enhancing the secondary electron emission due to 

larger interaction area between incoming primary electron beam with the sample. It is 

often necessary to optimize these parameters to obtain good SEM images of insulating 

ferroelectric thin films. In this project a JSM-6700F FESEM from JOEL Ltd. was used 

for the characterization of VAN samples. Samples were normally coated with gold prior 

to the observation to minimize the charging effects. 
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3.6. Transmission Electron Microscopy (TEM) and 

Scanning Transmission Electron Microscopy (STEM) 

TEM and STEM provide detailed information in analyzing the crystallographic 

structure of a material, its phase morphologies, as well as misfit dislocation to the 

atomic level.  The TEM and STEM characterizations in this study were performed at 

Texas A&M University, USA by Dr. Zhang Wenrui and Dr. Li Leigang as well as in 

Los Alamos National Laboratory by Dr. Jia Quanxi. Both the cross sectional TEM and 

STEM images were captured using a Tecnai G2 F20 Field Emission TEM that operated 

at 200 kV. This system allowed a point to point resolution of 0.27 nm. The 

nanocomposite films were prepared using conventional slicing, grinding, polishing and 

ion thinning in order to reduce the thickness for electron transparency. At first glance, 

TEM and STEM appear to be very similar in the imaging functions. But they provide 

different mode of images and information. TEM produces the conventional bright field, 

dark field as well as high resolution images. STEM offers clear Z-contrast images which 

enable elemental mapping contrast due to its ability to be raster scanned across the 

specimen. Besides the morphological imaging, the selected area electron diffraction 

(SAED) were collected as well. 
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Chapter 4 3-D Strain States in 

(Ba0.6Sr0.4TiO3)1−x − (Sm2O3)x and Its 

Influence on Ferroelectricity 

4.1 Introduction 

Vertically aligned nanocomposite thin films are proving to be increasingly 

important for creating advanced multifunctional oxide thin films with new properties.28 

In these composites, new phenomena also occur giving a very powerful way to tune 

device functionality. Very high ferroelectric Curie temperatures,30 strongly improved 

dielectric tunability,48 reducing dielectric loss,52 enhanced multiferroic coupling,54 

photostriction-magnetic coupling,55 strongly enhanced current densities in 

superconductors,67 new kinds of memristor devices,102 and strongly enhanced ionic 

conduction at lower temperatures have all been reported.114-115 

 

However, the understanding and origin of unusual strain states in nanocomposite 

films have not been explored to date. On the other hand, strain is critical to tuning the 

properties of strongly correlated metal oxide films where bond lengths and bond angles 

strongly influence the wide-ranging functional phenomena. What is known is that 

compared to planar thin films, the strain in vertical nanocomposites does not relax when 

the film grows thicker. This is due to the fact that vertical lattice epitaxy between the 

phases dominates the strain state of the system, making the substrate contribution 

insignificant above a few 10’s of nm where the substrate induced strain relaxes.4 What 

is not known is how and why strain arise in nanocomposite films. In a previous study 

in the group, it was shown that auxetic-like 3D strain was observed in nanocomposite 

microactuator films of (BaTiO3)0.5-(Sm2O3)0.5. Auxetic material is a phenomenon in 

which the poisson’s ratio is positive instead of negative as in the case for most materials. 

The implication of auxetic-like properties is that when tensile (compressive) strain is 

applied to the material in one direction (e.g. in-plane), it will result in an expansion 
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(contraction) in its perpendicular direction (e.g. out-of-plane), which is opposite to the 

elastic behavior of most materials. The transverse piezoelectric coefficient, d31, in the 

films was positive instead of negative as observed in the conventional thin film case. 

Also, at room temperature, its magnitude of d31 was found to be > 200 pm V−1 which 

exceeded the values of PZT films.116 In a similar system of (Ba0.6Sr0.4TiO3)0.25-

(Sm2O3)0.75, it was shown that both tunability and dielectric loss could be 

simultaneously improved which is in contrast to the case for standard Ba0.6Sr0.4TiO3. 

Again, unusual strain states were thought to be responsible.48  

 

In this work, we explored the strain states in the (Ba0.6Sr0.4TiO3)1−x(Sm2O3)x thin 

film system. The system is ideal from the chemical point of view because there is 

minimal intermixing between the two component phases.102 The films and preliminary 

XRD and ferroelectric data of this material system was collected by Dr. Oon Jew Lee, 

a former student in the group, but it was not systematically analyzed. In this work, the 

XRD and ferroelectric data was verified experimentally from the available samples and 

analyzed systematically. Panalytical X'Pert Pro high resolution XRD with PreFIX 

module and Cu Kα source, with the wavelength 0.154 nm was used to characterize our 

films. The XRD work was done using 2θ- ω scan as well as reciprocal space mapping 

(RSM) to study various strain states in the film both in the in-plane and out-of-plane 

directions. To ensure consistency, the scanning step size was fixed at 0.02° while the 

scanning time per step was fixed at 1 second for all XRD scans on all samples. TEM 

and SEM characterization was done by Prof. Haiyan Wang’s lab in Texas A&M 

University in the U.S. In addition, AFM and PFM was done using AFM: Multimode 

SPM Nanoscope III with scanning resolution of 512 lines per scan and scanning area 

ranging from 100 nm to 1µm. The data analysis of AFM and PFM were carried out 

using WSxM 5.0 software. Lastly, the ferroelectric loop was characterized using agilent 

4294A with loop frequency of 10 kHz and maximum applied field of 300 kV/cm. The 

waveform used for ferroelectric hysteresis measurement was the standard triangular 

waveform with preset loop and preset delay of 1 ms. Unless otherwise mentioned, all 

experiments were carried out at room temperature.  
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A model which incorporates thermal expansion mismatch and lattice mismatch 

strain between the phases was used to understand how and why the in-plane and out-

of-plane lattice parameters vary with x in the way they do. Finally, the ferroelectric 

properties of the films were probed and the enhanced properties observed explained in 

terms of the strain states observed.  

4.2 3D Auxetic-like Strain in 

(Ba0.6Sr0.4TiO3)1−x−(Sm2O3)x VAN 

The BSTO- Sm2O3 VAN thin films were fabricated from 5 different ceramic 

targets of (BSTO)1-x−( Sm2O3)x with x = 0.00, 0.25, 0.50, 0.75, and 1.00. First the 

Ba0.6Sr0.4TiO3 powder was synthesized by mixing 99.99% pure BaTiO3 and SrTiO3 with 

99.99% Sm2O3 powder. The targets were then made by mixing and grinding 

Ba0.6Sr0.4TiO3 and Sm2O3 powders followed by cold pressing into pellet with 1 inch 

diameter using force equivalent to 5 tons of weight for 30 minutes. The pellet was then 

sintered at 1300 °C for 12 hours. Pulsed laser deposition (PLD) using a KrF excimer 

laser with 1 Hz repetition rate, a laser fluence of ∼2 J/cm2, and an oxygen pressure of 

20 Pa was used to grow the films. The films were grown onto (001) single crystal 

SrTiO3 (STO) substrates with 30 nm thick buffer layers of SrRuO3 (SRO). The SRO 

layers were first deposited off-axis (in which the laser plume direction is parallel to the 

substrate surface instead of normal to substrate surface as in the case of most other 

depositions) at 700 °C and then the BSTO- Sm2O3 deposited at 800 °C. After deposition, 

the samples were cooled to room temperature with a cooling rate of 10°C/min in 1 mbar 

oxygen atmosphere to prevent formation of oxygen vacancies. No other special growth 

measures had to be taken to make the films self-assemble into a structure composed of 

“vertical nanopillars of one phase in a matrix of the other phase” with a high level of 

epitaxy. BSTO- Sm2O3 film thicknesses of 300 nm, 600 nm, and 1000 nm were grown 

based on the 5 different compositions mentioned earlier.  
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For x = 0.25 and 0.50, the BSTO forms the matrix and the Sm2O3 forms the 

columns, whereas for x = 0.75, the Sm2O3forms the matrix and the BSTO forms the 

columns.48 TEM images of (BSTO)1−x−( Sm2O3)x films comparing lower and higher x 

values, where the BSTO either forms the matrix (x = 0.25 and 0.50) or the columns (x 

= 0.75), are shown in Figure. 4.1 (a), (b) and (c), respectively. 

 

Figure 4.1. Microstructures of (BSTO)1−x−( Sm2O3)x nanocomposite films for different 

x values. Transmission electron micrographs for (a) x = 0.25, (b) x = 0.50 and (c) x = 

0.75. (Figure from 27) 
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Figure 4.2 is a sketch of the microstructure of the x = 0.25 and 0.50 films. The column 

diameters are ∼10 nm with 10 - 80 nm spacing, depending on x. The SEM plan view 

image in the inset of Figure 4.2 clearly reveals the vertically aligned nano-columns of 

~10 nm width embedded in a film matrix.27  

 

Figure 4.2. Schematic diagram showing nanocomposite structure for BSTO matrix and 

Sm2O3 pillar, and plan view SEM image of surface of x = 0.50 film revealing nanopillars. 

(The TEM work is undertaken courtesy of Prof. Haiyan Wang’s group from Texas A&M 

University). (Figure from 27) 

 

As shown in an earlier paper from the group,48 the epitaxial relationship of the 

BSTO and Sm2O3 phases on the SRO/STO substrate can be denoted based on the lattice 

matching as (002)BSTO∥(004) Sm2O3∥(002)SRO∥(002)STO in the out-of-plane 

direction and (020)BSTO∥(220) Sm2O3∥(020)SRO∥(020)STO in the in-plane 

direction. The [220] direction of Sm2O3 phase is parallel to the [020] of the STO 

substrate phase because the unit cell of Sm2O3 grows 45◦ rotated relative to the STO 

unit cell. This rotation is energetically favorable as it enables Sm2O3 lattice matching 



 62 

of 1.0927 nm × √2 = 1.5453 nm with 4 unit cells of STO [100] (4 x 0.3905 nm = 1.5620 

nm) in STO.4 The lattice parameters of the films were determined from a combination 

of XRD reciprocal space maps (RSMs) of the asymmetric (113) reflections and 2θ − ω 

scans of the symmetric (00l) peaks. Figure 4.3 shows the symmetric (00l) peaks from 

2θ − ω scans and Figure 4.4. shows the asymmetric (113) reflections of STO and BSTO 

as well as (048) reflections of Sm2O3 peaks.  

Figure 4.3. 2θ − ω scans showing symmetric (00l) peaks of BSTO- Sm2O3 VAN with 

various Sm2O3 fraction, x. The out-of-plane strain of the BSTO phase is determined 

from the high angle peak BSTO (004) as it increases the accuracy in determining lattice 

parameter.117  
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Figure 4.4. Reciprocal space maps of (BSTO)1−x−(Sm2O3)x nanocomposite films 

showing the (113) perovskite peaks of STO and BSTO as well as (048) peaks of Sm2O3, 

with compositions ranging from pure BSTO (x = 0.00) to pure Sm2O3 (x = 1.00). The 

dotted line represents the qx of the centre of BSTO peaks. (Figure from 27) 
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The analysis assumes that the BSTO is tetragonal which is expected from the 

literature.48 Concentrating first on the RSMs and in-plane parameters, we focus on the 

position of the BSTO (113) peaks along qx. In RSM, qx and qz represents the reciprocal 

lattice parameter of the material under study. Essentially, it is a mathematical way to 

represent the lattice spacing between reflected atomic planes in a material. Larger 

values of q represents smaller lattice spacing and vice versa. The position of the centers 

of these peaks along qx is shown by the white dashed lines and they indicate how the 

in-plane lattice parameters change with x. Figure 4.5 is a plot to quantify the degree of 

shifting of BSTO(113) peak from its unstrained position. In relation to Figure 4.4, At x 

= 0.00, a broad BSTO (113) peak is observed and it is located more towards the left 

side compared to the STO (113) peak, indicative of a fully relaxed film, and an in-plane 

lattice parameter of BSTO which is larger than STO. The full relaxation is expected for 

a film of this large thickness. As x increases from 0.00 to 0.25, the (113) peaks are 

shifted markedly to the further left indicating a strong tensile strain in-plane. The peak 

is also sharpened. Together these findings indicate that there is progressively increased 

strain control of the BSTO by the Sm2O3 phase with increasing x. For x = 0.50, the peak 

remains in approximately the same position in qx as at x = 0.25 but is sharpened much 

further (especially in the qz direction) indicative of full strain control of BSTO by the 

