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ABSTRACT

Understanding how light interacts with the matter is essential for developing future opto-
electronic devices. Furthermore, tuning such light-matter interaction requires designing new
material platforms that is essential for developing devices which are functional in different light
wavelength regimes. Among these designs, particle-in-matrix, multilayer or nanowire morphology,
consisting of metal and dielectric materials, have been demonstrated for achieving improved
physical and optical properties, such as ferroelectricity, ferromagnetism and negative refraction.
For example, Au-TiO> two phase nanocomposite has been explored in this dissertation as a way
of achieving enhanced photocatalysis. However, due to the availability of a limited range of
structures in terms of crystallinity and morphology in the two-phase nanocomposites, a greater
design flexibility and structural complexity along with versatile growth techniques are needed for
developing next generation integrated photonic and electronic devices. This can be achieved by
incorporating a third phase through the three phase nanocomposite designs by judicious selection
of materials and functionalities.

In this dissertation, a new nanocomposite design having three different phases has been
introduced: Au, BaTiOs and ZnO, which grow in a highly ordered ‘nanoman’-like structure. More
interestingly, the three phases in the novel ‘nanoman’-like structure combine to give an emergent
new property which are not found individually in the three phases. The ordered ‘nanoman’-like
structures enable a high degree of tunability in their optical and electrical properties, including the
hyperbolic dispersion in the visible and near infrared regime, in addition to the prominent
ferroelectric/piezoelectric properties. Moreover, the growth kinetics and the thermal stability
(using in-situ Transmission Electron Microscopy) of the ‘nanoman’ structures has also been
studied. This study introduces a new growth paradigm of fabricating three-phase nanocomposite
that will surely generate wide interests with potential applications to different systems. The ordered
three-phase ‘nanoman’ structures present enormous opportunities for novel complex

nanocomposite designs towards future optical, electrical and magnetic property tuning.
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1. INTRODUCTION

Self-assembled nanocomposite thin films offer an interesting way towards functionality
coupling and achieving novel physical properties. In this chapter, the growth mechanisms of single
phase and two-phase nanocomposite thin films are discussed followed by the discussion on the
factors influencing thin film morphologies. The background of vertically aligned nanocomposites

(VAN), functionality and new metal-dielectric nanocomposites is also discussed.

1.1 Epitaxial growth of thin films

Thin film growth differs significantly as compared to bulk material processing methods. For
example, rutile is the more thermodynamically stable phase of TiO2 in the bulk form. However,
when it is grown on single crystal SrTiOz (STO) (001) or LaAlOs (LAO)(001), the metastable
anatase phase is formed. Moreover, when grown on (1120) Al,Os, the thermodynamically stable
rutile phase is formed®. The most thermodynamically stable grows on the substrate regardless of
whether that phase is present in the target or not?. This phenomenon is termed as the epitaxial
stabilization in thin films. The following section presents the growth thermodynamics of single-
phase thin films.

1.1.1 Growth thermodynamics for single phase nanocrystalline thin film

For a nucleus of the growing phase, the Gibbs free energy of formation can be written as:

AG, =AgV +0S +AG™™ (1.1)

where Ag is the specific Gibbs’ energy of the bulk material, V is the volume of the nucleus, o is
the surface energy, S is the surface area of the nucleus and AG®"* is the additional energy term
due to the stress imposed on the growing phase by the surface.! For simplification, let’s assume a
square shaped nucleus with side d and height h growing on a square like film-substrate interface
with lattice parameter of as and as for film and substrate respectively. Let’s consider two competing
phases 1 (') (e.g.: anatase) and 2 (") (e.g.: rutile) where Ag"<Ag' but 1 grows coherently while 2

grows incoherently on a particular substrate.

AG, ':Ag'd2h+asc'd2+av'(d2+4dh)+hligzd2 (1.2)
-V
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AG,"=Ag"d*h+0°, "d* +0""(d* +4dh) (1.3)

where ¢°c' and &°ic" refers to the surface energy of coherent nucleating phase and incoherent
nucleating with the substrate respectively. ¢" and ¢ refers to the surface energy of the nucleating
phase with the vapor which is assumed to be the same for both the coherent and incoherent phases
(6""= 6"). Therefore, it is assumed that the energy contribution by edges and surfaces of islands is
the same for both phases. ¢ is the strain in the growing nucleus due to the lattice mismatch between
the film and substrate given by (as- as/as). The energy contribution due to strain is not present for
the incoherent phase due to the higher ¢%¢" as compared to ¢°c' (10-100 times larger). Therefore,

free energy per unit surface associated with the transfer from a coherent to an incoherent phase,

AE is given by:
AG, AG,"-AG,"
AE, = dzf = fdz ! (1.4)
AE =h[(Ag"-Ag) -~ F- 6]+ (0%, =0 ) (1.5)
-V

Hence, when AE is negative, transformation from the coherent phase to incoherent phase
will take place. The first term is negative while the second term is positive. Since, there is a h
dependence on the first term, the Gibbs free energy of formation is positive (the second term is
dominant) during the initial growth period. In other words, the system tries to minimize its overall
energy by growing coherent phase (anatase) as opposed to the more thermodynamically stable
incoherent phase (rutile). This phenomenon is essentially called epitaxial stabilization. Once the
film growth process starts, the negative term starts increasing until a height where AE is zero. This
is the critical height after which the system prefers to grow the more thermodynamically stable
phase. The transition energy term varies quadratically with the lattice mismatch term ¢ (of the
coherent phase) while it varies linearly with other variables such as surface energy and free energy
difference. Hence, if the lattice mismatch of the coherent phase is small, then it can lead to a high
critical thickness. The effect of dislocations and grain boundary on the free energy term have been
neglected.

Figure 1-1 shows the transformation energy for TiO. from anatase to rutile polymorph

using eq. 1.5.1 As seen in Figure 1-1a, metastable anatase phase grows epitaxially on (001) LAO
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up to a critical thickness value corresponding to AE=0, after which rutile phase starts to grow.
However, in Figure 1-1b, thermodynamically stable epitaxial rutile phase is formed from the

beginning on (1120) Al,O3 with no formation of anatase polymorph observed.
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Figure 1-1: Transition energy for the transformation of TiO> anatase phase to TiO; rutile phase
on (a) (001) LAO substrate and (b) (1-102) Al2Os substrate. Inset shows the enlarged graph near
the transition point?

1.1.2 Growth mechanism of two-phase nanocomposites

Typically, two phase nanocomposites exist in three different thin-film forms: (i) nanoparticles
in matrix (0-3 type), (ii) multilayer (2-2 type) and (iii) vertically aligned nanocomposites (VAN)
(1-3 type). All the designs allow control over the interface quality, microstructure and strain®. The
formation of two-phase nanocomposite thin films takes place through two main mechanisms: (i)
nucleation and growth and (ii) spinodal decomposition. These are the two main processes to obtain
phase segregation from a uniform solid solution. In nucleation and growth process, small clusters
of one phase begin to form in the matrix of the second phase resulting in a random distribution of
the phases. While in spinodal decomposition, small composition fluctuation makes the solid
solution thermodynamically unstable resulting in a sinusoidal composition fluctuation?. The

following section will explore each of these processes in detail with related examples.

Nucleation and growth
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When the adatoms condense on the substrate, they may either re-evaporate or diffuse along the
surface. Diffusion along the surface can again lead to either re-evaporation or adsorption at special
sites such as edges or kinks as shown in Figure 1-2. During the film growth, interdiffusion of the
substrate and film atoms occurs to smoothen the film/substrate interface?.

If the film growth is considered as a thermodynamic equilibrium process, then surface
processes such as condensation and re-evaporation must be balanced. However, since the film
growth takes place, the growth process must be a non-equilibrium kinetic process. Therefore, the
thin film deposited may not be the most thermodynamically stable one, since the growth process
is kinetically determined. Nevertheless, it is possible to use equilibrium thermodynamic arguments
(as shown earlier) even though the overall growth process is a non-equilibrium Kinetic process®.

There are generally three possible thin film growth modes: (i) island or VVolmer-Weber (VW)
mode, (ii) layer or Frank-van der Merwe (FM) mode and (iii) layer plus island or Stranski-
Krastanov (SK) mode. The schematics of these growth modes is given in Figure 1-3. In VW mode,
formation of small clusters or islands occurs due to the stronger bonding of the deposited adatoms
to each other than the substrate. Typical example of this growth mode includes the growth of metal
and semiconductor films on oxide substrates. While the opposite is true in case of Frank-van der
Merwe mode, in which adatoms are more strongly bonded to the substrate than to each other
leading to formation of multilayers. This growth mode is observed in the epitaxial growth of oxide
and semiconductor materials. In Stranski-Krastanov mode, formation of islands takes place after
the formation of few monolayers. Factors such as change in lattice mismatch, symmetry or
orientation of the intermediate can be the cause of the subsequent island growth typically after 5-
6 monolayers. This is the most common growth mode and has been observed in various metal-

oxide and metal-metal systems®.
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Figure 1-2: Schematic showing various processes involved in nucleation and growth on surfaces

s,

(C) oo® o0 00000
)

Figure 1-3: Schematic showing different growth modes: (a) Volmer-Weber (VW) (island)

growth, (b) Frank-Van der Merwe (FM) (multilayer) growth and (c) Stranski-Krastanov (SK)
growth
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A classification between the layer and island growth modes can be made in terms of the
surface tension of film/substrate (yrs), substrate/vacuum (ysv) and film/vacuum interface (yrv). For

a contact angle 0 (in Figure 1-4), the relationship is given by:
Ysv =7Vse + Ve COSO (1.6)

For the island growth mode: 6>0, ysv < yrv + yrs

For the layer growth mode: 6=0, ysv > yev + yrs

Film Nucleus

Vapor
Ysv

Substrate

Figure 1-4: Film nucleation process on the substrate

In case of homoepitaxy, yrs=0 since the substrate and the film are essentially the same
material leading to a high-quality growth. Therefore, to obtain high quality multilayer deposition
in case of heteroepitaxy, surface energy difference between film and substrate should be small.
Typically, a material with low surface energy wets the surface with higher surface energy. During
the film growth process, nucleation is preferred at specific sites such as step edges, defects, kinks
etc. After a critical nucleus size is achieved, it can start to grow. The growth process depends on
kinetic parameters such as growth rate, temperature (which changes the diffusion coefficient),
pressure etc. of the system®.

For fabricating two phase nanocomposites, the two phases must be immiscible in each
other. The size, distribution and orientation of the phases is strongly dependent on (i) composition
ratio of phases A and B, (ii) the surface energies and crystallographic relations between each phase

and the substrate and between the two phases, and c) the growth kinetics?.
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The overall strain in the nanocomposite thin film is the sum of individual strain from both
phase A and B interfaces with the substrate. Therefore, the composition ratio A:B plays an
important role in determining the final microstructure. For many demonstrated VAN systems,

phase and compositions are chosen such as to minimum the average in-plane strain®.

Spinodal Decomposition

If the two phases are immiscible in each other, i.e., they do not form a solid solution, then the
two phases will grow on the substrate by nucleation and growth. If the two phases form a solid
solution (show miscibility), then a single phase will grow by nucleation and growth. However, if
the two phases possess a positive enthalpy of mixing and show miscibility at high temperatures
with a tendency towards clustering at low temperature, then complete mixing of both the phases
is energetically not favorable. In such situations, the solution can spinodally decompose into a
mixture of two phases with different composition in order minimize the overall free energy.?

Unlike phase separation via nucleation and growth process, spinodal decomposition doesn’t
require nucleation and is completely controlled by diffusion which leads to spontaneous phase
separation with nanoscale composition fluctuation. Moreover, the interfaces between the separated
phases remain coherent which can lead to essentially better physical properties such as reduced
light scattering for optical application. Spinodal decomposition leads to creation of regions with
slightly different lattice parameter which leads to the development of local strain. In order to
minimize this strain, often spinodally decomposed systems produce self-assembled and highly
spatially ordered nanostructured thin films. This mechanism also offers a unique approach for the
scalable fabrication of nanostructured materials with controlled structural properties at the
nanoscale. Given enough time, the system will become a mixture of two discrete phases with
compositions determined by the free energy minima’.

Spinodal systems generally consist of two phases having similar crystal structures and
properties and produce self-assembled, highly ordered microstructures. Typically, oxides exhibit
wide miscibility with each other, hence have a great potential to undergo spinodal decomposition
and to show self-assembled, high spatial ordering. Spinodal decomposition has been observed in
both bulk oxide material and oxide thin films. The following section discusses about few examples

which are prevalent in oxide thin films?.
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Spinodal decomposition leading to the formation of two phase nanocomposites has been shown
in various oxide systems such as 1:1 BiFeO3:Sm,O3® in a checkerboard morphology as shown in
Figure 1-5. The phase separation is quite distinct to be observed in X-ray Diffraction which
suggests that the final phases are close to the free energy minima which is possible to achieve in
reasonable timescales because of the rapid growth kinetics. Checkerboard structure has also been
demonstrated in Zn(Mn,Ga)204 films with regularly spaced and alternating orthorhombic (Mn-
rich) and rotated tetragonal (Mn-poor) regions®. By forming this type of structure, the system can
effectively minimize its strain energy due to the lattice mismatch between the two phases and can

also minimize the misfit dislocations.

Figure 1-5:Cross-section and planar TEM images showing the checkerboard structure in
Bio.sSmosFeO3 thin films®

Recently, spinodal decomposition has also been shown in the TiO2-VO; system to obtain
self-assembled multilayer and vertically aligned nanostructures both by sputtering and pulsed laser
deposition (PLD) techniques. Spinodal decomposition in TiO2-VO2 system has been shown in bulk
form as early as 1998 but only recently have they been studied in much greater detail both in bulk
and thin film form. Sun et al.*® demonstrated the growth of amorphous TiO2-VO2 by room
temperature sputtering process. However, annealing the film at 500 °C for 10 hrs gives rise to the
multilayer TiO2-VO. structure by spinodal decomposition as shown in Figure 1-6. The lattice
mismatch between TiO2 and VO3 is 0.61% along a axis and 3.3% along c axis, therefore, the
phases get separated along the c direction in order to minimize the strain energy. This highly
anisotropic stress is also useful in lowering the transition temperature of VO.. Since both TiO2 and
VO, exhibit different optical properties, this combination can lead to an interesting metamaterial
design. For example, this system has been proposed to be used in smart windows and enhanced

optical switching. Following this work, Chen el al.” showed the spinodal decomposition in the
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same system using PLD. However, the authors also reported the possibility to make a multilayer
or vertically separated phases. Since the modulation is always along the c direction (in the substrate
reference frame), by changing the orientation of the substrate, it is possible to change the
morphology of the film. Growth of thin films on (001) and (100) TiO> substrates followed by
annealing gives rise to a multilayers and vertical pillar morphology respectively with periodicity
of 15-20 nm. Similarly, other spinodal systems such as ZrO-SiOz, Y203-SiO2, HfO2-SiO, Al>Os-
SiO2, Al203-Cr203 and AIN-SiC are known to exist in bulk forms but haven’t been studied in detail
thin film form?Z,

Thus, spinodal decomposition shows the potential of producing self-assembled films with
high spatial ordering. Minimization of interfacial and strain energy and substrate surface directed

spinodal decomposition (substrate orientation) are the main factors that are responsible for

controlling the morphology of growth.

Figure 1-6: Cross-section TE images (a,b), EDS imaging (c,d) and HAADF-STEM images
showing the TiO2-VO2 phase-separated heterostructure on (001) (a,c,e) and (100) (b,d,f) oriented
rutile TiO substrates’

1.2 Morphological Control in thin films

As mentioned previously, morphological control is critical for tuning the physical properties of the
nanocomposite. The following section discusses the important factors that play a crucial role in
determining the morphology of the nanocomposite. Most of the study has focused on tuning the
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morphology of oxide-oxide nanocomposite systems, therefore the following section mainly

discusses about them.

1.2.1 Interfacial strain

From the epitaxial stabilization model for thin films, a quadratic dependence of strain on
the free energy was obtained. Therefore, the system tries to minimize its interfacial strain energy
arising due to the lattice mismatch of one phase with the substrate and with the other phase by
changing its orientation or its polymorphic form. In this regard, the design of VAN offers several
advantages. This is mainly because of the vertical strain control owing to the larger vertical
interfacial area as opposed to the single interface with the substrate in the case of layered structures.
The vertical strain coupling between the phases can be maintained up to a large thickness range.
The vertical interfacial strain effects have been demonstrated in the STO:MgO?*2, BTO-CFO*2 and
BTO-Smz03% nanocomposites. (STO)o.5:(MgO)os VAN on STO shows a perfect lattice matching
epitaxy both in-plane (with the substrate) and with the phases. HRTEM images shown in Figure
1-7 shows the film/substrate interface with no obvious misfit dislocations observed from the FFT
image. Although there is a 7.3% lattice mismatch between STO and MgO, no dislocations are
observed here since the VAN systems can accommodate much larger strains in the system??,

Moreover, Chen et al.** and Choi et al.’® showed both layered supercell and tetragonal
structures respectively from the same starting Bi.FeMnOg (BFMO) phase by taking advantage of
the related interfacial and strain parameters.® The layered BFMO322 (Bi:Fe:Mn=3:2:2) grows
pseudomorphically initially as a highly strained interlayer. After a critical thickness of 3-5 nm,
misfit dislocations form to accommodate the strain to form a new equilibrium layered supercell
BFMO322 structure shown in Figure 1-8(a).}* While factors such as slow growth rates, narrow
temperature window and thinner films (around 30 nm) helps maintain the strain coherency, high
crystallinity and phase purity throughout the film essential for the growth of tetragonal phase as

shown in figure 8(b) .1°
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Figure 1-7: (a) Plan-view, (b) STEM and (c)HRTEM images of STOo5:MgOo5 VAN. (d) shows
FFT of image (c)*?
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Figure 1-8: (a) HRSTEM image showing interface of BFMO layered structure with BFMO
interlayer* and (b) HRTEM showing the interface of highly strained BFMO film®®

30



1.2.2 Substrate selection

A good lattice match with the substrate is essential for the epitaxial growth of films.
Previously discussed example of TiO, grown as metastable anatase phase on STO (001) and LAO
(001) but grown as rutile phase on Al>Os (1-102) show how the selection of substrate can affect
the film growth. Further, the example of TiO2-VO2 nanocomposite shows the effect of substrate
orientation on the film morphology. Figure 1-9 shows the temperature-strain phase diagram for
BaTiOs (BTO).Y It is shown that by changing the in-plane strain (i.e. by changing the substrate),
it possible to modify the crystal structure of BTO from a non-centrosymmetric structure
(ferroelectric) to a centrosymmetric structure (paraelectric). Therefore, this approach can be

exploited heavily to improve the physical properties of the materials.
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Figure 1-9: Temperature-strain phase diagram for BaTiOs*’

1.2.3 Relative composition of the phases

For many demonstrated VAN systems, phase and compositions are chosen such as to
minimum average in-plane strain®. For example, BiFeO3:CoFe;0s4 (BFO:CFO) system in the
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composition ratio between 65:35-33:67 has been shown to exhibit VAN structure as shown in
Figure 1-10. The phase orientation is determined by the minimization of the surface energy. For
the film grown on STO (001), BFO becomes the matrix as the interfacial energy between BFO and
STO (001) is low. CFO forms pyramidal crystallites with {111} faces growing out of plane as
these are its lowest surface energy faces. However, for the film grown on STO (111), situation is
reversed and now BFO forms pyramidal crystallites while CFO forms the matrix. Moreover,
increasing the growth temperature increases the diffusion which increases the pillar diameter®.
For low composition ratios of phase A and B (10:90 or 90:10), either randomly distributed
nanoparticles having coherent or semi-coherent interfaces (high growth rate and low growth
temperature)®® or self-assembled columnar arrangement of nanoparticles (slow growth rate and

high growth temperature) is formed?°.

| 001)

Figure 1-10: Marp_hologygf Bi_Feos-CoFe204 nanocomposite with (a-d) CFO pillars) having
(001) end facet with the film grown on (001) STO substrate and (e-h) BFO pillars having (111)
end facet with the film grown on (111) STO substrate®®

1.2.4 Surface energy of phases with each other and with substrate

As mentioned previously, minimization of surface energy is one of the ways to minimize

the overall energy of the system. Competition between surface energy and orientation-dependent
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strain energy together determines the final phases and film morphology.?* More recently, effect of
surface energy of the substrate/film interface on the film morphology was shown in the LSMO-
CeO; nanocomposite. Fan et al.?2 showed that by annealing the STO (001) substrate, CeO, showed
preferential nucleation and growth on SrO terminated area ((011) out-of-plane) and TiO>
terminated area ((001) out-of-plane) with long-range ordering as opposed to random ordering on
untreated substrates as shown in Figure 1-11. The different orientation of CeO, nanopillars are due
to the different surface energy of SrO and TiO. terminated area. Moreover, the ordered
nanocomposite also showed much better ferromagnetic properties compared to the random

structure.
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Figure 1-11: Plan-view TEM images of LSMO-CeO> VAN with CeO pillars on (a) as-received
and (b,c) annealed STO (001) substrate??