Sm2O3 phase through the vertical interface. This is consistent with the BSTO lateral 

spacing between the pillars decreasing from ∼80 nm to ∼10-15 nm, thereby allowing 

for full vertical epitaxial strain control in the BSTO, i.e., insufficient lateral dimension 

of BSTO to allow for stress relaxation. As the Sm2O3 fraction is increased from x = 0.50 

to x = 0.75, the BSTO (113) peak position shifts strongly to the right, being at a similar 

position to the STO substrate peak. At this large x value, the Sm2O3 film forms the 

matrix with the BSTO forming the nanocolumns of ∼10 nm size in the Sm2O3 (Figure 

4.2). The BSTO pillars are under compressive strain in-plane which represents a 

complete switch from the tensile strain found when the BSTO is the matrix for x = 0.25 

and 0.50.  
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Figure 4.5. In-plane and out-of-plane shift (∆qx and ∆qz) of the (113) BSTO reciprocal 

peak positions for different x values with respect to x = 0.00. (Figure from 27) 

 

The out-of-plane c lattice parameters of the BSTO phase were obtained from the 

2θ - ω scans (Figure 4.3). There was a clear increase in out-of-plane lattice parameter, 

c, with x. This trend is also observed from downward shift of the (113) BSTO peak 

centers in the RSMs with increasing x. The in-plane lattice parameters, a, were 

calculated based on the (113) peak positions in the RSM scans. Both a and c lattice 

parameters are plotted as a function of x and thickness (300 nm - 1000 nm) in Figure 

4.6. The bulk cubic BSTO lattice parameter is also included for comparison. Across the 

entire thickness range, the pure BSTO (x = 0.00) films are fully relaxed, as confirmed 

by their lattice parameter values being the same as the bulk values for BSTO. This result 

is expected since at 300 nm and above, the films are no longer under epitaxial strain 

control by the substrate, i.e., all the films are well above the critical thickness and are 

relaxed. On the other hand, for all x values >0.00 and for all thicknesses, the c axis is 

larger than the bulk value, and hence, the BSTO is always in tension out-of-plane. The 

out-of-plane expansion results from vertical strain control of the BSTO (elastic modulus 

∼80 GPa) by the stiffer Sm2O3 (elastic modulus ∼220 GPa).118-119 
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Figure 4.6. Out-of-plane and in-plane lattice parameters of BSTO for various 

thicknesses versus x. (Figure from 27) 

 

Looking now at the in-plane lattice parameters of BSTO, as already discussed 

qualitatively for the RSMs of Figure 4.4, we see that with increasing x, the in-plane 

parameters of the BSTO increase rapidly upon introduction of a moderate fraction (x = 

0.25) of Sm2O3 into the films, but then stay approximately the same from x = 0.25 to x 

= 0.50. For both these x values, the Sm2O3 phase is in the form of strain-controlling 

nanopillars in the BSTO matrix. Since both a and c are expanded for these compositions, 

the films are exhibiting an auxetic-like behavior. Depending on x and film thickness, 

the tensile strain level can be as high as 2.4% for x = 0.50 and 1000 nm thickness. 

Indeed, the vertical strain state is highest in the thickest films, which is opposite to the 

case of plain films where strain relaxes upon thickness increase. This is a unique feature 

of nanocomposite films.30 At x = 0.75, the in-plane parameter decreases markedly and 
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now the BSTO appears to be in slight compression. As already mentioned, at this x 

value, the BSTO forms fine nanopillars (∼10 nm) embedded within a Sm2O3 matrix, 

the lateral thickness of Sm2O3 between the pillars being ∼40 nm (Figure 4.2).  
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4.3 Origin of Plane Strain States in 

(Ba0.6Sr0.4TiO3)1−x−(Sm2O3)x VAN 

4.3.1. For x = 0.25 and x = 0.50 

In order to understand the observed unusual auxetic-like effect in the films, we 

employ a simple model to calculate the BSTO lattice parameter. To determine the out-

of-plane c parameter, we consider the vertical lattice parameter control of the BSTO 

phase by the Sm2O3, and to determine the in-plane a parameter, we consider the in-

plane thermal shrinkage as well as elastic behavior of the film upon cooling after 

growth.  

 

First we consider the out-of-plane strain in the BSTO. We first note that the 

influence of the substrate on the out-of-plane strain in the nanocomposite case is 

negligible. This is because the film thicknesses studied here (>300 nm) are all above 

the critical thickness for the nanocomposite, tcNC, which is a few 10’s of nm thickness,4 

as shown in Figure 4.2. tcNC depends on the vertical column/matrix area relative to the 

substrate/film area. Above tcNC, the vertical column/matrix area exceeds the 

substrate/film area and then the substrate does not determine the strain state of the film. 

Instead, the stiffer phase in the VAN determines the strain state of the softer phase. We 

note that the critical thickness for standard planar films (or superlattices), tcPL, above 

which the film strain is relaxed and is no longer fixed by epitaxy control from the 

substrate, is much larger than for nanocomposite films. The value of tcPL is ∼100 nm.28, 

120 

 

The out-of-plane strain in the BSTO is dominated by vertical epitaxy between it 

and the Sm2O3, no matter whether the x value is high or low: the BSTO phase is strained 

by the much stiffer Sm2O3 pillars. Domain matching epitaxy (DME) determines how 

many lattices of the respective phases match with one another and this controls the 

overall strain level.4 From Figure 4.6, it is observed that for all film thicknesses, the 
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out-of-plane lattice parameter increases with x. This is explained by the lateral size of 

the BSTO decreasing with increasing x, which means the Sm2O3 can exert a greater 

influence on the BSTO with less strain relaxation taking place. We do not calculate the 

variation of the out-of-plane lattice parameter with x as it is not easy to predict the extent 

of strain relaxation with x.  

 

Figure 4.7 (a) Experimental and modelled values of BSTO in-plane lattice parameter 

(left hand axis) and corresponding in-plane strain (right hand axis) versus x for the 1000 
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nm thickness nanocomposite films. (b) Schematic diagram showing the Sm2O3 thermal 

shrinkage effect on the in-plane BSTO strain upon cooling films from the growth 

temperature. Low x (left image) and high x (right image). (Figure from 27) 

 

In planar multilayers, the substrate controls the in-plane lattice parameters with 

the out-of-plane lattice parameters controlled by the resulting elastic deformation in 

accordance with Poisson effect. For the nanocomposite films, a very different situation 

occurs. At above tcNC (i.e. at all the film thicknesses of this study), as previously 

mentioned, the substrate does not play a role in setting the lattice parameters.  

 

Next, we consider the in-plane strain in the BSTO. Upon cooling, from the growth 

temperature, the BSTO thermal shrinkage is very close to STO, and hence, the room 

temperature BSTO lattice parameters will not be influenced by the substrate. This is 

confirmed by the x = 0.00 lattice parameters being the same as the bulk values (Figure 

4.7 (a)). Subsequently, it is important to consider the influence of the Sm2O3 nanopillars 

on the in-plane strain of BSTO. The soft BSTO matrix is “epitaxially anchored” 

everywhere by the dense, stiff, scaffold Sm2O3 pillars of spacing ∼80 nm (x = 0.25) and 

∼10-15 nm (x = 0.50), embedded in the matrix. In other words, the BSTO and Sm2O3 

are “glued,” together with the stiffer Sm2O3 controlling the behavior of the softer BSTO.  

 

The pillars’ contraction is not limited to or by the substrate contraction since the 

area that each pillar has with the substrate is minimal compared to their length which is 

significantly above tcNC. Hence, upon cooling from the growth temperature, the Sm2O3 

pillars can contract more freely than BSTO because of its higher stiffness. The epitaxial 

anchoring of the BSTO to the Sm2O3 will mean that BSTO is prevented from 

contracting (as shown schematically in Figure 4.7 (b)). Thus, there is an in-plane 

expansion of the BSTO lattice of exactly opposite magnitude to the contraction of the 

Sm2O3; 

                                ε//BSTO = −ε//Sm2O3;  ε//Sm2O3 = α(Sm2O3)∆T                    (4.1), 
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with ε//BSTO is the in-plane strain in the BSTO phase, ε//Sm2O3 is the in-plane strain in 

the Sm2O3, α Sm2O3 is the coefficient of thermal expansion of the Sm2O3 phase 121 

which is 8.8 × 10−6 K−1 and ∆T is taken to be −775 K, i.e., the difference between the 

growth temperature and room temperature. Hence, ε//BSTO = 8.8 × 10−6 K−1 × 775 = 

0.68%.  

 

Furthermore, the expansion of the BSTO by the Sm2O3 (both in-plane and out-of-

plane) will prevent the cubic to tetragonal phase transformation in BSTO from taking 

place which would normally occur near room temperature for BSTO of this 

composition.122 The absence of a phase transformation leads to a correction of in-plane 

lattice parameter expansion of ∼ +0.50%, i.e., the opposite sign of the normal 

contraction of the in-plane lattice parameters upon cooling through ferroelectric TC.123 

We note that for x values between 0.00 and 0.25, the distance between Sm2O3 

nanopillars will become too large to allow the anchoring to be effective at all places in 

the BSTO matrix. Hence, at places far away from the Sm2O3 pillars, the BSTO will be 

relaxed and the auxetic-like effect will then not occur.  

 

The above two calculated in-plane expansions of the BSTO, i.e. (1) the thermal 

contraction of the Sm2O3, and (2) the absence of the cubic to tetragonal phase transition, 

giving (1+2), the total in-plane expansion of the BSTO, are given in Table 4.1, together 

with the sum of these two expansions, and the measured values. The calculated and 

measured in-plane lattice parameters (for the 1000 nm film) are also shown in Figure 

4.4 (a). The calculated total in-plane strain values compare favorably to the measured 

values.  
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Table 4.1. Experimental and calculated value of the in-plane BSTO lattice parameters 

in (BSTO)1-x(Sm2O3)x nanocomposite thin film. The calculated BSTO in-plane lattice  

parameters were from thermal expansion mismatch with Sm2O3 as well as the absence 

of ferroelectric (cubic to tetragonal) phase transition. (Table from 27) 

 STO lattice parameters a = b = c = 3.905 Å (JCPDS 35-0734) 

 BSTO lattice parameters a = b = c = 3.965 Å (JCPDS 34-0411) 

 Sm2O3 lattice parameters a = b = c = 10.927 Å (JCPDS 15-0813) 

 

 

We note that in the out-of-plane direction, upon cooling there will also be some 

contraction of the BSTO lattice owing to the Sm2O3 contraction and the higher stiffness 

Sm2O3 forcing the BSTO to follow it, just as for the in-plane case. Overall, however, 

the c-axis lattice parameter will still be expanded considerably from the DME vertical 

epitaxy strain. 

4.3.2. For x = 0.75 

At x = 0.75, the BSTO now forms the nanocolumns (of ∼10 nm diameter) and the 

Sm2O3 forms the matrix (Figure 4.1 (c)). In all the film thicknesses, the Sm2O3 has its 

fully relaxed bulk lattice parameter, i.e., 1.0927 nm. This bulk lattice parameter is 

x 

ε || BSTO 

 (-α Sm2O3 

∆T) 

Tetragonal-

cubic 

correction 

(c/a=1.01) 

Calculated  

in-plane 

strain 

Measured  

in-plane strain 

Calculated 

BSTO in-

plane lattice 

parameter (Å) 

Measured 

BSTO in-plane 

lattice 

parameter (Å) 

0.25 0.68% 0.50% 1.18% 1.31 ± 0.07% 4.012 4.017 ± 0.003 

0.50 0.68% 0.50% 1.18% 1.08 ± 0.35% 4.012 4.008 ± 0.014 

0.75 -0.68% N/A -0.68% -1.19 ± 0.68% 3.938 3.918 ± 0.027 
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expected since although the film is a nanocomposite, it will not have any additional 

strain influence from the BSTO pillars since they are softer than the matrix. Also, the 

films have thickness above tcPL, and so, full strain relaxation is expected. This is very 

different to the mirror situation of the x = 0.25 composition where BSTO is the matrix 

and does not relax to the bulk lattice parameter because the stiff Sm2O3 pillars control 

the behavior of the matrix, as discussed above. The in-plane strain in the BSTO 

nanopillars will be equivalent to the thermal shrinkage strain from the enveloping, 

stiffer Sm2O3 matrix which radially squeezes the pillars upon cooling of the film after 

growth (see schematic diagram in Figure 4.7 (b)). Here, since the BSTO pillar is already 

in out-of-plane tension and in-plane compression (tetragonal), the cubic to tetragonal 

phase transition is not prevented from occurring as in the x = 0.25 and 0.50 cases. The 

overall BSTO compression is therefore just ε∥BSTO = ε∥Sm2O3 = α Sm2O3*∆T = 

−0.68%. The value is consistent with the measured parameter as shown in Table 4.1.  