1.3 Vertically Aligned Nanocomposite (VAN) thin films

1.3.1 Overview of VAN thin films

Vertically aligned nanocomposites (VAN) thin films are self- assembled structures in which
both the phases grow epitaxially on the substrate in the out-of-plane direction. Both the phases
grow alternatively and are vertically coupled through an epitaxial relationship or through domain
matching epitaxy (DME). The lattice coupling at the vertical interface between the two phases and
the lateral film/substrate interface play an important role for the growth of VAN thin films.
Nanocomposite thin films typically exist in three different designs: (i) Nanoparticles in matrix (0-
3 type), (ii) Multilayer (2-2 type), and (iii) Vertically aligned nanocomposites (VAN) (1-3 type).
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Among them, VAN thin films have attracted a lot of research interest due to their unique property
of tuning the vertical strain by changing the film thickness.

Several studies have been done on two phase oxide-oxide VAN structures. The two-phase
VAN system was first demonstrated in the Lao7Cao.33MnOs: MgO (LCMO:MgO) thin films in
2002.2* Tunable magnetotransport properties were obtained by doing a systematic strain tuning by
varying the MgO concentration. In 2004, a new BaTiOs: CoFe;O4 (BTO: CFO) system was
demonstrated with spinel CFO pillars embedded as vertical pillars in the BTO matrix.*® This
system exhibited room temperature multiferroic properties by coupling the properties of
ferroelectric properties of BTO and ferromagnetic properties of CFO along the vertical interfaces
of the VAN structure. Figure 1-12 shows a plane view transmission electron microscopy (TEM)
image of a BTO-CFO nanocomposite in which CFO grows as a nanopillar. Similarly, other
systems such as CFO:BFO and BTO:YMO have also been demonstrated as VAN structure.?>%
Also, different VAN structure with different morphologies such as nanocheckerboard, nanomaze
and nanopillar in matrix have been reported.? Table 1-1 summarizes the different oxide-oxide

VAN systems with crystal-structure and functionalities that have been demonstrated.

@ 30 (b)

P (uC/cm?)
=)

=10 ¥
=20 ¥}
_30 2 2 PR 1 2
-90 -60 -30 O 30 60 90

Electric field (MV/m)

Figure 1-12: 1-3 type approach. CFO nanopillars embedded in BTO matrix show enhanced
ferroelectric properties
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Table 1-1: List of VAN systems grouped by their functionalities
Functionalities VAN Systems
Ferroelectric BaTiO3: Sm203?’
BiFeOs: Sm,03®
BaTiOs: Ce0,%
Magnetic and Lao.7SrosMnO3 (LSMO): ZnO%
magnetotransport LSMO: Ce0,?
LSMO: CuO®
LSMO: NiO*

Ni: CeO,*

Co: Ce0*

Ni: BaZrogYo.203*
La;-xCaxMnO3: MgO?*
Co: BazZrOs®

Fe: BaTiOs*

Ni: SrTiOs%’
Multiferroic BiFeOs: CoFe,04%
BaTiOs: CoFe 04
Exchange Bias LSMO: BiFeO3*®
LSMO: NiO%
Optical BiFeOs: Sm204®
Au-VO,*°
Au-LiNbO3*°

Au: BaTiOs*

Cu: ZnO*

Au: ZnO*®

1.3.2 Strain Engineering in VAN thin films

Two types of strain exist in the VAN thin films: (i) substrate induced in-plane strain at the
film/substrate interface, and (ii) out-of-plane strain along the vertical interface of the pillar/matrix
interface. The in-plane strain is the sum of strain from both the pillar/substrate interface and
matrix/substrate interface. In order to reduce the in-plane strain, the pillar or the matrix can show
matching relationship in one of the following three possibilities: (i) cube-on-cube with no in-plane
rotation, (ii) cube-on-cube with 45° in-plane rotation, and (iii) irregular matching with some in-
plane rotation. Case (i) occurs in systems when both the film and substrate are cubic/pseudo cubic
and have a lattice parameter close to 1:1 or 2:1 ratio. Examples of such systems include BTO:CFO,
BFO:CFO, and BFO:LSMO on STO (001) substrate.'33:44 When the lattice parameter ratio of the

film and substrate is close to v/2: 1, then case (i) occurs in systems such as BTO:CeO,, BTO:YMO,
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BTO:Sm;03 and LSMO:CeO, on STO (001) substrate.?6-2345 However, when the film and
substrate have different crystal structure and a large lattice mismatch, then case (iii) takes place in
systems such as LSMO:ZnO on STO (001) substrate. 2946

Substrate-induced strain exists only up to a few nm (~50 nm) after which film relaxation
occurs through the formation of dislocations in single phase thin films. In contrast, the out-of-plane
strain present at the vertical interface of pillar/matrix can exist in a much thicker film (up to few
um) in VAN thin films. Vertical strain between the two phases can be greatly reduced through
domain matching epitaxy (DME). For example, in LSMO:ZnO VAN structure, five of LSMO (001)
planes match with six of ZnO (1120) planes to reduce the vertical to ~0.5%.% In addition,
different secondary phases can be explored to tune the vertical strain of the primary phase. For
example, the out-of-plane lattice parameter of LSMO is 3.86 A on STO substrate, which can be
increased to 3.89 A in the LSMO:ZnO VAN system and further to 3.95 A in the LSMO:YSZ
system.® Therefore, strain tuning of both the lateral and vertical strain can successfully tailor the

microstructure of the film and its physical properties.

1.3.3 Advantages of VAN thin films

The growth of VAN thin films offers several advantages. VAN architecture allows the
growth of materials with high lattice mismatch with the substrate. During VAN growth, both the
phases synergistically work to reduce the mismatch induced strain (both in-plane and out-of-plane)
within the film. Usually, material with a large lattice mismatch with the substrate grows with poor
epitaxial quality or even as polycrystalline films. For example, Sm-doped CeO, (SDC) single
phase film grows as a polycrystalline film on Nb-doped STO (001) substrate since SDC has a
fluorite structure as compared to the perovskite structure of STO.*’ Interestingly, good epitaxy
film is formed when SDC is grown with STO as the secondary phase to form VAN. This is due to
the vertical interface coupling between SDC and STO, which helps stabilize the SDC phase. Since
the two phases are vertically strained, the films can be strained up to a larger thickness as compared
to the single-phase thin films in the VAN architecture.

VAN thin films allow easy integration of different functionality, including ferroelectric,
ferromagnetic, photocatalytic, superconducting and optical properties. In addition, VAN also
allow tunability of these physical properties by changing the pillar density, pillar diameter and

pillar morphology. For example, (Lao.7Sro3sMn03)o67:(CuQ)oss (LSMO:CuO) has been
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demonstrated as VAN to exhibit magnetoresistance (MR) properties.® Interestingly, by changing
the growth Kinetics (i.e. deposition frequency) and substrate-induced strain (by choosing different
substrates), the MR% can be tuned from ~9% to ~80%. Therefore, VAN systems provide a lot of
opportunities for materials selection to attain tunable physical properties.

1.4 Materials Systems

1.4.1 Titanium Dioxide (TiOz2)

TiO2 has been heavily researched upon for its photocatalytic properties*® and its application
in water-splitting *°, water purification, *° degradation of pollutants and organic molecules °!, and
solar cells 2. Moreover, it has found numerous other applications such as in memristor >3, gas
sensor >4, electrochromic devices *°, optical coatings °°, and cosmetic products *'. In bulk, TiO>
mainly crystallizes in three major crystal structures: (i) Rutile (tetragonal, a=b=4.58 A, ¢=2.95 A),
(i) Anatase (tetragonal, a=b=3.78 A, ¢=9.50 A), and (iii) Brookite (rhombohedral, a=5.44 A,
b=9.17 A, c=5.14 A). However, only the rutile and anatase phases of TiO2 are important for the
photocatalytic applications. In both the structures, the titanium atom is surrounded by a distorted
oxygen octahedra as shown in Figure 1-13.585°

Fabricating TiOz in thin film offers the flexibility of stabilizing either rutile or anatase phase
depending on the specific application. For example, STO (001) is effective in stabilizing the
anatase phase up to a critical thickness while AlOs (0001) is effective in stabilizing the rutile
phase. The photocatalytic properties of TiOz is limited by its high bandgap (3 eV for rutile and 3.2
eV for anatase phase), due to which it is activated only in the UV regime. Since the solar
electromagnetic spectrum comprises 48% of visible light and only 5% of ultraviolet light, a very
small portion of the spectrum is captured . Depositing TiO- as thin films also helps tune the band

gap by controlling the stoichiometry, oxygen defects, and strain on the TiO; film.

37



Anatase Rutile

Figure 1-13: Schematic of the crystal structure of TiO, showing the rutile and anatase phase®>®

1.4.2 Barium Titanate (BaTiO3)

BaTiO3z (BTO) is a typical perovskite of the type ABOs. It crystallizes as a tetragonal
structure (a=b=3.994 A, ¢=4.038 A) at room temperature with a c/a ratio in between 1.0 and 1.005.
The Ba atoms are present at the corners while the face center is occupied by the O atoms. Ti atom
is slightly displaced from the body center (driven by the Gold-Schmidt factor) which gives rise to
an inherent dipole in the unit cell. Due to the non-centrosymmetric crystal structure of BTO, it
possesses piezoelectricity (bulk dss value of 80 pm/V).%! In addition, it also has the property of the
spontaneous polarization reversal on reversing the applied electric field, which gives rise to its
ferroelectric nature. When heated above its Curie temperature (T.=120°C), the crystal structure
transforms from a less symmetric tetragonal structure to a more symmetric cubic structure as
shown in Figure 1-14. This increase in symmetry changes the BTO structure from the non-

centrosymmetric structure to a centrosymmetric structure.
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Figure 1-14: Schematic of the BaTiOz crystal structure showing the phase transition from the
tetragonal to cubic phase

However, the Curie temperature of BTO can be effectively tuned by applying substrate-
induced strain on the film. From the temperature-strain phase diagram of BTO®, it is evident that
metastable phases can also become stable due to strain. For example, T¢ can be increased from
120°C to 800°C by applying a 2.5% tensile strain on the BTO film. Such strain can also be
maintained up to a larger thickness by introducing secondary phases such as ZnO, present as
vertical pillars. Thus, tuning the strain in BTO also tunes its ferroelectric to paraelectric transition
temperature.

In addition, BTO also possesses a high anisotropic dielectric constant with ea/ec to be
around 20:1 at room temperature.® This is mainly due to the different double-well potential present
along the a and c axis, which is discussed in more detail in section 1.5.1. Owing to its high
permittivity, dielectric constant and spontaneous polarization at room temperature, BTO is widely
used as thin film capacitors, dynamic random-access memories, chemical sensors, optical

modulators, waveguides and microwave devices.%*
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1.4.3 Zinc Oxide (ZnO)

ZnO is a direct wide bandgap (E¢=3.3 eV) semiconductor with many applications in
piezoelectric transducers, photocatalysts, luminescence and actuators. In bulk form, ZnO exists in
three different crystal structures: (i) wurtzite, (ii) zinc blende, and (iii) rocksalt, as shown in Figure
1-15.%5 Under ambient temperature and pressure, the hexagonal wurtzite phase is the
thermodynamically most stable and can be obtained on different single-crystalline substrates such
as STO, MgO and sapphire by various deposition parameters. The wurtzite unit cell is hexagonal
with a=b=3.25 A, ¢=5.21 A with c/a ratio to be 1.633. However, from the epitaxial stabilization
model for thin films, the cubic zinc blende phase can be obtained with a cubic (001) ZnS buffer

layer. While the rocksalt phase can only be obtained at relatively high pressure.®67

Rocksalt (B1) Zinc blende (B3) Wurtzite (B4)

Figure 1-15: Schematic of the crystal structure of ZnO showing its three phases: rocksalt, zinc
blende, and wurtzite®®

ZnO has been synthesized in a variety of nanostructures, including nanorods, nanowires,
nanorings and highly ordered nanowires. These structures have been obtained using chemical
vapor deposition (CVD), metal-organic CVD, aqueous solution growth, electrodeposition and
pulsed laser deposition. For example, highly ordered ZnO nanowires can be obtained using Au
catalyzed growth of ZnO using CVD via the Vapor-Liquid-Solid (VLS) mechanism. In addition,
controlling the defects in ZnO is very critical for its application in opto-electronic devices. ZnO is
naturally a n-type semiconductor due to the presence of intrinsic defects including oxygen

vacancies and zinc interstitials which act as a donor. The n-type conductivity can also arise from
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the hydrogen which gets unintentionally doped and acts as a shallow donor. Therefore, controlling
the intrinsic defects and doping of ZnO can drastically change its ionic conductivity, thereby

making ZnO very useful for applications such as sensors, LEDs and solar cells.

1.5 Functionality

1.5.1 Ferroelectricity

Ferroelectricity is a property shown by materials to exhibit spontaneous polarization which can
be reversed on the application of electric field. Out of the 32-point groups, ferroelectricity is shown
by only those materials who belong to the 10 polar point groups. Therefore, a material must be
non-centrosymmetric in order to exhibit ferroelectricity. Since a small electric field can create a
large polarization, the dielectric constant of ferroelectric materials is generally very high (e, >1000).
Ifaferroelectric material is heated above a critical temperature (called Curie temperature), it changes
its crystal structure, becoming centrosymmetric thereby losing its spontaneous polarization. Now
that the material has become paraelectric, it behaves Curie-Weiss law which relates the electric
susceptibility to the Curie temperature. However, the dielectric permittivity shows an anomalous
increase around the Curie temperature. This increase simply means that it is easiest to increase the
electric polarization when the material is undergoing a change from ferroelectric to paraelectric.%®

The switching mechanism in ferroelectrics can be explained based on Landau theory. From
thermodynamics, free energy can be expanded in terms of polarization if we ignore the strain energy.
Solving the free energy for its minima, we can get the equilibrium free energy which depend on the
sign of the coefficient a (eq. 3.2). When a > O, free energy has a minimum at P=0 for E=0 and
behaves as a paraelectric material. However, when a < 0, the free energy minimizes at some finite
polarization P (#0). As expected, below the Curie temperature, there are two minimum states of free
energy at some finite polarization. The polarization can be switched overcoming the free energy
barrier which is generally done by providing electric field. However, above the Curie temperature,
the free energy minimizes when the polarization is zero. This means that there is no polarization

when there is no electric field. Hence, the material is paraelectric above T.53646%70
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Ferroelectricity is typically possessed by perovskite materials of the type ABO3 such as BaTiOs
and PbTiOs. The crystal structure of BaTiOz is shown in Figure 1-16. On the application of an
electric field, Ti** ion undergoes a displacement along the ¢ axis from its equilibrium position.
This causes an increased interaction with two (out of six) O% ions, along the c axis, which gives
rise to a dipolar polarization. A deep double-well potential (AE=11.7 meV) is present along the c-
axis as compared to the very shallow double-well potential (AE=0.8 meV) present along the a-axis,
therefore, making the shorter axis to be more polarizable.” This is due to the increased interaction
of two out of the six O% ions (along the c-axis) with Ti*" ions, thereby, reducing their electronic
polarizabilities. This causes the permittivity of BaTiOs to be larger along the a axis as compared

to the ¢ axis.

V>0

Figure 1-16: Schematic of the BaTiOz crystal structure showing the tetragonal distortion on
applying voltage
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The ferroelectric properties of materials can be typically tuned by applying substrate induced
lateral strain or nanocomposite induced vertical strain. Figure 1-17 shows one such design where
a ferroelectric PZT film is epitaxially grown on the Nb-doped STO (conducting) substrate. On
applying bias on the substrate, non-switchabledomains are observed near the interface of substrate
and film using dark field transmission electron microscopy (TEM) and scanning TEM (STEM).
The contrast of the 180° head-to-head domain switching in DF TEM is confirmed using STEM
where we can see shifting in the position of atom leading to up and down polarization (P, and
Paouwn). The P-E hyterisis loop also confirms the rapid switching in negative biasing as observed in
TEM. Electric field distribution shown in Figure 1-17bhelps explain this effect. Essentially, electric
field is concentrated near the substrate and film during positive biasing while no fields are found
near the interface for negative bias. This unidirectional bias field doesn’t generate enough field for
polarization switching under negative bias. Therefore, PZT/Nb-STO yields only Py, which is thus
nonswitchable. Such a kind of nanocomposite can find application in imprint applications and

retention loss.”?
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Figure 1-17. (a) Non-switchable ferroelectric domains observed using DF-TEM. STEM-HAADF
image shows the displacement of atoms and ferroelectric hysteresis loop (b) Mapping of
electrostatic potential and electric field mapping”?

Another way to tune the ferroelectric properties is by applying vertical strain using VAN. VAN
structures can sustain vertical strain up to a large film thickness due to strain coupling between the
vertical phases. Figure 1-18 shows the c lattice parameter of the BaTiO3-Sm>03 (BTO-Smog)

VAN.?" It can be seen that the BTO-SmO nanocomposite of 800 nm thickness maintains its
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tetragonal distortion up to 800°C, due to the presence of uniform and vertical strain coupling

between the 10 nm columnar SmO pillars and the surrounding BTO matrix.

A Pure BaTiO, on DyScO, 50 nm (ref. 4)  ® BaTiO;:5m,0; composite 600 nm

® BaTi04:5m,0; compaosite 150 nm ® Pure BaTiO, single crystal (ref. 4)
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Figure 1-18: Comparison of the variation of a and c lattice parameters of pure BaTiOz and
BaTiO3:Sm,03 composite as function of temperature?’

1.5.2 Plasmonics

Application of nanocomposites can also be based on photon-matter interaction by which they
can be extensively used in plasmonics. Plasmonics is essentially the study of interaction between
free electrons in metal and electromagnetic field as shown in Figure 1-19.”® Electric field in an
electromagnetic wave varies sinusoidally which causes the free electrons to oscillate sinusoidally.
Electron motion is confined by the metal-dielectric boundary thus limiting its oscillation path.
These oscillating free electrons are called surface plasmons. Consequently, when frequency of
light matches the resonant frequency of oscillating particles, surface plasmons show an enhanced

optical interaction between particle and incident light. This effect is called Surface Plasmon
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Resonance (SPR). At SPR frequency, plasmonic structures can interact with light more than 50
times as compared in the off-resonance state because of induced electromagnetic forces.

The mechanism of the optical scattering and absorption properties of metal nanoparticles was
first proposed by Gustav Mie in 1908. Since then, a lot of work has been done experimentally and
theoretically to understand the optical effect with shape and size. For example, if the size of a
nanoparticle is larger, we require a larger wavelength of light in order to oscillate the free electrons
in the material. Thus, surface plasmon resonance frequency can be tuned by the shape and size of

plasmonic nanoparticles.”

Electric field

Electron

Figure 1-19: Surface plasmon resonance in gold nanoparticle’

A plasmonic particle can interact with light through 2 ways: (i) absorption of light by the particle
and (ii) scattering of light away from the incident direction. Theirsum iscalled extinction. Absorption
and scattering efficiency become large when material permittivity reaches twice the negative
permittivity of medium. Fortunately, metals show negative permittivity and thus show plasmonic
behavior. However, very few metals such as Au, Ag, Cu, Pd and Pt show resonance in visible
region. Auand Ag show strong resonance while Pd and Pt show weak and Cu is very susceptible
to forming oxides and is not stable.”™

It is also important to model the optical response of these plasmonic metals to gain an insight
into their optical properties. The refractive index and permittivity response of the metals can be
modeled by using a Drude-Lorentz model.”® The permittivity response of a Lorentz oscillator is
modeled by considering the driving force (incoming electromagnetic radiation), damping force

(collisions with other electrons) and the spring constant (restoring force) and is given by:
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where o is the frequency of the electromagnetic radiation, &) and &i(w) is the real and
imaginary part of the permittivity as a function of w, respectively, wp is the plasmonic frequency,
wo 1s the resonance frequency and vy is the damping constant. For a bulk plasma, the plasmonic

frequency wp IS given by:

5 ne*

W, =—

4 AL
(1.10)
where n is the charge carrier density, e is the electronic charge, €o IS permittivity of free space
and m is the electron mass. Evidently, the plasma frequency is proportional to the number of
electron density and is different for different materials. Due to presence of a large number of free
electrons in metals, the restoring force for electrons can be assumed to be 0, i.e., ®o=0, which gives

rise to a Drude-Lorentz model as follows:
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(1.11)
If the incident frequency is below the plasma frequency, the charge carriers can screen out the
electric field and the incident wave is reflected. Therefore, the permittivity of metal is negative
below the plasma frequency, which is particularly useful since it allows resonances to be set-up.
Nowadays, plasmonics is finding a range of applications from invisibility cloaks, superlenses,
photocatalysts and photovoltaics which can be made more efficient.””# Around 44% of the solar
light lies in the visible region which is why the noble plasmonic materials such as Ag and Au
become important. Figure 1-20a illustrates the semiconductor photocatalysis in the presence and
absence of plasmon. In this work, photocatalyst is used in water-splitting stimulated by UV-Vis
light. Water-splitting process requires two half reactions to take place: hydrogen-evolution half
reaction at cathode and oxygen-evolution half reaction at anode. Most of the catalysts of interest
have their conduction band just near OV on the near-hydrogen scale (NHE) scale. Ideally, it should

be between -1V and 0V so that electrons can be provided for the hydrogen-evolution half reaction.
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Many semiconductors which are good catalysts as shown in Figure 1-20 but cannot provide
electrons for hydrogen-evolution half reaction. Although, they are good catalysts, but they have a
huge band gap because of which they can only absorb 7% of the solar spectrum which lies in the UV
region. Therefore, plasmonic nanostructures is the natural choice to make use of the visible spectrum
and to provide energetic electrons to complete hydrogen-evolution half reaction.