4.4 Ferroelectric Properties 

In this section, the ferroelectric properties of the BSTO- Sm2O3 films are discussed. 

Figure 4.8 shows the P-E hysteresis loops of the pure Sm2O3 with 300 nm thickness 

and Figure 4.9 shows the hysteresis loops for BSTO- Sm2O3 films with various 

compositions compared to pure BSTO and Sm2O3 films of similar thickness. The 

saturation polarization, Ps, of the BSTO- Sm2O3 nanocomposite films (taken at 300 

kV/cm and normalized by the area of BSTO in each film) increases monotonically with 

an increase of x in the order, Ps, x = 0.75 >> Ps, x = 0.50 >> Ps, x = 0.25 >> Ps x = 0. 

At higher film thickness, the required voltage to achieve the same level of electric field 

was beyond the capability of the instrument and hence only data from 300 nm was 

shown. As expected, the pure Sm2O3 films are not ferroelectric (Figure 4.8) and hence 

do not contribute to the ferroelectric polarization of the BSTO- Sm2O3 nanocomposite 

films. The Ps, x = 0 (pure BSTO) value is similar to the literature for similar-

composition BSTO films.122 The Ps, x = 0.75 value is much higher than BSTO or BTO 

films from the literature (by almost 300%).124  
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Figure 4.8 P-E hysteresis loop for pure Sm2O3 film with 300 nm thickness. (Figure 

from 27) 

 

Figure 4.9. Polarization versus electric field hysteresis loops for (BSTO)1−x−( Sm2O3)x 

films for different x values. (Figure from 27) 
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Since the out-of-plane lattice strain is similar for x = 0.50 and x = 0.75 but since 

Ps is much larger for x = 0.75, it is clear the magnitude of Ps does not depend on the 

out-of-plane tension alone, but also the in-plane compression of BSTO. The nanoscale 

nature of the BSTO, combined with the large in-plane compression, are clearly 

important additional factors for enhancing Ps.  

 

We recall that for x = 0.75, we have clean, highly tetragonally distorted, ∼10 nm 

nanopillars, which results in high tetragonality (c/a ratio). Whereas at x = 0.50, we have 

an auxetic-like strained BSTO matrix with a high density of Sm2O3 nanopillars 

penetrating it. The expansion of the BSTO for x = 0.25 and 0.50 has the additional effect 

of preventing a bulk-like phase transition from cubic to tetragonal in the BSTO from 

occurring. Having said that, a relatively low polarization value was still observed. This 

is because although the abrupt phase transition that manifests in abrupt lattice parameter 

change was absent, the lattice structures of the BSTO films in those compositions are 

not perfect cubic, as shown in Figure 4.6 in which the in-plane and out-of-plane lattice 

parameters are at different values, albeit only small differences (tetragonality).  

 

Atomic-force microscopy (AFM) was used to study the topography of the 

nanocomposite film, as shown in Figure 4.10 (a) which shows nano-pillars of around 

10 nm width. Piezo-response force microscopy (PFM) measurements with multiple 

poling confirm the strong ferroelectric nature of the BSTO- Sm2O3, x = 0.75 films. The 

out-of-plane piezo-response phase contrast images (shown in Figure 4.10 (b)) are 

observed with multiple switching when an AC modulating voltage of ±5 V and DC bias 

of ±10 V (Figure 4.10 (c)) were applied to the SRO bottom electrode at an excitation 

frequency of 10 kHz. The 45◦ rotated dark and bright regions with various scan areas 

of 8 µm × 8 µm, 5 µm × 5 µm, and 2 µm × 2 µm show the domain reorientations 

corresponding to − 10 V and + 10 V. This observation supports the strong ferroelectric 

polarization measured in the P-E loops (Figure 4.9). It is also important to note that the 

phase contrast image in Figure 4.10 (b) has a much larger area (8 µm × 8 µm, 5 µm × 

5 µm, and 2 µm × 2 µm) compared to the pillar size which is ~10 nm in width. This 
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confirms that the phase contrast image is due to real piezoelectric response from the 

poled BSTO phase rather than leakage current through the grain boundaries between 

nano-pillars and matrix.  

 

 

Figure 4.10. (a) AFM topography image of x = 0.75 film with 1 µm×1 µm scan area, 

(b) piezoresponse phase image of x = 0.75 film with multiple polings with different 

scan areas, and (c) schematic of the multiple poling areas with an applied DC bias of ± 

10 V. (AFM and piezoresponse phase image experiment was conducted with the help 

of Dr. Ahmed Kursumovic) (Figure from 27) 

 

In summary, strain states for films of 300 nm, 600 nm and 1000 nm thick 

heteroepitaxial nanocomposite of (Ba0.6Sr0.4TiO3)1−x−(Sm2O3)x on SrTiO3 were 

studied.27 Unusual auxetic-like tensile strain was observed for x = 0.25 and x = 0.50, 

whereas elastic-like strain was observed for x = 0.75 which results in high tetragonality. 

The in-plane strain and lattice parameters of BSTO were modeled by considering the 

influence that the stiff Sm2O3 has on the softer BSTO upon cooling the films from the 

growth temperature. Very good agreement was found between calculation and 

experiment. For x = 0.25 and 0.50, the BSTO matrix is expanded in-plane as a result of 

the thermal shrinkage of the stiff Sm2O3 nanopillars which are epitaxially anchored to 
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the BSTO matrix and hence control its expansion/contraction. The expansion of the 

BSTO prevents the cubic to tetragonal phase transition in the BSTO from occurring. 

Overall, the BSTO lattice is expanded both in-plane and out-of-plane, the out-of-plane 

lattice parameter being determined by vertical heteroepitaxial straining of the BSTO by 

the Sm2O3. For x = 0.75, the Sm2O3 forms the matrix and the BSTO forms the pillars, 

and it acts to “squeeze” the nanopillars in-plane. Hence, for x = 0.75, the BSTO shrinks 

in-plane, while it is still expanded out-of-plane as before. Owing to this high out-of-

plane tension and in-plane compression, the BSTO shows a very high Ps, x = 0.75 value 

of ∼60 µC/cm2 for a 300 nm film thickness, much higher than standard single layer 

BSTO or BTO films. All in all, we have demonstrated a very simple way to create 

unusual auxetic-like strain states in strongly correlated thin film metal oxides, thus 

allowing for radically new and different physical properties to be engineered into them. 
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Chapter 5 Turning Antiferromagnetic 

SSMO into A Ferromagnetic Using 

VAN 

5.1. Magnetism and Magneto-Transport  

Magnetism is a property of materials at atomic or sub-atomic level upon an 

application of magnetic field. The basic definition of magnetism lies in the orbital and 

spin motions of electrons and the interaction among the electrons. In fact, all matter is 

magnetic and some materials are much more magnetic than others. The main distinction 

between how matter interacts with magnetic fields corresponds to the interaction of 

atomic magnetic moments. There are a few materials which are naturally magnetic and 

can be turned into magnets. For example, iron, hematite, magnetite and ionized gases.125 

 

The theory of magnetism is a very broad field, and is based upon the idea of the 

quantum mechanical exchange energy which causes electrons with parallel spins to 

have lower energy than anti-parallel spins. Paramagnetism, which is the case for most 

elements, exhibit an internally induced magnetic field in reaction to external magnetic 

field, resulting in a weak attraction to external magnetic field. Diamagnetism, on the 

other hand, involves repulsion of an external magnetic field by inducing an internal 

magnetic field in the opposite direction. The internal field in paramagnetism and 

diamagnetism is non-existent when the external magnetic field is removed.  

 

Ferromagnetic materials exhibit parallel alignment of magnetic moments resulting 

in large net magnetization even in the absence of a magnetic field. Anti-ferromagnetism 

represents the case of all sub-lattice moments are exactly equal but opposite and the net 

moment is zero.  
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Figure 5.1. Schematic illustrations of superexchange and double exchange magnetic 

coupling in oxides (Figure from 126) 

 

There are a number of fundamental ideas of coupling in magnetic oxide materials 

that have been developed to address how indirect exchange interacts through 

nonmagnetic ions like oxygen. Classic models including super-exchange, double 

exchange and RKKY coupling are shown in Figure 5.1 The super-exchange model 

describes the normally short range exchange interaction can extend to a longer range.127 

Figure 5.1 (a) shows the example of the compound LaMnO3. Here, oxygen bonding 

leads to an anti-parallel spin alignment of nearest neighboring Mn ions in LaMnO3. 

Double exchange describes the magnetic coupling of A site doped ABO3 type 

perovskites (like Sr or Ca doped LaMnO3) which is called mixed valence 

compounds.128 In these materials, as shown in Figure 5.1 (b), electrons on the Mn sites 

jumps back and forth across the oxygen and the electrons delocalized over the entire 

Mn-O-Mn. This model can explain magnetic structures with identical Mn ions and 

further ferromagnetic alignments. The RKKY coupling represents the case where 

magnetic ions are too far apart to interact with each other, and the local moment will 
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induce a spin polarization in surrounding conduction electron sea.97 

 

Many ferro- and ferri-magnetic oxides are half-metallic, which essentially behaves 

like a conductor to electrons of particular spin direction while at the same time behaves 

like an insulator to electrons of opposite spin direction. They are therefore very 

interesting candidates for studying the magneto-transport phenomena. After the intense 

work on high temperature superconductor cuprates in the late 80’s, where researchers 

learnt to grow high quality films, in the mid-1990s, the technology was adapted to 

mixed-valence perovskite manganese oxides, where similar high quality epitaxial films 

were grown. These manganese oxides have remarkable inter-related structural, 

magnetic and transport properties induced by the mixed valence of the Mn3+ and Mn4+ 

ions. Historically they led to new physical concepts such as double exchange and the 

Jahn-Teller effect.129 The new phenomena of colossal magnetoresistance (CMR), and 

low field magnetoresistance (LFMR) were discovered where electrical resistivity 

changed with the application of magnetic field, as well as optically-induced magnetic 

phase transitions. The CMR effect is attributed to the ratio of the Mn3+ and Mn4+ ions 

in the perovskite and is sensitive to the partial doping of the trivalent rare-earth ion by 

divalent alkaline-earth cation. The doped perovskite manganites have strong 

correlations between the structure and electronic magnetic phases. Structurally, the 

electronic and magnetic properties are related to the tolerance factor which is basically 

the size ratio of the anion-oxygen bond to the cation-oxygen bond of the BO6 octahedra 

in the perovskite structure. The tolerance factor can be defined as: 

                                                    t = 
𝑑𝐴−𝑂

√2𝑑𝐵−𝑂
 = 

〈𝑟𝐴〉+𝑟𝑜

√2(〈𝑟𝐵〉+𝑟𝑜)
                                                                 (5.1). 

Equation 5.1 simply shows that the tolerance factor is the ratio of the size of A and B 

atomic size in ABO3 perovskite. Tolerance factor value of t > 1.00 simply means that 

the B cation is too small, which means it can be off-centered. Consequently, B-site off 

centering results in ferroelectricity (for example, in ferroelectric BaTiO3, Ti atoms is 

smaller than Ba atom, resulting in the off centering possibility of Ti atom which is 

located at the centre of the BO6 octahedra). For t = 1.00 (0.98-1.00), the cubic structure 
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is obtained, such as in the case of CaTiO3. On the other hand, for t < 1.00, when the B 

cation is too large, rotation of octahedral can occur, which results in distortion from 

cubic to orthorhombic structure. In addition, the B-O-B bond angle is a direct function 

of tolerance factor. Lower t results in lower bond angle. In other words, the tolerance 

factor dictates the distortion in the MnO6 octahedra.  

 

In manganites, one of the most studied lattice distortions is the deformation of the 

MnO6 octahedron called the Jahn-Teller effect. It describes the lifting of degeneracy 

due to the orbital-lattice interaction in the MnO6 octahedral which is the basic building 

blocks of the maganites. It tends to occur spontaneously as the lattice distortion grows. 

Therefore, it can be easily understood that chemical substitution can be used to tune the 

tolerance factor which in turn determine the magnetic and electronic properties. Besides 

cation and anion radii, structural distortion is also dependent on doping level, 

temperature and pressure.  

 

Unlike conventional methods which uses either chemical substitution in 

perovskites or strain engineering using thin film, VAN offers a very interesting and 

novel way of tuning the magnetic and electronic properties in perovskite manganites 

because of the different nature of the strain states that can be induced in VAN films 

compared to planar epitaxial films. In this chapter, we will show that the complex 

antiferromagnetic insulator Sm0.34Sr0.66MnO3 whose properties are very hard to control 

in thin films because the properties are so sensitive to strain, can be turned into a 

ferromagnetic insulator (FMI) by using Sm2O3 as strain controlling phase in VAN 

architecture. This ability to create a FMI has not be shown before in standard planar 

films. Before going into strain tuning of magnetic properties using the VAN structure, 

ferromagnetic insulators will be first introduced.  
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5.2. Ferromagnetic Insulators 

Ferromagnetic insulators (FMIs) are of great research interest due to the rare 

combination of ferromagnetism and insulating characteristics which are needed for 

oxide spintronics and multiferroics.130-132 FMIs can be used in spin-filter barriers in 

magnetic tunnel junctions (MTJs). They are also important parent compounds for 

creating multiferroics, in which the coexistence of ferromagnetism and ferroelectricity 

leads to magneto-dielectric coupling.133-136 

 

There are few spin-filter materials with very high efficiency. EuS and EuSe are 

rare examples, but the low ferromagnetic TC (16.6 K for EuS and 4.6 K for EuSe) of 

these materials limits their application to liquid helium temperatures.134, 137 In order to 

realize higher temperature applications, EuO has been investigated (ferromagnetic TC 

of 69 K). Nevertheless, the challenging growth conditions hinder its use.138 Other 

promising candidates with high ferromagnetic TC include ferrites, but these are not 

without their own problems. For instance, rare-earth nitrides suffer from stability 

problems due to their rapid oxidation in air139 while ferrites, although having above 

room temperature ferromagnetic TC, have complex spinel structures, making it difficult 

for their integration into tunnel hetero-structures made of half-metallic ferromagnetic 

perovskites such as La0.67Sr0.33MnO3.
140 Consequently, new practical FMIs are strongly 

needed. Perovskites are excellent candidates as they are chemically and structurally 

compatible with numerous oxide electrodes.141 

 

Transition metal oxide perovskites are interesting because of their wide variety of 

structural, magnetic and transport properties.142-143 For example, RE1−xAExMnO3 (RE 

and AE represent a trivalent rare earth and a divalent alkaline earth element, 

respectively) systems exhibit a very rich electronic and magnetic phase diagram due to 

strong coupling between the charge, orbital and spin degrees of freedom.144-145 However, 

only very few insulating perovskite manganites are ferromagnetic. Notable exceptions 

are BiMnO3 and La0.1Bi0.9MnO3 with ferromagnetic TC of around 100 K. However, the 
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growth of these materials is nontrivial.146-147  

 

Sm1−xSrxMnO3 (SSMO), with x = 0.1 to x = 0.3, is another potential perovskite 

FMI with a maximum ferromagnetic TC of ∼100 K in bulk.148  The phase diagram of 

SSMO is shown in Figure 5.2.  

 

Figure 5.2. Magnetic and structural phase diagram of Sm1 ⎯ xSrxMnO3 system. (Figure 

from 149) 

 

 

In the figure, points 1 and 2 represent ferromagnetic TC and antiferromagnetic TN 

(Néel temperature – temperature above which antiferromagnetic becomes 

paramagnetic). FMI stands for ferromagnetic insulator; FMM for ferromagnetic metal 

and AFMI, for antiferromagnetic insulator. The vertical inscriptions correspond to the 

neutron diffraction data: F is ferromagnet; A-AF is A-type (in-plane spin ordering) 

antiferromagnet; C-AF is C-type (out-of-plane spin ordering) antiferromagnet; and 
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F+A-AF and A-AF+F are phase separated magnetic systems with a mixture of 

ferromagnetism and antiferromagnetism in which the FM and AFM phases dominate, 

respectively. The dashed areas correspond to homogeneous magnetic states: FM 

(horizontal hatching), A-AF (vertical hatching), and C-AF (diagonal hatching). 

Different types of crystal structure Pbnm (O and O') and I4/mcm (at all temperatures) 

and a mixture Pbnm + P21/m (only at low temperatures) are also indicated. The 

supposed types of orbital ordering in AFM phases (3z2 – r2) and (x2 – y2) are shown 

schematically.  

 

Recently, spin filter tunnel junctions based on SSMO were fabricated into 

devices,150 giving 75% spin polarization. However, the junctions operated mainly at a 

low temperature of 5 K.151 Thus despite the promising bulk properties, in strained films 

wide deviations in the ferromagnetic properties result.152-157 Indeed, the physical 

properties of SSMO, of low band width, have great sensitivity to both strain and 

composition.158 Even with minimization of substrate-induced strain using buffer layers 

and highly lattice matching substrates, properties are very different from the bulk values 

because of incomplete strain relaxation and also possibly because of oxygen vacancy 

strain-accommodating defects.159 More recently, studies have focused on several 

perovskite systems where strain enhanced ferromagnetic TC.160-163 However, again 

strain relaxation with the film thickness leads to non-uniform properties through the 

film.164 

 

As shown in Figure 5.2, the SSMO system is very sensitive to composition, which 

makes it interesting to explore the effect of strain on a particular composition of this 

material. Therefore, we believe that there is great possibility to use VAN films to create 

a stable ferromagnetic insulating phase which is not susceptible to substrate strain, 

which can be formed easily and which has uniform properties through the thickness. 

As shown in Chapter 4 above, in VAN films strain is controlled in the matrix by using 

a stiff strain-controlling second phase pillar in the film to control the out-of-plane 

strain.4 As before with the BSTO and BTO film cases, strain-controlling pillars of 
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Sm2O3 are optimum to use since they are much stiffer than the SSMO matrix in which 

they could be grown (E Sm2O3 = 240 GPa vs. ESSMO = 130–160 GPa, where E is the 

average elastic modulus).119, 165 

 

Again, as we showed in Chapter 4, in VAN films in the less-stiff matrix the out-

of-plane strain is controlled by vertical epitaxy, while the in-plane strain is determined 

by a combination of heteroepitaxy with the substrate as well by elastic interactions with 

the stiff nanopillars. Hence the relative mechanical properties (e.g. elastic moduli and 

thermal expansion coefficients) of the two materials in the composite film are important 

for controlling the in-plane strain.27 Overall, a uniform and unconventional strain state 

can be induced in the matrix phase in thick (∼μm) nanocomposite films, something that 

is not possible in conventional thin films whose lattice parameters are dependent on 

planar epitaxy, with strain beginning to relax above just a few nm. In addition, for 

conventional films there is the problem of limited availability and high cost of single 

crystal substrates for precisely tuning lattice parameters in the films. 

 

In our study, we wanted to explore whether strain has any effect on the magnetic 

properties of SSMO. Therefore, we started off with SrMnO3 and Sm2O3 mixture to form 

the VAN structure. The composition ratio was chosen in such a way that it will enable 

SSMO with composition in the antiferromagnetic insulator region.  
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5.3. Growth of Sm0.34Sr0.66MnO3–Sm1.64Sr0.22Mn0.14O3 

VAN Thin Films 

Nanocomposite films of Sm0.34Sr0.66MnO3– Sm1.64Sr0.22Mn0.14O3 were grown on 

the (001) SrTiO3 substrates using pulsed laser deposition (PLD). The starting target 

materials for PLD was prepared using a stoichiometric mixture of Sm2O3 + SrCO3 + 

MnO2 powders followed by cold-pressing into 1 inch diameter pellet with 5 tons 

equivalent of force for 30 minutes. Subsequently, the pellet was sintered at 1100 °C for 

6 hours. A Lambda Physik KrF excimer laser (λ = 248 nm) was used for target ablation. 

The laser energy density was set at 1 J cm−2 with a target-to-substrate distance of 4.5 

cm and 1 Hz pulse repetition rate. The vertical nanocomposite films were grown at 

750 °C and 20 Pa oxygen pressure, followed by a short post deposition annealing at the 

same temperature for 30 minutes under a 100 mbar oxygen atmosphere. After growth, 

films were cooled down to room temperature at a cooling rate of 10°C/min in 1 mbar 

oxygen atmosphere to prevent excessive oxygen loss. The resulting thickness of the 

film is 120 nm.  

Panalytical X'Pert Pro high resolution XRD with PreFIX module and Cu Kα 

source, with the wavelength 0.154 nm was used to characterize our films. The XRD 

work was done using 2θ- ω scan as well as reciprocal space mapping (RSM) to study 

various strain states in the film both in the in-plane and out-of-plane directions. To 

ensure consistency, the scanning step size was fixed at 0.02° while the scanning time 

per step was fixed at 1 second for all XRD scans on all samples. Morphology as well 

as cross-sectional images of the film were obtained by high resolution transmission 

electron microscopy (HRTEM) which was done by Prof. Haiyan Wang’s lab in Texas 

A&M University in the U.S. EDS of TEM images were done by Dr. Quanxi Jia from 

Los Alamos National Laboratory, U.S.). Platinum contacts were deposited by 

sputtering to serve as the top contact for electrical measurement. Resistance vs 

temperature data was obtained using four point configuration in a closed-cycle He 

cryostat system with cooling and heating rate of 1°C/min and 20 mA current. Magnetic 
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properties were characterized using a superconducting quantum interference device 

(SQUID). Unless otherwise stated, all experiments were carried out in Device Materials 

Group Laboratory, Department of Materials Science and Metallurgy, University of 

Cambridge.  

Figure 5.3 (top panel) shows a scanning transmission electron microscopy (STEM) 

image of a 120 nm thick VAN film with clear pillar phase (Sm1.64Sr0.22Mn0.14O3) 

embedded in SSMO matrix phase (Sm0.34Sr0.66MnO3). The bottom left panel of Figure 

5.3 shows a high angle annular dark field (HAADF) image, which reveals a darker SrO 

phase on the surface of the nanocomposite film. The presence of the surface SrO in our 

films is consistent with the previous studies showing Sr migration to film surfaces to 

give poorly crystalline precipitates.166 The selected area electron diffraction (SAED) 

pattern in the bottom right panel of Figure 5.3 shows the highly crystalline nature of the 

STO subsstrate as well as both of the Sm1.64Sr0.22Mn0.14O3 and SSMO phases in the film.  

 

Figure 5.3 High resolution cross sectional TEM image of the nanocomposite film (top). High-

angle annular dark field (HAADF) image (bottom left) as well as selected area electron 

diffraction (SAED) (bottom right). Figure from 167. 

Sm0.34Sr0.66MnO3 
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A high resolution cross-sectional TEM image of a nanocomposite film shows a 

clean and sharp interface between the Sm1.64Sr0.22Mn0.14O3 nano-pillars and the SSMO 

matrix (see Figure 5.4). Two different orientations of the Sm1.64Sr0.22Mn0.14O3 nano-

pillars were observed, (110) and (001) while only one orientation of SSMO was 

observed, (001). As shown in the schematic crystal in the lower part of Figure 5.4, the 

(110) Sm1.64Sr0.22Mn0.14O3 phase was oriented with the STO substrate in-plane with the 

[110] Sm1.64Sr0.22Mn0.14O3||[100] STO. On the other hand, the (001) 

Sm1.64Sr0.22Mn0.14O3 was oriented in-plane with the [100] Sm1.64Sr0.22Mn0.14O3||[100] 

STO. The SSMO phase was oriented in-plane with the [100] SSMO||[100] STO. 