Plasmonic-metal nanostructures in semiconductor can excite electrons near the fermi level to
surface plasmon (SP) states shown in Figure 1-20b.%° Since the electronic energy states are aligned,
electrons get transferred from the SP states to semiconductor particle which can drive the
hydrogen-evolution half-reaction. Efficiency of water-splitting by this nanocomposite structure is
proven by measuring the hydrogen and oxygen gas evolved in plasmonic (more) and non-
plasmonic (less) nanostructures (Figure 1-20c).”® Hence, using plasmonic nanoparticles can

efficiently couple light harvesting and catalytic function.
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Figure 1-20: (a) Schematic showing semiconductor photocatalysis in the presence and absence of
plasmon (b) Mechanism of plasmon-induced charge transfer®’(c) Hydrogen and oxygen gas
evolution in the presence and absence of plasmon’®

1.5.3 Hyperbolic Metamaterials

Metamaterials are artificially structured materials with properties not found in nature.
Among them, electromagnetic metamaterials are composed of sub-wavelength building blocks
arranged in an ordered fashion that can be used for exotic optical properties. The ordered building
blocks give rise to an emergent new property which are not found in the constituent materials.

Metamaterials offer extensive opportunities for engineering the light-matter interaction, ideal for
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8" negative refraction,®® and

achieving exotic optical properties including optical magnetism,
hyperbolic dispersion® which have potential applications in the field of optical computing,
cloaking and sub-diffraction imaging.

One such class of metamaterials is hyperbolic metamaterial (HMM), which can be realized
with the use of metal-dielectric nanocomposites. HMM derive their name from the iso-frequency

surface of the extraordinary wave which is given by:

Ktk ki_of (1.12)

N 6‘” C

where o and c is the frequency and the speed of light and k is the wavevector of the electromagnetic
wave. All the variables except 1 and i are positive, since they are squared. When both &1 and &
are positive, the iso-frequency surface is an ellipsoid. When both €1 and e are negative, the
material behaves as a metal and doesn’t support any propagation of wavevectors. However, when
either of 1 or enis negative and is of opposite sign as compared to the other, the iso-frequency
opens into a hyperboloid, either with one sheet or two sheets. Specifically, when €1 <0 and €1>0,
the HMM is defined as a class 1 hyperbolic metamaterial, with its iso-frequency surface being a
hyperboloid of one sheet. Similarly, when €.>0 and €i<0, the HMM is defined as a class 2
hyperbolic metamaterial, with its iso-frequency surface being a hyperboloid of two sheets as

shown in Figure 1-21.
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Figure 1-21: Iso-frequency curves for (a) metal, (b) isotropic dielectric, (c) hyperbolic material
with one sheet, and (d) hyperbolic material with two sheets

Very few naturally hyperbolic metamaterials, since they require highly anisotropic
structure. Since metal has a negative permittivity and dielectric has a positive permittivity at optical
frequencies, HMM have a highly anisotropic structure, composed of metal and dielectric units.
They can be fabricated either as metal-dielectric layers stacked alternatively on top of each other
(2-2 design) and as metallic nanopillars embedded in the dielectric matrix as a VAN structure (1-
3 design). The unit cells of the HMM for both the designs should be far below the operating
wavelength. The major advantage of using the VAN design over the 2-2 multilayer design is the
low optical losses and high transmission due to the lesser metal fill fraction needed to achieve the
HMM property. The iso-frequency surface of HMM is hyperbolic, so they can support the
propagation of extremely high wavevectors at that wavelength, which are normally evanescent and

decay exponentially in air or vacuum.®>®! Therefore, there are no evanescent waves in hyperbolic
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which gives rise to many applications including sub-diffraction imaging, sub-wavelength modes
and enhanced photonic density of states.

One of the first demonstration of HMM was done using 16 Ag/Al>Os multilayers, each
with a thickness of 35 nm, deposited on a quartz substrate with a half-cylindrical cavity using
electron-beam evaporation as shown in Figure 1-22.8* Upon illumination of this metamaterial with
an incident light of wavelength A=365 nm, the metamaterial was able to resolve to image features
with a spacing as small as 125 nm. The same objects could not be imaged with the same
instrumental setup without the HMM present. Such property of HMM can be useful in applications

such as nanolithography and bio-molecular imaging.

Ag/AlLO3
multifayers

Optical
Microscope

Figure 1-22: Schematic of the hyperlens consisting of alternating Ag/Al>Oz mulilayers and the
simulation of sub-diffraction-limited optics®

Another way to fabricate the HMMs is through the self-assembly process by co-growing
metallic and dielectric phases. Recently, a self-assembled two-phase Au-BTO epitaxial thin film
on STO (001) has been demonstrated. The Au-BTO system forms a VAN with Au present as
vertical pillars embedded in the BTO matrix. Due to the highly anisotropic structure of the
nanocomposite, the nanocomposite shows metallic properties in the out-of-plane direction and

dielectric properties in the in-plane direction. This property is shown by the permittivity response
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in which the out-of-plane permittivity becomes negative at high wavelengths while the in-plane
permittivity remains positive throughout the wavelength regime.

An interesting feature of the HMM is the existence of a wavelength regime where the
effective medium dielectric constant is near zero. At these specific wavelengths, a component of
the permittivity tensor goes through zero and are called epsilon-near-zero (ENZ) wavelength. In
addition, tuning the effective electromagnetic response of the hyperbolic metamaterials by
changing the ENZ wavelength is technologically important for realizing nonlinear material
response in different wavelength regimes.®2% ENZ wavelength can be usually tuned by controlling
the deposition parameters, post-annealing, dopant concentration, and varying the periodicity and
width of the metallic phase.®**® Recent studies on tunable hyperbolic metamaterials, including Au-
BaTiOs (Au-BTO) and Au-ZnO have focused on tuning the ENZ wavelength by varying the
geometry and deposition conditions such as oxygen partial pressure and deposition frequency.*%
In these studies, careful microstructural control modulates the free electron density in the out-of-
plane direction, thereby tuning the hyperbolic dispersion characteristic of the metal-dielectric

nanocomposites.

1.6 Self-assembled metal-dielectric nanocomposite thin films

Self-assembled nanocomposite thin films offer an interesting way towards functionality
coupling and achieving novel physical properties. An extensive research has been conducted in
the field of complex functional oxides and oxide-based nanocomposite, and functionalities ranging
from ferromagnetic, ferroelectric, multiferroic, insulating, semiconducting, superconducting, and
nonlinear optical effects have been demonstrated.®142227:454697-102 These functionalities and
novel properties arise via intercoupling between charge, spin, orbital and lattice degree of freedom.
Recently, ordered metal-dielectric hybrid structures have attracted considerable research interest
due to their potential applications in optical metamaterials, catalysis, magnetic data storage, and
energy storage applications. 0424385103111 Eigre 1-23 shows the common fabrication techniques
and applications for the metal-dielectric nanocomposites. Top-down fabrication techniques
include e-beam lithography, nanoimprint lithography and focused ion beam for fabricating and
designing oxide-metal nanocomposites.!'?1" For example, nanoimprint lithography can be used
to pattern a substrate with sub-10 nm resolution,*'® over a large scale, which can be subsequently

coupled with physical vapor deposition (PVD) techniques to fabricate metal-dielectric
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nanocomposites. In addition, bottom-up approaches such as self-assembly, templated self-
assembly and anodized alumina template method can also be used for the growth of metal-
dielectric nanocomposites.*1106-119-121 Eor example, PVD techniques can be used to fabricate a self-
assembled metal-dielectric nanocomposite as a VAN or as a particle in matrix. Different
combinations of metal-dielectric nanocomposites can find a wide variety of uses ranging from
metamaterials, multiferroics, surface enhanced spectroscopy such as fluorescence, Raman
spectroscopy and second harmonic generation to lab-on-a-chip applications, among many others

as shown in Figure 1-23.4184:91,122-130
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Figure 1-23. Overview of the metal-dielectric nanocomposites. Schematic illustration of the (al)
top-down design/fabrication techniques showing the nanoimprint lithography, focused ion beam
and electron-beam lithography as labeled, and (a2) bottom-up techniques showing the self-
assembly, templated self-assembly, particle-in-matrix and anodized alumina oxide template
method. The various applications of the metal-dielectric nanocomposites are highlighted in (b).
They can be used as metamaterials, multiferroics, SERS application and lab-on-a-chip. 72113115

Typically, the metal-dielectric nanocomposite shows three types of morphology: (i) 0-3
particle in matrix, (ii) 2-2 multilayer, and (iii) 1-3 vertically aligned nanocomposite (VAN).
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Among the 3 different common types of morphology, VAN are particularly interesting due their
highly anisotropic and high interface-to-volume ratio, enabling fascinating physical properties.
The vertical strain at the pillar/matrix heterointerface in vertically aligned nanocomposites (VAN),
provides an extra degree of freedom for tuning the strain and physical properties. The in-plane
strain can be tuned independently from the out-of-plane strain, with the stiffer phase dominating
the final in-plane and out-of-plane state. The growth of VAN thin films offers several advantages.
VAN architecture allows the epitaxial growth of materials with high lattice mismatch with the
substrate.32%4342 Since the two phases are vertically strained, the films can be strained up to a
larger thickness as compared to the single-phase thin films in the VAN architecture.?’ In addition,
VAN thin films allow easy integration of different functionality, including ferroelectric,
ferromagnetic, photocatalytic, superconducting and optical properties. Recently, several VAN
systems have been demonstrated in a range of oxide-oxide systems where two different oxides
grow as a VAN architecture using a single-step pulsed laser deposition (PLD) process. 8:26:28-30.131
For example, systems such as BaTiO3z: CoFe204, BaTiOz: Sm203 and Lao.7Sro.3sMnOsz (LSMO):
ZnO have demonstrated room temperature multiferroicity, enhanced ferroelectricity and
magnetoresistance respectively.'*274¢ In comparison, self-assembled metal-oxide nanocomposites
offer more opportunities in terms of functionality coupling such as magneto-optical, electro-optic
and magneto-electric properties.

However, several challenges arise to achieve self-assembled metal-dielectric
nanocomposites in epitaxial thin film form, due to the vastly different deposition conditions for
oxides and metals. Difference in growth Kinetics, surface wetting, (surface energy), oxygen
diffusion as well as the potential inter-diffusion between the metal and oxides, make it very
challenging to achieve epitaxial self-assembled metal-oxide nanocomposites. Very recently,
several self-assembled metal-dielectric VAN systems have been successfully demonstrated such
as Co-BaZrOs, Fe-BaTiOs, Au-BaTiOs, Ni-Ba(ZrosYo2)0s, etc.411%2 Sych VAN systems have
the capability to couple the electric, magnetic and optical properties and give rise to an emergent
new property which is not found in either of the phases. The formation of these self-assembled
nanocomposites is driven by a combination of strain and surface energy minimization. Usually,
the nanocomposite formation takes place by nucleation and growth during which strain energy
play the major role in determining the final morphology during the initial seeding period due to

the square dependence on strain as compared to the linear dependence on surface energy.
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In this review, we first discuss the two different types of morphology, namely, particle in
matrix and vertically aligned nanocomposite with some representative examples. In part I, two
strain compensation models are proposed based on linear strain minimization and areal strain
minimization. Based on the model, several case studies are discussed, comparing the
microstructure and morphology of the different metal-dielectric nanocomposites by changing the
dielectric phase. In part Il, specific examples highlighting the coupling between the electrical,
magnetic and optical properties are discussed of the metal-dielectric nanocomposites having both
particle in matrix and VAN morphology.

1.6.1 Particle in Matrix and Vertically Aligned Nanocomposite

Metal-dielectric nanocomposites typically self-assemble as particle in matrix or as
vertically aligned nanocomposite. Usually different crystal structures of metal and dielectric gives
rise to the nanoparticles in matrix type nanocomposite, since it is difficult to maintain the vertical
epitaxial relationship between different crystal structures.0®108133-136 Eigyre 1-24 shows a
representative example of the metal nanoparticles in matrix. Figure 1-24a shows the Au-VO>
nanocomposite (deposited on c-cut sapphire substrate) in which Au nanoparticles are uniformly
distributed within the VO, matrix.3® Au has a face-centered cubic crystal structure while VO exist
as a rutile structure at room temperature. VO2 shows a highly textured growth, corresponding to
the (020) plane along the b axis while Au NPs grow along the (111) plane, due to its lowest surface
energy, along the out-of-plane direction. The plan-view HR-STEM images shown in Figure 1-24b
shows the hexagonal lattice structure of Au particles, confirmed by the fast Fourier transform
images (inset). The orientation relationship between Au and VO is determined to be
Au(011)//V0O,(001) and Au(111)//V0O2(020).
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Figure 1-24: Particle-in-matrix design. (a) Cross-section STEM of the Au-VO2 nanocomposite
thin film deposited on Al,O3 (0001) substrate and (b) HR-STEM of the Au nanoparticle
embedded in VO..%°

A representative example of the metal-dielectric vertically aligned nanocomposite is Au-
BaTiOs (Au-BTO) shown in Figure 1-25.41% The Au phase is present as vertical pillars embedded
in the BTO matrix (Figure 1-25b). The X-Ray Diffraction plot in Figure 3a shows the epitaxial
growth of BTO on STO along the [001] direction while Au grows primarily along the [001] and
[111] direction. The plan-view STEM image (Figure 1-25c) shows the faceted growth of Au
nanopillars and the EDS elemental mapping (Figure 1-25d) shows no obvious inter-diffusion
between the phases. The plan-view HR-STEM micrograph along the BTO <001> zone axis, shown
in Figure 1-25e, shows the twin boundary in the Au pillar with inclined {111} planes, indicating
that the Au pillar grows along the [011] orientation. From the cross-section HR-STEM image in
Figure 3f, the Au pillar shows growth along the [002] out-of-plane direction. The enlarged image
of the Au-BTO vertical interface (Figure 1-25g) shows the presence of coherent interface with a
1:1 lattice matching relationship. Based on the XRD and HR-STEM image analysis, the lattice
matching relationship is  determined to be (002)Aull(002)BTOII(002)STO,
(022)Aull(002)BTOII(002)STO, and (111)Aull(002)BTOII(002)STO. Further, the Au pillar
geometry can be modified by varying the growth kinetics such as deposition frequency and laser
energy. Therefore, VAN architecture allows the vertical interface coupling between the two phases
and maintains the strain in the film up to a much greater thickness as compared to single-phase

thin films.
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Figure 1-25: Vertically aligned nanocomposite. (a) X-ray diffraction of the Au-BaTiOs
nanocomposite, (b) Cross-section, (c) plan-view STEM image and its corresponding (d) EDS
elemental map distribution. HR-STEM (e) plan-view image and (f) cross-section image of the

Au nanopillar. (g) Enlarged image of the vertical Au-BTO interface and the schematic

illustration of the lattice matching relationship.*-%

1.6.2 Strain Compensation Model

As mentioned earlier, the total in-plane strain experienced in a VAN structure is given by
the sum of the strain from both metal and dielectric’s interfaces with the substrate. The average in-
plane strain experienced by the VAN structure depends on the relative phase composition (i.e.

molar or atomic ratio). A similar model has been proposed for the oxide-oxide systems which
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discussed about the materials selection criteria, based on the lattice parameter, for obtaining an
ordered VAN structure. During the initial nucleation and growth period, strain minimization plays
a critical role due to its square dependence in the free energy term as compared to the surface
energy minimization which has a linear dependence in the free energy term. Further, the energy
difference between the competitive surfaces in different growth orientation is not much (~within
10-20%) as compared to the strain energy in different growth orientations.* Therefore, a growth
orientation with a lower strain and higher surface energy is preferred over a growth orientation
with a higher strain and a lower surface energy. Here, in addition to the linear strain composition
model, areal train compensation model is also proposed laying out the design criteria for

fabricating a VAN structure.

Linear strain compensation model

Figure 1-26a shows the schematic of the lattice matching relationship between the metal

and dielectric phases with the substrate. The in-plane lattice mismatch strain is calculated using:

f=2

af—as

ar + as
where as and as are lattice parameter of the film and the substrate, respectively. The model
calculates the lattice mismatch along one dimension and works best for the cases when there is a
cube on cube epitaxy with no rotation, with lattice parameters being equal in both the in-plane
directions. Since the total in-plane strain in the nanocomposite depends on the phase composition,
Figure 1-26b plots the metal and dielectric lattice parameter (on the left and right vertical axis) as
a function of phase composition (on the X-axis) using the rule of mixtures with the STO substrate
marked by a solid black line of the reported metal-dielectric VAN systems,32-3537:41,42,104,110,111,138-
142 Clearly the trendlines of all the reported VAN structures indicate the minimization of the
effective in-plane strain as experienced by the nanocomposite. The lattice parameters of the metal
and dielectric phases are plotted in Figure 1-26¢. The plot can be divided into two regions based
on the strain compensation. Region | (shaded in orange) is defined as the space where both the
tensile and compressive strain acts on the two phases while region Il (shaded in blue) defines the
space where either compressive or tensile strain acts on both the phases. Further, several systems
are marked (with a red star), indicating a highly spatially ordered VAN structure. Region | result

in effective strain compensation and contains majority of the reported VAN structures. However,
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when one of the phases undergoes a rotation or has a different crystal structure than the substrate,
it results in different lattice parameter matching in the a and b directions, and linear strain model
can only model one of the directions. In order to overcome this limitation, the aerial strain

compensation model is proposed.
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Figure 1-26: Linear and Areal strain compensation model. Schematic illustration of lattice
matching relationship for the (a) linear and (d) areal strain compensation model. (b) In-plane
lattice constant and (e) area for the metal and oxide phases as a function of oxide mole fraction.
The dashed line joining the metal and oxide phases are the reported VAN systems and indicate
the tunability of the in-plane strain on the substrate. Substrate are marked with a solid black line.
(c) Plot showing the reported metal-oxide VAN systems plotted with their lattice parameters and
(f) areal strain. The orange portions represent the region where both tensile and compressive
strains are present while the blue shaded portion represent the region where either both tensile or
compressive strain is present. The VAN systems marked with red star indicate highly spatially
ordered systems.

Areal strain compensation model

The areal strain compensation model considers the two-dimensional lattice matching
between the phases and the substrate. As shown in Figure 1-26d, when one of the phases undergoes
a rotation or has a different crystal structure, then strain is calculated using the projected area onto
the substrate considering the in-plane matching between the phase and the substrate. The strain is

calculated using:
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Ap — Ag
Ar + A

f=2

where Arand As are the matching area of film and substrate, respectively. Area is calculated using
the appropriate lattice matching relationship. For example, if the metallic phase is cubic and the
oxide phase is hexagonal as in the case of Cu-ZnO, then it becomes hard the strain using linear
model since Cu and ZnO grows along [001] and [1120] on STO [001] along the out-of-plane
direction. Cu shows a cube-on-cube epitaxy on STO substrate while ZnO has different lattice
parameters along the a and b directions as shown schematically in Figure 1-26c. The oxide strain
can be calculated by comparing the oxide area with the corresponding substrate area. Similarly,
matching in other orientations can also be calculated. In the case of cube-on-cube epitaxy
relationships, the linear strain model and the areal strain model gives the same result however, the
areal strain model provides an advantage when the epitaxy relationship occurs between different
crystal structures.

Figure 1-26e plots the areal lattice parameter for both the metal and oxide phases as a
function of oxide mole fraction. Clearly, we can see that all the trendlines work on minimizing the
overall in-plane areal strain. Interestingly, the in-plane area strain of Ni (in Ni-BZY system) is
calculated to be almost 0, compared to the non-zero strain calculated in the linear model, which is
discussed in much more detail in the case studies in the following section. Figure 1-26f presents
the reported metal-dielectric VAN systems, plotted as a function of metal and oxide areal strain.
Similar to the linear strain compensation model the plot can be divided into 2 regions depending
on the strain nature, i.e., tensile or compressive strain. We observe that most of the highly ordered
VAN structure (marked with a red star) are present in region 1 where there is effective strain
compensation. Based on these observations, the formation of self-assembled ordered VAN
structures can be attributed to several key factors: (i) a close lattice match between the two phases
and the substrate, (ii) presence of opposite strain nature, i.e., the structures are present in region I,
(iii) Similar crystal structure of the two phases, and (iv) low solubility of the two phases.