 

Figure 5.4. High resolution TEM image showing the interface between the nanopillar 

and matrix (top). Crystal orientation representation of the nanopillar and matrix as well 

as the substrate (bottom). (Figure from 167) 

 

 

Sm2O3 Sm2O3 

Sm2O3 Sm2O3 
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The occurrence of the (110) orientation of Sm1.64Sr0.22Mn0.14O3 in the 

nanocomposite film is different from the case of single phase Sm1.64Sr0.22Mn0.14O3 films 

grown on the (001) STO which are typically (001) oriented.168 The reason for this 

difference is that vertical epitaxial lattice matching between the [110] 

Sm1.64Sr0.22Mn0.14O3 and the [001] SSMO (0.9% misfit) in the (110) 

Sm1.64Sr0.22Mn0.14O3 films is much lower than the misfit between the [001] 

Sm1.64Sr0.22Mn0.14O3 and the [001] SSMO (6.6% misfit) in the (001) 

Sm1.64Sr0.22Mn0.14O3 films. Figure 5.5 shows compositional characterization of the 

nanocomposite films by EDS, by atomic-scale EDS, by using atomic concentration 

maps, and by using atomic concentration line profiles. In the EDS maps, very sharp and 

clean interfaces can be observed from the bright regions for both Sr and Mn in the same 

area, with the bright region for Sm being in the adjacent area. The atomic scale EDS 

maps show direct evidence of Sm substitution onto the Sr site. The atomic concentration 

maps and line profiles show the distinct nano-pillars of the composition 

Sm1.64Sr0.22Mn0.14O3 and the matrix of the composition Sm0.34Sr0.66MnO3. Hence, there 

is 11% of Sr and 7% of Mn substitution onto otherwise Sm2O3 phase, resulting in 

Sm1.64Sr0.22Mn0.14O3. Similarly, there is 34% of Sm substitution onto the Sr site in 

otherwise SrMnO3 phase, resulting in Sm0.34Sr0.66MnO3. 
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Figure 5.5. EDS map showing the compositions of the nanopillars and matrix (top left). 

Atomic-scale EDS maps (bottom left) showing Sr and Sm occupying the same sites in the 

perovskite lattice and the atomic concentration line profile (right image) showing the lateral 

compositions of the nanopillars and matrix. (Figure from 167) 

2θ-ω XRD scans of the nanocomposite films are shown in Figure 5.6. Sharp 

peaks of the SSMO (002) and Sm1.64Sr0.22Mn0.14O3 (006) are observed in the Bragg–

Brentano scan in Figure 5.6 (a) with some overlapping of the SSMO (002) and STO 

(002) peaks. No peaks associated with the (110) Sm1.64Sr0.22Mn0.14O3 were observed 

due to the overlapping of the Sm1.64Sr0.22Mn0.14O3 (440) with the STO (002) substrate 

peak. Owing to the poor crystallinity of the SrO phase on top of the nanocomposite film, 

even though it was observed in the high angle annular dark field (HAADF) image in 

Figure 5.3, it was also not observable by XRD in Figure 5.6.  For comparison, Figure 

5.6 (c) shows a 2θ-ω scan for a single phase SSMO film of the same thickness (∼100 

nm). In the 2θ-ω scan the (002) SSMO peak is at a higher 2θ value of 48.4° compared 

to 47.6° for the nanocomposite, indicating that the nanocomposite film has a higher c 

parameter than the single phase film. 
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Figure 5.6 (a) 2θ-ω XRD scan of a nanocomposite film showing the presence of 

Sm1.64Sr0.22Mn0.14O3 and SSMO phases and the STO substrate, all with the (00l) 

orientation. (b) 2θ-ω XRD scan of a single phase SSMO film showing the presence of 

the SSMO film and the STO substrate, both with the (00l) orientation.(Figure from 167) 

 

X-ray phi-scans of the STO substrate and the SSMO and Sm1.64Sr0.22Mn0.14O3 

peaks in the nanocomposite (Figure 5.7) show a cube-on-cube orientation of the SSMO 

on STO while the Sm1.64Sr0.22Mn0.14O3 shows a 45° in-plane rotation with respect to the 

STO substrate, consistent with the high resolution TEM images. The phi-scan was done 

on (110) peaks for all phases.  

Figure 5.7. Phi-scan revealing the different in-plane orientations of 

Sm1.64Sr0.22Mn0.14O3 and SSMO with respect to the STO substrate. .(Figure from 167) 

Sm2O3 (006) 

Sm2O3 (006) 
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Figure 5.8. (a) RSM of the nanocomposite film with black and red vertical dashed lines 

indicating the center of the STO peak and SSMO peak in nanocomposite SSMO along 

qx. Blue vertical dashed line indicates the bulk in-plane lattice parameter position of 

SSMO as a reference for comparison. (b) RSM of the single phase SSMO film showing 

close alignment along qx of the SSMO (113) peak with the STO (113) peak as a result 

of epitaxial growth which causes the SSMO in-plane lattice parameter to be equivalent 

to the STO in-plane lattice parameter. (Figure from 167) 

Figure 5.8 (a) shows a reciprocal space map (RSM) of the nanocomposite film 

revealing the strain states of the phases in the nanocomposite film. In the figure, qx of 

the SSMO (113) peak in nanocomposite is shifted to the left compared to bulk SSMO 

(e.g. red dashed line vs blue dashed line), indicating a higher a-axis in the 

Sm2O3 (048) 
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nanocomposite film compared to the bulk. Figure 5.8 (b) shows a reciprocal space map 

(RSM) of a single phase film. The SSMO (113) peak along qx is displaced further from 

the bulk SSMO position (black dashed line vs red dashed line) and hence the a-axis is 

larger than the ones in the nanocomposite film as well as bulk. The different strain states 

obtained in the nanocomposite and single phase SSMO films are analyzed and 

discussed below. 

 

Properties 

Sm0.34Sr0.66MnO3 

in nanocomposite 

film 

Single phase 

Sm0.34Sr0.66MnO3 

film 

Bulk 
Sm0.37Sr0.63MnO3
169 
 (pseudo-cubic) 

Thickness 120 nm 100 nm N.A. 

a (Å) 3.846 ± 0.016 3.876 ± 0.009 3.785 

c (Å) 3.819 ± 0.008 3.756 ± 0.005 3.899 

In-plane strain (%) 1.61 ± 0.42a 2.40 ± 0.24a N.A. 

Out-of-plane strain 

(%) 
-2.05 ± 0.21a -3.67 ± 0.13a N.A. 

Tetragonality (c/a) 0.993 ± 0.024 0.969 ± 0.014 1.030 

Magnetic 

properties 
Ferromagnetic Antiferromagnetic Antiferromagnetic 

Tc/TN (K) TC = 140 TN = 100 TN = 250 

Electrical 

properties 
Insulating Insulating Insulating 

 

Table 5.1. Properties of nanocomposite films compared to single phase films and 

bulk. (Table from 167) 
aStrain calculated relative to bulk Sm0.37Sr0.63MnO3 

 

The in-plane lattice parameters of the Sm0.34Sr0.66MnO3 phase in both the 

nanocomposite film and single phase SSMO films were estimated by first determining 

the out-of-plane parameter from the 2θ-ω scans, and then by using this value to extract 

the in-plane lattice parameter obtained from the RSM (113) peak. It is important to note 

that the single phase SSMO film was prepared as a comparison only after the exact 
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composition for the nanocomposite film was determined. For growing single phase 

SSMO, Sm0.34Sr0.66MnO3 target was made from a stoichiometric mixture of Sm2O3 + 

SrCO3 + MnO2 powders followed by cold-pressing into 1 inch diameter pellet with 5 

tons equivalent of force for 30 minutes. Subsequently, the pellet was sintered at 1100 °C 

for 6 hours. As shown in Table 5.1, the in-plane and out-of-plane lattice parameters in 

the nanocomposite film are a: 3.846 ±0.016 Å and c: 3.819 ± 0.008 Å, respectively. 

These values are 1.61 ± 0.42% in tension in-plane and −2.05 ± 0.21% in compression 

out-of-plane relative to bulk Sm0.37Sr0.63MnO3, giving a c/a of 0.993 ± 0.024. In contrast, 

the in-plane and out-of-plane lattice parameters for the single phase SSMO film from 

2θ-ω scans are a: 3.876 ± 0.009 Å and c: 3.756 ± 0.005 Å, respectively. These values 

are 2.40 ± 0.24% in tension in-plane and −3.67 ± 0.13% in compression out-of-plane 

relative to bulk Sm0.37Sr0.63MnO3, giving a c/a of 0.969 ± 0.014. The higher level of 

strain and overall low c/a in the single phase film arise because of the in-plane epitaxial 

straining from the STO substrate (a = 3.905 Å). The magnetic and lattice parameter data 

for bulk SSMO was taken at Sm0.37Sr0.63MnO3 because it is the closest available data 

to the actual composition of the nanocomposite phase. 

 

The partial relaxation of the in-plane lattice parameter to 3.876 Å is expected 

owing to the relatively thick film. The out-of-plane compression arises through elastic 

strain to conserve the cell volume. On the other hand, in the nanocomposite film the 

out-of-plane compression arises from vertical epitaxy with the stiff 

Sm1.64Sr0.22Mn0.14O3 nano-pillars. Here, for the (001) Sm1.64Sr0.22Mn0.14O3 orientation 

3 unit cells of SSMO match with 1 unit cell of Sm1.64Sr0.22Mn0.14O3 (3 × 3.819 Å|| 1 × 

10.93 Å), and for the (110) Sm1.64Sr0.22Mn0.14O3 orientation, 4 unit cells of SSMO 

match with 1 unit cell of Sm1.64Sr0.22Mn0.14O3 (4 × 3.819 Å||1 × 10.93 × √2Å). The in-

plane tension arises because upon cooling the film from the growth temperature, the 

stiff Sm1.64Sr0.22Mn0.14O3 pillars with a lower coefficient of thermal expansion cause 

the vertically epitaxially coupled Sm0.34Sr0.66MnO3 to expand.27 The tension is less in 

the composite film compared to the single phase SSMO films because of the different 

mechanism of the strain control.  
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5.4. Magnetic and Electrical Properties of  

Sm0.34Sr0.66MnO3–Sm1.64Sr0.22Mn0.14O3 VAN Thin 

Films 

Resistance vs. temperature plots comparing a nanocomposite film to a single phase 

SSMO film are shown in Figure 5.9. An insulating profile was observed throughout the 

measurement temperature range. Below 50 K, the resistance of both films is beyond the 

measurement limit. The electrical conduction mechanism at high temperatures follows 

the small polaron hopping (SPH) model.170-171 The resistance as a function of 

temperature is given by: 

R(T) = AT𝑒
𝐸𝐴

𝑘𝐵𝑇                                               (5.2), 

where EA is the activation energy for conduction, T is the temperature and A is a 

constant. The activation energy EA is determined by using linear fitting of the ln(R/T) 

vs. 1/T (dotted line in Figure 5.9), giving 94 meV for the nanocomposite film and 84 

meV for the single phase SSMO film. Both these values are higher than the bulk SSMO 

value of 45–46 meV.172 This is consistent with reduction of the electrical conduction 

because of strain in the films (and in the nanocomposite case, defects along the vertical 

interfaces between the two phases). 
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Figure 5.9 Resistance vs. temperature plot comparing the nanocomposite to a single 

phase film. The dotted lines in the plot shows linear fitting of 1/T vs. ln(R/T). (Figure 

from 167) 

The comparative magnetic properties of the nanocomposite and single phase 

SSMO films are shown in Figure 5.10. M vs. T plots show ferromagnetism with a TC 

of 140 K for the nanocomposite film. We note that in the literature the highest TC value 

in the ferromagnetic insulating (FMI) Sr-doped SmMnO3 system is 100 K  which is for 

the optimally doped (25% Sr doped) composition.150 Therefore the TC of the SSMO 

phase formed in our nanocomposite films is 40 K higher than for any FMI Sr-doped 

SmMnO3 phase. In addition, the TC of our nanocomposite films is 10 K higher than for 

the ferromagnetic metal (FMM), Sr-doped SmMnO3 (48% Sr).173 
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Figure 5.10. Magnetization vs. temperature plot comparing the nanocomposite to a 

single-phase film. (Figure from 167) 

 

A cluster-glass like behavior with a strong bifurcation between the field-cooled 

(FC) and zero field-cooled (ZFC) at 50 K was observed and the proposed origin of this 

is discussed later.174 Figure 5.11 shows the magnetic hysteresis loop of M vs. H at 10 

K for the nanocomposite film. After subtracting the paramagnetic background from the 

substrate and Sm1.64Sr0.22Mn0.14O3, a clear ferromagnetic hysteresis loop is obtained. 