The following section presents three case studies of the VAN structures, comparing the
microstructure of the systems in region | and region I1, having the same metallic phase but different
dielectric phase. The VAN systems selected for comparison are marked in Figure 1-26f.
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1.6.3 Case Studies

As discussed earlier, when the metallic and dielectric phase experience strain of the opposite
nature, i.e., tensile strain on one phase and compressive strain on the other phase (region I), they
present more ordered VAN structure as compared to when both the phases experience strain of the
same nature, i.e., either both tensile or compressive strain. Figure 1-27 compares the
microstructure of Co-CeO and Co-BZO, both deposited on STO (001) substrate using PLD. 3335111
Co and CeO: experiences a compressive strain while BZO experience a tensile strain. Co
crystallizes as either FCC or HCP structure while both CeO2 and BZO have a cubic structure. In
the case of Co-CeO. nanocomposite Co NWs are not perfectly aligned in the growth direction of
[001] as seen in Figure 1-27a. The structure analyses using the HR-STEM further reveals that the
misalignment is due to the HCP structure of Co NWs with their hexagonal ¢ axis aligned along the
<111> axis of the matrix as confirmed by Figure 1-27c1 and Figure 1-27c3. Although in some
minor portions of the NWs, Co is present as a cubic structure (Figure 1-27c2). In contrast, Co-
BZO shows primarily the FCC Co structure with growth along the [002] and [022] direction as
confirmed by the plan-view HR-STEM image in Figure 1-27e. The cross-section HR-STEM image
in Figure 1-27f-g shows the lattice matching relationship along the vertical interface between Co
and BZO, with calculated d spacing of 1.82 A and 2.12 A for dco (002) and dszo (002), respectively,
showing the possibility of domain matching epitaxy and suggesting the presence of tensile strain
in Co pillars Although the Co pillar diameter is almost similar in both the systems (~5 nm), Co
pillars present a more spatially ordered structure in BZO, with more aligned and continuous pillars.

Therefore, effective strain compensation gives rise to a more continuous and ordered structure.
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Figure 1-27: Case study I. (a) Cross-section EF-TEM image of the Co-CeO> showing the Co
nanowires. (b) HR-TEM image of a Co nanowire and (c1) -(c3) the corresponding SAED
patterns of the three regions marked in (b). (d) Cross-section STEM image of Co-BaZrO3

nanocomposite. (e) HR-STEM plane-view image and (f) cross-section image. (g) shows an

enlarged portion of the vertical interface between Co and BaZrQ3.33351%

Figure 1-28 compares the compares the microstructure of Ni-CeO> and Ni-BZY, deposited
on STO (001) substrate.®>** Ni, CeO, and BZY have a cubic crystal structure, with Ni and CeO,
experiencing a compressive strain and BZY having a tensile strain, placing the Ni-CeOz in region
I1 and Ni-BZY system in region I. The XRD and HR-STEM analysis in Figure 1-28a-d indicate a
cube-on-cube epitaxy of CeO2 and Ni with both growing in the [001] out-of-plane direction. CeO-
(ace02=5.41 A) undergoes a 45° rotation to match with STO. Ni (ani=3.52 A) preferably grows
along the [002] direction with some minor growth along the [022] direction, due to the low surface
energy of the (002) orientation. In-plane domain matching epitaxy occurs between Ni and STO
with 10ani = 9asto. The vertical strain is minimized by the domain matching epitaxy between CeO>
and Ni since 2aceo2 = 3ani. However, Ni grows along the [111] out-of-plane direction in BZY
matrix with lattice matching relationship given by Ni (011)//BZY (200) and Ni (110)//BZY (110),
evidenced by the XRD and HR-STEM plan view images in Figure 1-28e-h. By maintaining such
arelationship, Ni reduces its in-plane areal strain almost completely to 0, as shown in Figure 1-28d.
In addition to the lowest surface energy of the Ni (111) orientation, the out-of-plane d-spacing
(dniq1y) =2.04 A) is closely matched with the d-spacing of BZY (dszv(oz) =2.11 A) orientation.
Therefore, the difference in the growth orientation of Ni can be attributed to the combination of

62



both out-of-plane and in-plane strain minimization. The average Ni pillar diameter increases from
~4 nm (in Ni-BZY) to ~7 nm (in Ni-CeO) and the cross-section STEM image shows a clear
difference in the Ni pillar morphology. The Ni pillars are non-continuous and non-uniform in CeO>

as compared to the almost vertically aligned pillars and spatially ordered pillars in the BZY matrix.
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Figure 1-28: Case study Il. X-ray diffraction of Ni-CeO2 nanocomposite thin film, (b) Cross-
section STEM-EDS map showing the elemental distribution, (¢) HR-STEM cross-section image
and (d) plan-view image showing the two different growth orientation of the Ni pillars. (e) X-ray

diffraction of the Ni-Ba(Zro.gY0.2)O3s nanocomposite thin film, (f) Cross-section STEM image,
(9) Plan-view STEM image and (h) the corresponding HR-STEM image showing the Ni growth

orientation.3234

The last case study compares the Fe pillar structure embedded in (LaosSros)FeOsz and BTO,
deposited on STO (001) substrate.'®® Fe and BTO crystallizes as a cubic structure while LSFO has
tetragonal crystal structure. LSFO and Fe have a compressive strain while BTO has a tensile strain
on the STO substrate. XRD plot in Figure 1-29a and Figure 1-29e shows the epitaxial growth of
LSFO and BTO in the [001] direction. Although the Fe phase grows in the [110] out-of-plane
direction, the morphology of the embedded Fe pillars shows much difference. Fe pillar diameter
decreases from ~15 nm in LSFO to ~5 nm in BTO. Further, the microstructure changes from a
less-ordered particle-like growth to a more ordered pillar-type growth. Such a change in
microstructure can be attributed to the effective strain compensation along the lateral and vertical
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interfaces between Fe and the dielectric matrix. Moreover, changing the growth kinetics such as
the laser frequency and laser energy also tunes the size of the Fe pillars. Therefore, judicious
selection of the metallic and the dielectric phases, based on the strain compensation model, offers

enormous opportunities for tuning the microstructure of the metal-dielectric nanocomposites.

300 mJ

R
Q
N

SITiO, (001)
SFTIO, (002)
LSFO (002)
SITi0, (003)
LSFO (003)

Intensity (a.u.)

(a.u.)

Intensi

L U\ A
[ ——— e A
—— 10 Hz,

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20(9)

@ Fe-BaTiO, é"

Figure 1-29: Case study Ill. X-ray diffraction of the Fe-(Lao5Sro5)FeOs nanocomposite thin film
deposited with different laser energy. (b) Cross-section STEM image and (c) the corresponding
Fe EDS map. (d) Plan-view TEM image showing the distribution of Fe pillars. (e) X-ray
diffraction of the Fe-BaTiOs nanocomposite thin film deposited at different laser frequency. (f)
Cross-section STEM image and (g) the corresponding Fe EDS map. (d) Plan-view TEM image
showing the faceted structure of Fe pillars.3® 3¢

1.7 Research Motivation

As discussed above, both the particle-in-matrix and nanowire morphology, consisting of
metal and dielectric materials, have been demonstrated for achieving improved physical and
optical properties, such as ferroelectricity, ferromagnetism and negative refraction. Chapter Il
focuses on the Au-TiO- two phase nanocomposite as a particle-in-matrix morphology that has been
achieved for efficient photocatalysis. However, due to the limited availability of structures in terms
of crystallinity and morphology in the two-phase nanocomposites, a greater design flexibility and

a structural complexity is needed for developing future integrated photonic and electronic devices.
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One way of achieving this is by incorporating a third phase by careful selection of materials and
functionalities through the three phase nanocomposite designs.

Chapter IV focuses on one such self-assembled ordered three phase nanocomposite Au-
BaTiO3-ZnO that acts as a hyperbolic metamaterial in the visible and near-infrared wavelength
regime. In addition, careful microstructural control presents enormous opportunities in tailoring
the physical properties including the optical properties. Chapter V demonstrates a strong tunability
in the microstructure of the self-assembled ordered three-phase Au-BaTiO3-ZnO nanocomposite
along with its optical properties by varying the growth temperature, deposition frequency, template
thickness, and the substrate. The change in growth parameter evolves the microstructure by tuning
the Au and ZnO pillar geometry as well as the shape and size of the Au nanoparticle capping the
ZnO nanowire. Further, thermal stability of metal-dielectric nanocomposites is important for
designing practical devices for high temperature applications. Chapter VI explored the thermal
stability of the self-assembled ordered three phase Au-BaTiO3-ZnO nanocomposite by ex-situ
annealing in air and vacuum followed by in-situ heating in TEM in vacuum. Such in-situ heating
in TEM provides a useful technique for the exploration of microstructure evolution and growth
mechanisms at nanoscale and thermal stability of the multi-phase nanocomposites for refractory

applications.
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2. RESEARCH METHODOLOGY

2.1 Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a physical vapor deposition (PVVD) technique which is
widely used for thin film depositions of a wide range of materials. The technique involves firing
high power laser pulses to vaporize material from the target surface and deposit the film onto the
substrate. Figure 2-1 shows the schematic of the PLD setup.'*® The setup consists of a high energy
laser source which fires the laser pulses onto the target resulting in a plasma plume which consists
of many species such as atoms, molecules, ions and particulates from the target. These species get
deposited on the substrate which is usually kept at ~3-7 cm from the target in a high vacuum
chamber. The adatoms crystallize at the substrate surface, which is kept at a high temperature
(~400-800°C). The target carousel can have up to four to six targets which allow for an easy change
of target in between the deposition without breaking the vacuum. More advanced PLD systems
also allow for substrate rotation and target rasterization which help in more uniform thin film
deposition.

There are several parameters that can be controlled using PLD. Among them are laser energy,
laser frequency, substrate temperature, substrate-to-target distance, and background gas partial
pressure. Increasing the laser energy and the substrate temperature provides more energy to the
incoming adatoms for diffusion along the substrate surface, while increasing the laser frequency
decreases the diffusion length. That substrate-to-target distance and the background gas partial
pressure mainly controls the plasma plume shape which hits on the substrate. Usually for oxide
growth, thin film deposition is done in an oxygen partial pressure. The thin film thickness can be
easily controlled by the number of laser pulses.