The coercivity (HC) and saturation magnetic moment (MS) are 100 Oe and 146 emu 

cm−3 (1.93μB/Mn), respectively. This is comparable to the optimum 25% Sr doped 

SmMnO3 phase, as mentioned above.151 
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 Figure 5.11 shows the magnetic hysteresis loop of the nanocomposite film. (Figure 

from 167) 

 

For the single phase SSMO films, AFM behavior was observed with a TN of 100 

K (Figure 5.10).148 This is comparable to bulk Sm0.34Sr0.66MnO3 which shows C-type 

antiferromagnet behavior, although the TN is higher for the bulk at ∼ 250 K, consistent 

with the very different levels of tetragonal distortion (c/a = 0.969 for the single phase 

films vs. 1.030 for the bulk, as shown in Table 5.1). 

 

We now turn to gain an understanding of the magnetic properties of the plain 

versus nanocomposite films obtained in this study. In doped manganites, magnetic 

interactions between the Mn atoms are determined by competition between FM double 

exchange interactions and AFM super-exchange.175 The origin of the magnetic 

properties in the nanocomposite films can be understood by first realizing that the level 

of structural distortion strongly influences these interactions. With Jahn–Teller effects 

at play, small distortions of MnO6 can stabilize either of the eg orbitals, 3z2 − r2 or x2 − 
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y2. For c/a > 1 (c/a < 1), the MnO6 octahedra are tensile strained (compressed) and 

consequently the 3z2 − r2 (x2 − y2) orbitals are energetically favored over the x2 − y2 

(3z2 − r2) orbitals. 

 

Figure 5.12. Schematic diagram showing C-type (out of plane coupling) and A-type 

AFM orbitals (in plane coupling) as well as FM orbitals. (both in plane and out of plane 

coupling). (Magnetic properties measurement were done with the help of Dr. Eun-Mi 

Choi). (Figure from 167) 

 

Hence, for c/a >1 the 3z2 − r2 orbitals have a higher occupancy. This results in 1-

D FM double exchange interactions along the out-of-plane direction. The 1-D FM 

columns are AFM owing to super-exchange coupling. This results in a C-type AFM 

structure (as shown in Figure 5.12 (i)). This is the case for bulk Sm0.37Sr0.63MnO3, c/a 

= 1.03 (Table 5.1). 
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For c/a < 1, the x2 − y2 orbitals have a higher occupancy. This leads to strong 

double exchange coupling in the MnO2 planes which strengthens the ferromagnetic 

ordering in-plane. At the same time, super-exchange coupling stabilizes the 

antiferromagnetic ordering in the out-of-plane direction. This results in an A-type AFM 

as shown in Figure 5.12 (ii). This is the case for the single phase Sm0.34Sr0.66MnO3 films, 

c/a = 0.969 (Table 5.1). 

 

In our Sm0.34Sr0.66MnO3 nanocomposite films, c/a = 0.993 ± 0.024 (Table 5.1). 

Hence, the tetragonal distortion is reversed compared to the bulk value. Because c is 

close to a there is more or less equal occupation of the x2 − y2 and 3z2 − r2 orbitals 

which produces double exchange interactions in both the in-plane and out-of-plane 

directions, thus leading to ferromagnetic ordering in 3-dimensions (as shown in Figure 

5.12 (iii)). 

 

Besides the extent of tetragonal distortion in the films, we should consider the 

actual Mn–O–Mn bond lengths. This is because AFM super-exchange interactions 

depend on Mn–O distances more strongly than the FM double exchange interactions. 

Hence, longer Mn–O bond lengths make the AFM super-exchange coupling weaker, 

whereas they influence the FM double exchange much less.176 Hence, in our films FM 

double exchange dominates over AFM super-exchange, leading to the observed FM 

behavior. Overall, however, the AFM interactions in the film compete with the FM 

interactions. This competition explains the cluster glass-like behaviour in the M vs. T 

plot below 50 K in Figure 5.10. 

 

The creation of high TC ferromagnetism in our nanocomposite films is achieved 

via strain coupling between two phases. The work parallels artificial super-lattice (SL) 

studies where magnetic phases are coupled to other phases in a parallel configuration. 

In the SL studies, large increase of ferromagnetic TC have been found when the in-plane 

strain is controlled by lateral coupling of phases. A ferromagnetic TC of 650 K 
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(increased by nearly 300 K compared to bulk and plain films) has been observed for 

LSMO–BTO (with in-plane straining of the LSMO by 1%).177 A key difference 

between the SL films and the nanocomposite films is that the nanocomposite films self-

assemble rather than being made by a complex layering process. 

 

In summary, nanocomposite films containing Sm0.34Sr0.66MnO3 were grown on 

SrTiO3 (001) with 120 nm thickness. Stiff Sm1.64Sr0.22Mn0.14O3 nanopillars formed in 

the matrix of Sm0.34Sr0.66MnO3, gave a unique strain state of lower in-plane tensile and 

out-of-plane compression than can otherwise be realized in single phase films. This 

leads to a lower c/a value compared to both the single phase films and bulk. This c/a 

reduction leads to 140 K ferromagnetism and insulating behavior. This work 

demonstrates a novel strain approach for tuning magnetic properties in thin films. 
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Chapter 6 Exploration of VAN 

Structure Formation and Properties 

Using Sputter Deposition  

As introduced in Chapter 2, the main advantage of sputter deposition compared to 

PLD lies in its scalability and lower cost. With that in mind, we sought to explore the 

feasibility and develop more understanding in the growth process using sputter 

deposition to achieve VAN structure. In the first section of this chapter, BaTiO3–Sm2O3 

sputter growth is discussed in detail from sample preparation to growth parameters and 

their effects on film structure and properties. The second section will present growth of 

other materials combinations such as BaTiO3-Cu2O and Cu2O-ZnO. The last section of 

this chapter will present the potential, limitations and challenges in VAN growth by 

sputtering process.  

6.1. Sputter Growth of BaTiO3–Sm2O3 

BaTiO3–Sm2O3 was chosen as the starting material for this study due to well 

reported success in PLD-grown BaTiO3–Sm2O3 VAN structure to enable direct 

comparison.30  A 2-inch diameter (BaTiO3)0.5-(Sm2O3)0.5 composite sputter target with 

99.99% purity was obtained from Able Target Limited. The films were grown on (001) 

SrTiO3 single crystal substrates with RF magnetron sputter gun in UNIVEX 450B 

system. The sputter deposition was conducted in Sensors and Transducer cleanroom in 

Institute of Materials Research and Engineering (IMRE), Singapore. Sputter power 

ranging from 50 W to 200 W was used. Background pressure consists of mixture of 

Argon and Oxygen gas ranging from the lowest pressure limit (0.5 Pa) to the highest 

pressure limit (8.0 Pa) of the sputter system was applied. Substrate temperature was 

varied from 500 °C to 800 °C. In addition, the effect of different ratio of argon and 

oxygen mixture was also studied. Lastly, it is important to acknowledge that some 

arguments or possible explanations to the observed experimental results are speculative 
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in nature. Detailed investigation may be needed to accurately elucidate all the observed 

trend during the optimization process, which is beyond the current scope of exploratory 

work. 

6.1.1 Effect of Substrate Temperature 

Figure 6.1 shows the 2θ-ω XRD scan of the nanocomposite film grown on STO 

(001) with substrate temperature 500 °C to 800 °C with 100 °C increment, with all other 

parameters kept constant. In all depositions, the argon/oxygen ratio was kept at 3:1, 

with 6.0 Pa chamber pressure as well as 150 W sputter power. It is worth noting that 

due to the lack of quick and accurate method to determine film thickness (e.g. no step 

coverage was possible due to the limited substrate size, which makes determining 

thickness with profilometer not possible), the film thickness for most films was not 

known. However, to ensure comparability between different films, during optimization 

of growth conditions, the deposition time was adjusted commensurately with respect to 

theoretical growth rate. (e.g. film grown at 75 W power was deposited for twice the 

amount of time compared to film grown at 150 W power). TEM image from figure 6.7 

provides a rare thickness data (~200 nm) for one of the films which may be used to 

represent the thicknesses for most films in this study, although significant variation in 

thickness may occur due to complex interdependency between all deposition 

parameters which may results in inaccurate anticipation of deposition time.  

 

As mentioned in earlier chapters, high temperature energetically favor layer by 

layer growth. Thus it is highly expected that higher temperature will lead to better 

crystallinity of the film. For all data presented in this work, the argon/oxygen ratio was 

kept at 3:1, with 6.0 Pa chamber pressure as well as 150 W sputter power. As seen in 

Figure 6.1, the film grown at 500 °C shows very weak Sm2O3 peak. As temperature 

increases, the peak intensity becomes stronger and sharper, which is a signature of 

better crystalline quality of the film. It is important to note that the BaTiO3 peak is not 

observed in all films. This may be due to overlapping with strong SrTiO3 substrate peak.  
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                  Figure 6.1. 2θ-ω XRD profiles for films grown at temperature from 500 °C to 

800 °C 

 

In addition, no significant difference was observed between 700 °C and 800 °C 

which means that 700 °C is enough to get film of sufficient crystallinity. Therefore in 

most part of our study, films were grown at 700 °C. 

6.1.2 Effect of Sputtering Power 

Figure 6.2 shows the 2θ-ω XRD scan of the nanocomposite film grown using 

sputter power ranging from 50 W to 200 W. To study the effect of the sputtering power 

on the film structure, the argon/oxygen ratio was kept at 3:1, with 6.0 Pa chamber 

pressure as well as 700 °C substrate temperature. To maintain constant thickness, the 

deposition time was adjusted to offset the low power growth (e.g. the deposition time 

is three times longer for 50 W deposition compared to 150 W deposition). One 

assumption here is that the deposition rate increases linearly with increasing sputter 

power.  
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Figure 6.2. 2θ-ω XRD profiles for films grown with 50 W to 200 W power. 

 

The assumption that deposition rate increases with sputter power is backed by the 

facts that the observed self-bias (DC bias voltage of the cathode) changes from 70 V to 

250 V for the power range of 50 W to 200 W, which is almost linear. As the bias voltage 

increases, the ions in the sputter plasma were accelerated at a higher rate towards the 

target, resulting in more atoms being sputtered out. This self-bias voltage directly 

affects sputter yield, which is essentially the deposition rate.108 Nevertheless, as we 

shall see in the later section, it is not trivial to determine the deposition rate as it depends 

on many factors.  

 

As seen in Figure 6.2, at 50 W sputter power, no film peak was observed. A 

possible explanation for this is at low power, there is not enough self-bias voltage built 

up to enable sufficient sputter yield for target species (thus although the deposition time 

was commensurately adjusted, no sputtering actually occur because the kinetic energy 

of Ar+ ions are not sufficient). As the power was increased to 100 W, the Sm2O3 peak 

starts to appear and at 150 W, a relatively sharp peak can be observed. Nevertheless, 
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when the sputtering power was further increased to 200 W, the Sm2O3 peak fades away. 

This can be associated with excessive deposition rate which may result in re-sputtering 

of deposited film and thus may degrade the crystalline quality of the film.   

6.1.3 Effect of Total Gas Pressure 

Figure 6.3. 2θ-ω XRD profiles for films grown with 2.0 Pa to 8.0 Pa total gas pressure 

 

Figure 6.3 shows the effect of changing the total gas pressure on the film peak. To 

study the effect of total gas pressure, the argon/oxygen ratio was kept at 3:1, with 

700 °C substrate temperature and 150 W power was used (unless otherwise indicated 

in the figure). At high pressure (8.0 Pa), the Sm2O3 peak was sharp, indicating a well-

crystallized film. At low pressure (e.g. 2.0 Pa), no peak was observed, which may be 

caused by two possible factos. Firstly, at low pressure, the ion plasma is unstable and 

thus deposition cannot be sustained effectively.178 However, this is less likely to be the 

case as plasma was observed to be present throughout the film deposition. Secondly, a 

more likely cause for the absent of film peak is that at low pressure, the kinetic energy 

of depositing atoms is very high due to less collisions and scattering along their path 

from cathode to anode, which might have resulted in some degree of re-sputtering on 
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the substrate. This scenario is better illustrated in equation 6.1 in relation to self-bias 

which essentially determines the kinetic energy of bombarding ions.  

 

Note that however, when the film was grown at 2.0 Pa and 75 W power, the Sm2O3 

peak was observed. An explanation to this phenomena can be associated to the self-bias 

voltage built up in the RF plasma. The self-bias voltage can be related to power and 

pressure through a simple equation179: 

                                                               Vbias ≈ √
𝑊

𝑃
                                                    (6.1), 

where Vbias is the self-bias, W is the sputter power and P is the total gas pressure. In our 

case, by lowering the sputter power from 150 W to 75 W at 2.0 Pa gas pressure, the 

self-bias can be maintained at a sufficient level where re-sputtering on the substrate is 

prevented. In other words, the effect of sputter power and total gas pressure on self-bias 

is inter-related. As mentioned earlier, the self-bias voltage directly affect the sputter 

yield which consequently dictates the deposition rate.  

 

Thus, it can be inferred that when the self-bias is too high (as in the case of 2.0 Pa 

and 150 W film), Sm2O3 formation is inhibited. On the other hand, when the self-bias 

is lowered either by increasing pressure or lowering power, Sm2O3 peak was observed.  

6.1.4 Effect of Ar/O2 Ratio 

The effect of Ar/O2 ratio was also examined by keeping other deposition 

parameters constant. The substrate temperature was kept at 700 °C, power at 150 W, 

and total pressure at 6.0 Pa. The Ar/O2 ratio was varied from 0.5 to 8.0, as shown in 

Figure 6.4. Is was observed that at very low Argon/Oxygen ratio, no Sm2O3 peak was 

observed.  

 

As the Ar/O2 ratio was increased from 0.5 to 3.0, Sm2O3 peak gradually becomes 

stronger. Above Ar/O2 ratio of 3.0, however, no significant change in the Sm2O3 peak 

was observed. The observed trend can be understood from the deposition rate point of 
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view. When the level of argon is too low during the deposition, less argon ions 

participate in the bombardment process while some oxygen gas molecules gets ionized 

into oxygen ions. This may have resulted in oxygen ions (anion) bombardment of the 

substrate instead of cathode target which degrades the film crystallinity. In other words, 

there need to be sufficient level of argon in the mixture gas for crystalline phase to be 

properly deposited. Once the sufficient level of argon to oxygen in the mixture was 

reached (in our case it is 3:1), no significant change was observed in the XRD peak. On 

the other hand, excessive argon/oxygen ratio can result in oxygen vacancies in the film. 

Therefore, maintaining a sufficient level of oxygen is also essential in growing oxide 

film to maintain the proper oxygen stoichiometry in the film.107 

 

Figure 6.4. 2θ-ω XRD profiles for films grown at Ar/O2 ratio of 0.5 to 8.0. 

6.1.5 Other Characterizations and Conclusions 

Figure 6.5. shows the XRD scan (top) and the PFM amplitude scan (bottom) of a 

BaTiO3-Sm2O3 nanocomposite film grown at substrate temperature of 700 °C, sputter 

power of 150 W, total gas pressure of 6.0 Pa as well as argon to oxygen ratio of 3:1.   
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The film for PFM characterization was grown on Nb-doped STO substrate instead 

of STO substrate in order to provide the necessary electrical conductivity for the bottom 

contact. A platinum top electrode was deposited on the top surface of the sample using 

sputtering. It can be seen from Figure 6.5, the bright area can be associated to BaTiO3 

because it has piezoelectric response while Sm2O3 does not have any piezoelectric 

response, thus is expected to appear dark. In this case, BaTiO3 can be associated with 

the matrix due to its percolative nature while Sm2O3 can be associated to the pillars. 

This is consistent with the results in chapter 4 which shows that at 50:50 ratio, 

Ba0.6Sr0.4TiO3 forms the matrix while Sm2O3 forms the pillars. This is also consistent 

with the earlier reports in PLD-grown BaTiO3 – Sm2O3 system which shows Sm2O3 as 

the nano-pillars.30 It is important to note that while PFM results show a hint of 

vertically-aligned nanocomposite (VAN) structure, no such evidence can be obtained 

from XRD scan (e.g. no clear BaTiO3 peak was observed). In addition, Figure 6.5 does 

not represent all of the films grown in this study. Nevertheless, this is an encouraging 

preliminary step towards obtaining self-assembled VAN using sputtering because PFM 

data shows that the film surface consists of at least 2 different phases, one piezoelectric 

(the bright region in Figure 6.5 (b)) and the other one showing no piezoelectric response. 

Secondly, although arguments can be made that the bright region in the PFM image is 

the result of current leakage through conducting grain boundaries, the non-leaky shape 

of P-E loop as well as the low level of leakage current density shown in Figure 6.6. (a) 

and (c) excludes this possibility.   
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Figure 6.5. (a) 2θ-ω XRD scan and (b) PFM amplitude scan for BaTiO3-Sm2O3 film 

grown on Nb:STO (001) conductive substrate. 

 

In order to have clear comparison with the literature, Figure 6.6 shows the ferroelectric 

hysteresis curve as well as the leakage current curve of sputter-grown BaTiO3-Sm2O3 

film compared to PLD-grown film from the literature.30 
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Figure 6.6. (a) Ferroelectric hysteresis loop of sputter-grown nanocomposite BaTiO3-

Sm2O3 film with 200 nm thickness grown on Nb:STO (001) substrate. (b) Figure 

adopted from literature showing PLD-grown BaTiO3-Sm2O3 nanocomposite film with 

1 µm thickness.30 (c) J-E plot showing leakage current density of sputter-grown 

BaTiO3-Sm2O3 film compared to (d) literature J-E plot showing leakage current of pure 

BaTiO3 as well as PLD-grown BaTiO3-Sm2O3 nanocomposite film with 600 nm 

thickness.30 (Figure B and D from 30) 

As seen from Figure 6.6. (a) and (b), the sputter-grown film shows lower 

polarization (≈ 30 µC/cm2) compared to the PLD-grown film (≈ 80 µC/cm2. The 

primary reason for this is because the polarization in Figure 6.6. (a) did not saturate up 

until the point of dielectric breakdown. Another contributing factor that can be 
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associated with this is the better crystalline quality of the PLD-grown material and also 

the highly strained (2.35% strain) BaTiO3 phase in the reported PLD-grown 

nanocomposite. In addition, the observed coercive field was similar between sputter-

grown (≈ 250 kV/cm) and PLD-grown film (≈ 200 kV/cm). In addition, the sputter-

grown film shows lower remnant polarization (≈ 5 µC/cm2) as compared to the PLD-

grown film (≈ 21 µC/cm2). 

Figure 6.6. (c) and (d) shows the comparison of leakage current density between 

the sputter-grown film and the PLD-grown film from literature. The leakage current of 

the sputter-grown film was similar to those of PLD-grown pure BaTiO3 film which was 

approximately 1 order of magnitude higher than the PLD-grown nanocomposite film. 

Nevertheless, it is important to note that the sputter-grown leakage current was 

characterized using 2-point probe setup as opposed to 4-point probe which was used in 

the PLD-grown film. The use of 2-point probe to characterize leakage current might 

have resulted in inaccuracy of the resistivity and leakage current values due to the 

contribution from contact resistance. 

 

It is important to note that while the PFM result shown in Figure 6.5 confirms 

phase separation on the film surface, it does not confirm that the nanocomposite film is 

vertically aligned. What could have been a solid confirmation was cross sectional TEM 

as shown in Figure 6.7. However, due to the low resolution of the available TEM as 

well as inferior sample preparation technique (e.g. the specimen cross section has to be 

atomically thin for electron beam to penetrate and thus reveal the phase-contrast), the 

figure did not show clear vertically aligned structure.  
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Figure 6.7. Cross section TEM of the BaTiO3 – Sm2O3 nanocomposite film. In this film, 

no obvious vertically aligned structure can be observed. (TEM was done in the Institute 

of Materials Research and Engineering, Singapore with the help of Dr. Nancy Wong). 

In summary, ferroelectric behavior was observed in sputter-grown BaTiO3-Sm2O3 

film, albeit inferior in terms of polarization as compared to PLD-grown film. Electrical 

characterization of the film shows low leakage current density as well as reasonable 

level of ferroelectric polarization, albeit not saturated. PFM scan confirms nano-

columnar surface of the film. However, it is important to acknowledge that the film 

could not be poled using PFM (which can only apply 10 V voltage) owing to its high 

level of thickness (200 nm) which means a voltage of more than 20 V is required to 

produce the necessary electric field of 1000 kV/cm, as in the case for PLD-grown film 

in the literature (Figure 6.6.(b)). Further to that, no clear BaTiO3 peak was observed in 

the XRD scan. This can be due to overlapping with the STO substrate peak and low 

level of crystallinity of sputter-grown film. In addition, preliminary study using TEM 

did not show clear vertically aligned structure.  

Therefore, no solid conclusion can be drawn whether or not the nanocomposite is 

ferroelectric. The bottom line is that however, the nanocomposite film shows phase 

separation, as evidenced from PFM image shown in Figure 6.5.  However, to arrive at 

a solid conclusion, two further experimental verification have to be carried out. Firstly, 
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the vertically aligned structure has to be confirmed by high resolution TEM setup 

(which was not available when the study was done). Secondly, film with lower level of 

thickness is required for electrical poling to be effective in PFM, therefore providing 

the possibility to confirm ferroelectricity in the film. In conclusion, this study shows 

some promises as well as some experimental challenges arising from sputtering VAN 

structure and can be a good basis for further study in this direction.  
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6.2. Sputtering Growth of Other Nanocomposite 

Materials 

Besides the BaTiO3–Sm2O3 system shown in section 6.1, we have attempted to 

grow two other combinations of nanocomposites namely BaTiO3–Cu2O as well as 

Cu2O-ZnO. The rationale of choosing the two compositions for my study was that Cu2O 

is a well-reported p-type material while ZnO is a well-known n-type material for 

photovoltaic applications.180 

 

6.2.1. Cu2O-ZnO Nanocomposite 

Figure 6.8 shows the 2θ-ω XRD profiles of Cu2O-ZnO nanocomposite grown 

using co-sputtering from two separate 3-inch targets of ZnO and Copper, respectively. 

It can be observed that both Cu2O and ZnO peaks were present in the nanocomposite 

film. It should be acknowledged that this work did not go through systematic 

optimization process because it was done as part of curious exploration while waiting 

for the commercial targets for BaTiO3-Sm2O3 system. Thus, only data from film with 

clear peaks showing both Cu2O and ZnO phases are shown. The sputter deposition was 

done at 700 °C substrate temperature, argon to oxygen ratio of 3:1 and total chamber 

pressure of 6.0 Pa. The sputter power was adjusted to be the same (100 W) for both 

targets. However, the molar ratio of the two phases in the nanocomposite film is not 

known (or separately characterized) due to different sputter yield in different target. 

Deposition was carried out for 2 hours in total which consists of 20 minutes of 

depositing only from ZnO target, followed by 80 minutes of depositing from both 

targets, and lastly 20 minutes of depositing only from Cu2O target. However, no 

thickness data was available on this film due to limitation of characterization equipment.  
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Figure 6.8. 2θ-ω XRD profile of Cu2O-ZnO nanocomposite film showing clear, 

separate peaks of both phases.  

 

Preliminary photovoltaic effect characterization done on the sample did not show 

any open circuit voltage nor short circuit current, as shown in Figure 6.9. The primary 

reason of the absence of observable photovoltaic behavior can be associated with 

incompatible length scales in Cu2O. Although it was well reported that nanostructured 

architectures can result in better charge collection, Cu2O nanostructure was reported to 

have incompatibility between the nanostructure size required for efficient charge 

collection (< 1 μm) and the thickness necessary to form enough built-in potential that 

prevents recombination (> 2 μm).181  
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Figure 6.9. Schematic diagram showing the Cu2O-ZnO nanocomposite film as well as 

preliminary photovoltaic characterization.   

 

In conclusion, although no photovoltaic properties has been observed in this 

system, preliminary results shows that it is possible to form phase-separated 

nanocomposite of oxide photovoltaic materials by sputtering without requiring careful 

optimization of sputter growth parameter (compared to the case for BaTiO3-Sm2O3) 

although further study has to be conducted to confirm the morphology of the film. The 

primary challenge of this system is believed to lie in optimization of electrical transport 

properties for photovoltaic characterizations.  

6.2.2. BaTiO3-Cu2O Nanocomposite  

The rationale behind this material system is to make use of the ferroelectric built 

in internal electric field of BaTiO3 phase to induce charge separation in Cu2O. Similar 

to Cu2O-ZnO system, no systematic optimization was conducted for this system. The 

nanocomposite film was grown using co-sputtering from two separate 3-inch targets of 
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BaTiO3 and Copper, respectively. The sputter deposition was done at 700 °C substrate 

temperature, argon to oxygen ratio of 3:1 and total chamber pressure of 6.0 Pa. The 

sputter power was adjusted to be the same (100 W) for both targets. Figure 6.10 shows 

the 2θ-ω XRD profiles of BaTiO3-Cu2O nanocomposite. Both Cu2O and BaTiO3 peaks 

were observed in the XRD scan. Besides XRD, FESEM scan done on this films shows 

rough texture with sign of phase-separation, as shown in Figure 6.11.  

Figure 6.10. 2θ-ω XRD profile of BaTiO3-Cu2O nanocomposite film showing clear, 

separate peaks of both phases.  
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Figure 6.11. FESEM image showing rough texture of agglomerates on the BaTiO3-

Cu2O nanocomposite film. 

While both XRD scan and FESEM image shows phase separation of BaTiO3 and 

Cu2O, it is by no means a solid confirmation that the two phases in the nanocomposite 

are vertically aligned. Thus, in order to provide additional support that the phases are 

indeed vertically aligned, electrical characterization was done on the sample. Figure 

6.12 shows the P-E loop of the sample measured in in-plane vs out-of-plane direction.  

 

It can be observed from Figure 6.12 that the phase-separated nanocomposite 

BaTiO3-Cu2O shows very leaky behavior in the out-of-plane direction while the in-

plane P-E loop shows dielectric behavior. As Cu2O has very low resistivity compared 

to BaTiO3, the source of lossy behavior in the out-of-plane direction must be originated 

from Cu2O, which can be associated with a percolative path from which current travels 

in the out-of-plane direction. The absence of lossy behavior in the in-plane P-E loops 

re-inforce the suggestion that the nanocomposite is vertically aligned instead of 

randomly dispersed. Therefore, this observation points to a strong possibility that the 

nanocomposite is indeed vertically aligned. 
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Figure 6.12.  P-E loop of BaTiO3-Cu2O nanocomposite film in (a) in-plane direction 

and (b) out-of-plane direction. 

In conclusion, it was observed that BaTiO3-Cu2O nanocomposite shows promising 

possibility to be vertically-aligned albeit with no systematic optimization. Detailed 

study is required to find out the underlying principle behind the relative ease for certain 
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material combination for form phase-separated vertically-aligned nanocomposite. (e.g.  

in BaTiO3-Cu2O case, clear and sharp peaks corresponding to both phases were 

observed in XRD while it was not the case for BaTiO3-Sm2O3). In my study, one 

possibility that can be associated with the relative ease of formation of BaTiO3-Cu2O 

nanocomposite as compared to two other systems is the ionic radii differences of all the 

species involved in the nanocomposite. As shown in Figure 6.13, Cu atom is much 

smaller compared to Ba atom, thus there will be lower possibility of intermixing 

compared to the case of BaTiO3-Sm2O3 where the atomic radii of Cu and Zn are very 

similar. 

 

Figure 6.13. Ionic radii of different atoms of the periodic table. (Image from 182). 
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6.3. Limitations and Challenges in Using Sputtering 

for VAN Growth 

As discussed in Chapter 2, the great potential in using sputtering to grow VAN 

architecture compared to PLD lies in its scalability. Nevertheless, compared to PLD, 

sputtering process is fundamentally different. Some basic major differences listed in the 

table below will be discussed in more details in the subsequent sub-section.  

 

 Sputtering PLD 

1 Different sputter yield for different 

materials 

All materials are ablated at the same 

time 

2 Complex inter-relationship between 

deposition parameters 

Relatively little inter-relationship 

between deposition parameters 

3 Continuous deposition Short deposition pulses 

 

Table 6.1. Fundamental differences in deposition process between sputtering and PLD.  

6.3.1. Ablation Selectivity 

It is a well-known phenomenon in sputtering that different elements have different 

sputter yield even under the same power.107 As the deposition of VAN structure often 

involves complex combination of elements, this presents obvious limitations for 

sputtering. On the other hand, VAN structures have been successfully grown using PLD 

thanks to its non-selectivity during ablation process (i.e. all species are ablated 

simultaneously).  

 

One way to circumvent the problem of different sputter yield is to use co-

sputtering (e.g. simultaneous sputtering from different gun sources containing different 

targets). However, co-sputtering present another challenges due to the unique inter-

dependency between deposition parameters which will be discussed in the next section 
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(e.g. total gas pressure may have different effect on different sources), making it hard 

to control the final composition of the film.  

6.3.2. Inter-relationship between Deposition Parameters 

Table 6.2 presents the comparison of deposition parameters that can be controlled 

in sputtering and PLD.  

  

 Sputtering PLD 

1 Sputtering Power Laser Fluence (energy density) 

2 Total gas pressure Total gas pressure 

3 Target-substrate distance Target-substrate distance 

4 Ar/O2 mixture ratio Laser repetition rate 

5 Substrate temperature Substrate temperature 

 

Table 6.2. Deposition parameters in sputtering and PLD. 

 

Before we discuss about complex inter-relationship between parameters in 

sputtering, we will start off by discussing the deposition parameters of PLD. In PLD, 

most of the deposition parameters can be tuned rather independently without affecting 

each other. For instance, tuning laser fluence will not affect the total gas pressure in the 

system. Likewise, laser repetition rate, substrate temperature, and target-substrate 

distance can be independently adjusted to fit the deposition requirements. The only 

parameters that can have overlapping effect with each other is total gas pressure and 

target-substrate distance.  

 

In general, when the atomic species was first ablated from the target, they have 

very high kinetic energy. The role of background gas pressure is to scatter and retard 

the violent movement of these atomic species. Thus depending on the pressure, the 

energy at which atomic species arrive at the substrate can be controlled. On the other 

hand, given constant pressure, the energy of the arriving species can also be controlled 
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by adjusting the distance between target and substrate (e.g. further distance will result 

in lowering of the kinetic energy of the atomic species). The relationship between 

pressure and target-substrate distance in PLD can be expressed by the following simple 

equation: 

                                                          Pdr = C                                                       (6.2), 

where P is the total gas pressure, d is the distance between target and substrate, r is a 

positive coefficient which is material-dependent and C is a parameter which depends 

on both the materials and PLD system geometry. From equation 6.2., it can be seen that 

increasing gas pressure has similar effect (albeit not linear due to the r factor) compared 

to increasing target-substrate distance and vice versa. Apart from this inter dependency 

between pressure and distance, however, all other parameters can be tuned 

independently in PLD. 

 

Moving on to sputtering, apart from substrate temperature, all other parameters 

have certain degree of inter-dependency. For instance, as discussed in section 6.1.3, in 

equation 6.1., both sputter power and pressure can affect the built in self-bias voltage 

in RF sputtering, which in turn affect sputter yield and consequently, deposition rate. 

In addition, it is well known that in order for plasma to be self-sustaining, the product 

of pressure and target-substrate distance must satisfy a certain value (also known as 

Paschen’s law).107 For instance, in DC sputtering, in order for plasma to self-sustain,  

                                                          Pd > 0.5 cm*Torr                                                   (6.3), 

where p is the total pressure (in Torr) and d is the target-substrate distance (in cm). 

 

In addition, changing the Ar/O2 ratio will directly affect the deposition rate as well. 

In other words, the deposition rate in sputter deposition is affected by power, gas 

pressure, gas mixture, as well as target-substrate distance. Therefore, it is obvious that 

the optimization process in sputter growth is much more tedious compared to PLD 

growth where most parameters can be independently controlled and studied.  
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6.3.3. Continuity of Deposition 

Another important difference between sputter growth and PLD growth lies in the 

continuity of deposition process. For instance, in sputter growth, atomic species arrives 

continuously on the substrate while growth is taking process. In other words, deposition 

(adsorption of species) and growth happens at the same time on the substrate.  

 

On the other hand, in PLD, high supersaturation of arriving atomic species on the 

target during the deposition pulse is used to impose layer-by-layer like growth. The 

pulsed nature of deposition in PLD cause a separation of the deposition (adsorption) 

and growth in time; almost no nucleation and growth takes place during the deposition 

pulse. Determination of the kinetic growth parameters in between the deposition pulses 

is, therefore, less complicated (e.g. by adjusting laser repetition rate, one can directly 

control the growth kinetics).107 

 

In conclusion, the route to film growth optimization in sputtering is much more 

tedious compared to PLD. In our study, there are some limitations in the equipments in 

terms of the range of parameters that we can explore. For instance, the total gas pressure 

is limited at 0.5 Pa to 8.0 Pa, which is not a big range. Thus, the entire optimization 

process requires careful study of the effect of each parameter and circumvention of 

limitations in sputter growth either by modifying the equipment of by adopting new 

technology. 
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Chapter 7 Conclusions and Future 

Works 

This dissertation works center around a newly emerging architecture in oxide thin 

film, the vertically aligned nanocomposite. The main advantage of this architecture 

compared to conventional single/multi-layer thin films is the ability to induce and 

maintain large level of strain without strain relaxation at high level of thickness. 

Because of it being relatively recently developed architecture, no study was done to 

elucidate the origin of its strain states, which is of paramount importance since the 

understanding of strain states would enable one to more effectively design material 

system with desired level of strain to enhance its functional properties. In view of that, 

the origin of strain was elucidated by studying Ba0.6Sr0.4TiO3-Sm2O3 VAN with 

different phase ratios. It was concluded from the study that while phase ratios dictates 

which phase to be the matrix and pillar, the strain level originates from the combination 

of lattice mismatch as well as thermal expansion mismatch between the two phases in 

the nanocomposite.  

 

In addition, to examine the importance of strain not only in the biaxial (in-plane) 

direction but also in the out-of-plane direction, studies of the effect of c/a ratio on 

physical properties were done on both Ba0.6Sr0.4TiO3-Sm2O3 and Sm0.34Sr0.66MnO3–

Sm2O3 VAN thin films. It was found that ferroelectricity is enhanced by large c/a ratio 

in Ba0.6Sr0.4TiO3-Sm2O3 system. In addition, ferromagnetism was induced from 

otherwise antiferromagnetism state by inducing a strain state which results in c/a ratio 

of close to unity in Sm0.34Sr0.66MnO3–Sm2O3 system. These studies are important 

because they show different effects of strain on physical properties and thus serve as 

guidance for choosing the appropriate materials to give the appropriate strain level 

which eventually enhance its physical properties.  

Finally, the potential of scalability was explored by using sputtering to grow VAN 

structure instead of the commonly used PLD growth. This study is extremely important 
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because scalability is essential for good science to translate into good applications, and 

sputtering generally is a more suitable method for this purpose. BaTiO3–Sm2O3 was 

used as a primary study material due to its well reported VAN properties in the literature. 

Besides this, BaTiO3-Cu2O and Cu2O-ZnO were also explored. Preliminary results 

from XRD, SEM, TEM as well as electrical characterization of these films showed 

signatures of VAN structures. Nevertheless, no solid conclusion can be drawn whether 

or not the nanocomposites are indeed vertically aligned although signature of phase 

separation was observed in PFM and SEM. Likewise, the functional properties (e.g. 

ferroelectricity) warrants further confirmation due to limitation of experimental 

resource/capability. Very importantly, the vertically aligned structure has to be 

confirmed by high resolution TEM setup and delicate TEM sample preparation. In short, 

this part of study presents some initial exploration into sputtering for VAN which shines 

light into the primary differences between PLD and sputtering and thus can provide 

guidance on potential challenges in optimization process. Although extensive works 

still need to be done on the system, this will make a good case for further studies as 

well as set up the stage for further exploration of sputtering method to grow VAN 

structure. 

Since the foundation of good research lies in asking the right questions, future 

work that will be interesting to explore in this area including, but not limited to the 

following questions: 

1. Is it possible to achieve the same strain states and same functional properties 

enhancements in sputter-grown VAN compared to PLD grown VAN? What are 

the critical factors that can be potential limitations/challenges? 

2. Can we achieve 3D strain states in most other materials? (e.g. not limited to 

oxides and metals)  

3. Can VAN structure be grown on non-single crystal substrates? (e.g. glass or 

silicon)  

4. Can VAN structure enhance other functional physical properties? (e.g. 

Thermoelectric)
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