In our experiment, all the films were deposited using a KrF laser with wavelength of 248 nm
with a laser spot geometry of 3x1 mm. The laser beam was focused on the target at a 45° angle
and the laser power density of 3 J/cm? was used for all the depositions. The laser frequency was
varied from 1-10 Hz for the depositions. The composite targets were made using molar ratio
calculation, powder mixing, pellet making and sintering. The chamber was pumped to below 10”-
6 mbar, before the deposition. All the films were deposited in an oxygen background gas (20-200
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mTorr). Substrate-to-target distance of 4.5 cm was used for all the depositions. The thin films
were deposited on different single crystalline substrates including STO (001), MgO (001), and
LAO (001).
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Figure 2-1. Schematic of the pulsed laser deposition system®
Compared to other PVD techniques such as e-beam deposition, evaporation and sputtering,

PLD offer several advantages. First, it offers a good stoichiometric transfer from the target to the

substrate which makes it an attractive technique for the deposition of complex oxides such as
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YBCO. This is mainly because the plume that is generated from the target is instantly transferred
to the substrate, thus minimizing the effects of different deposition rates of each component.
Second, the growth of nanocomposite thin films can easily be achieved by simply changing the
target composition. Third, since the target carousel can hold multiple targets, complex film
architecture such as multilayer deposition can also be easily achieved by simply changing the
target without breaking the vacuum. Last, PLD offers an easy control over film thickness,
composition, and crystalline quality.

Despite its advantages, PLD also offers some disadvantages. First, since the plasma plume
is highly forward directed, large area deposition using PLD is a challenge. Film parameters such
as its thickness and composition can vary across the film, thus making PLD unsuitable for
industrial applications. Second, the presence of big particulates in the target can sometimes get
deposited on the substrate, thus degrading the film quality. Despite these disadvantages, PLD is
widely used in research of complex oxides, nanocomposites and for obtaining high quality

epitaxial thin films with novel functionalities.

2.2 Structural Characterization

2.2.1 X-Ray Diffraction

X-Ray Diffraction (XRD) is a nondestructive technique that is widely used for the crystal
structure analysis. It can be used to identify crystal orientation, stress, chemical composition, and
phase composition in a thin film or bulk sample. During the measurement the incident angle hits
the sample surface resulting in a scattered beam. Diffraction occurs when the incoming radiation
interacts with a crystal having an inter-planar spacing of the same magnitude as the incoming
wavelength. Diffraction occurs when the following Braggs law is satisfied:

nA = 2dsin 0 (2.1)
where A is the incident X-ray wavelength, d is the inter-planar spacing, n is an integral and 4 is the
angle of incidence. When a particular set of incident angle and the inter-planar spacing satisfies
the Braggs law equation, then constructive interference happens, and the diffracted beam intensity
can be detected as shown in Figure 2-2.144 For other combinations of d and 6, scattering occurs,
and no diffracted beam intensity is detected by the detector. The lattice constant and the crystallite
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size can be determined from the peak position and the full width half maximum (FWHM) of the
peak respectively.

The XRD scans were carried using PANalytical Empyrean 2 with Cu Ka radiation having
a wavelength of 1.54 A.

Lattice Planes
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Figure 2-2. Illustration of the Brag’s law for lattice planes with inter-atomic spacing d*#*

2.2.2  Transmission Electron Microscopy

Transmission electron microscope (TEM) is a widely used technique for the structure
characterization of materials which can provide important information regarding the
microstructures, spatial phase distribution, and the crystallography of the material. In a TEM,
electrons are generated by the electron gun which get accelerated by high voltage and get focused
on the sample using magnetic lenses. Due to the very high operating voltage, the electrons are

accelerated to very high speed. The relativistic wavelength of an electron is given by:

h

A= 2.2)

2meV(1+

)
where h is Planck’s constant, m is the electron mass, e is the electron charge, c is the speed of light
in vacuum, and V is the accelerating voltage.

The transmitted electrons contain the sample’s information and can be focused to form

either an image or a diffraction pattern using the objective lens. Figure 2-3 shows the basic
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operation modes and the ray diagrams associated with the imaging and diffraction mode.**® The
objective lens forms a diffraction pattern in the back focal plane of the objective lens and an image
in the image plane of the objective lens. Switching from the image mode (real space) to the
diffraction mode (reciprocal space) can be easily achieved by changing the strength of the
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Figure 2-3. Ray diagrams for the two basic operation modes in TEM showing the diffraction
mode (left) and the imaging mode (right)**®
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intermediate lens. In imaging mode, the objective aperture is placed at the back focal plane of the
objective lens which can be used to achieve dark-field, bright-field and high-resolution images.
While in the diffraction mode, a selected area electron diffraction (SAED) aperture is placed at the
image plane of the objective lens, which can be used to select the region from which diffraction is
obtained. In addition, more techniques such as high angle annular dark field (HAADF) scanning
tunneling electron microscopy (STEM), energy dispersive spectroscopy (EDS), and electron
energy loss spectroscopy (EELS) can also be performed in TEM to obtain more chemical and
microstructural information about the sample.

TEM and STEM characterizations were performed using FEI Talos 200X with a point-to-
point resolution of 1.6 A. TEM samples for prepared by manual grinding and polishing followed
by ion milling using Precision lon Polishing System (PIPS 691, Gatan), to obtain a thin area with
a thickness below 100 nm around the hole.

2.2.3 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is scanning probe microscopy technique, which is
widely used for characterizing the surface morphology and topography. It takes advantage of the
interaction forces, including the van-der Waals forces, dipole-dipole interactions, electrostatic
interactions and others, between the tip and surface to map out the morphology. Figure 2-4 shows
the setup of an AFM schematically.#® While scanning the surface, a constant force is maintained
between the tip and surface through the feedback circuit. Change in the surface morphology causes
the tip deflection and rotation, which can be measured by the position of the laser spot on the

photodetector.
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Figure 2-4. Schematic set-up for atomic force microscope!#®

In addition to detect surface morphology, AFM can also be integrated to measure other
functionalities such as piezoresponse, magnetic response, nanomechanical behavior and
conductive response. Piezoresponse Force Microscopy (PFM) has been widely used to map the
piezoelectric/ferroelectric domain structure, phase and amplitude structure. Figure 2-5a shows the
schematic of the PFM setup.'#’ The measurement is done with a conductive tip which is brought
in contact with a sample surface. The sample surface is deformed using the AC bias (converse
piezoelectric effect) and the resulting piezoresponse is detected through a photodiode detector
which is further demodulated using a lock-in amplifier. The AC frequency must be set high enough
so that it is possible to distinguish between the piezoresponse and the surface height variations
while scanning, i.e., the time constant of the feedback-loop should be greater than 1/f. Domains
with opposite phase causes opposite deflection in the tip, thus mapping out the 180° phase and
same amplitude as shown in Figure 2-5b.14’

AFM and PFM characterizations were performed using Bruker Icon. For PFM measurements,
a conductive tip with Pt/Ir coating was used (Bruker SCM-PIT). The deflection sensitivity was

calibrated on the thin film sample before performing PFM to convert voltage measured on the
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photodiode detector to nanometers of motion. This was achieved by measuring the slope of the
force curve of photodetector signal vs. piezo movement. Further, ds3 was calibrated using a

reference PVDF sample.
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Figure 2-5. Schematic setup of the PFM4’

2.3 Optical Characterization

2.3.1 UV-Vis-NIR Spectroscopy

Ultraviolet-visible-near-infrared (UV-Vis-NIR) spectroscopy is used to measure the
optical properties of materials. It can measure the transmittance, reflectance and absorbance of the
material from ultraviolet to near-infrared wavelength regime. Figure 2-6 shows the schematic setup
of the instrument.}*® The measurement follows the Beer-Lambert law which states that the
decreasing absorption of light is proportional to the absorptivity of the material. Three different
detectors namely: (i) Photomultiplier tube (PMT), (ii) Indium Gallium Arsenide (InGaAs), and
(iii) Lead Sulphide (PbS) Detectors are used for the light detection in different wavelength regimes.
PMT detector detects the light from 200 nm to 860 nm, InGaAs detector detects the light from 860
nm to 1800 nm and the PbS detector detects the light from 1800 nm to 2500 nm. The hydrogen
and tungsten filament lamps are used as a source for UV (200-375 nm) and visible (350-2500 nm)
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light, which is then split into its component wavelength through a monochromator. A depolarizer

is further used to depolarize the light after the light is passed through the sample and detected.

Purge inlets Lamp compartment

Power switch

Sample compartment

Connector panel

Figure 2-6. Setup of the UV-Vis-NIR spectrophotometer'*®

The thin film samples are polished on the back side of the substrate for transmission
measurement while they are roughened on the back side for reflectivity measurement. The

instrument used for the characterization was PerkinElmer Lambda 1050.

2.3.2 Ellipsometer

Ellipsometer is a non-destructive optical characterization technique which is used to
measure the dielectric properties of thin films. It detects the change in polarization of light after
the light interacts with the sample. Figure 2-7 shows the schematic setup of the ellipsometer. A
linearly polarized light hits on the sample surface which becomes elliptically polarized after
interaction with the sample. The measurement is repeated at several angles of incidence for better
accuracy. The changes in polarization is measured using ellipsometer parameters: y and A, related

by the following equation:
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:—p = tany e'® (2.3)

N

where rp and rs are the reflection coefficient for the p-polarization and s-polarization light,
respectively. Since ellipsometer measures the polarization change ratio, it provides very accurate

information without depending on absolute intensity values.
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Figure 2-7. Schematic setup of the ellipsometer

The measured ellipsometer parameters are then fitted with an appropriate model to get the
dielectric constants and refractive index. The thickness of the thin film samples was provided as
an input to the model after calculating it from the cross-section TEM images. A uniaxial
anisotropic model was used for the vertically aligned nanocomposites while an isotropic model
was used for the particle in matrix nanocomposite. The metal and dielectric optical constants were
modeled with the use of general oscillator models.

The ellipsometer measurements were performed using JA Woollam RC2. The thin film
samples were roughened on the back side of the substrate to minimize the back reflection. The

measurements were performed at three angles for better accuracy of the model.
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3. TAILORABLE AU NANOPARTICLES EMBEDDED IN EPITAXIAL
TiO2 THIN FILMS FOR TUNABLE OPTICAL PROPERTIES

This chapter is reprinted with permission from “Tailorable Au hanoparticles embedded in epitaxial
TiO2 thin films for tunable optical properties” by S. Misra, et al., ACS Applied Materials &
Interfaces, 2018, 10, 32895-32902. © 2018 American Chemical Society

3.1 Overview

The unique property of plasmonic materials to localize light into deep sub-wavelength
regime has greatly driven various applications in the field of photovoltaics, sensors and
photocatalysis. Here, we demonstrate a one-step growth of oxide-metal hybrid thin film
incorporating well dispersed gold (Au) nanoparticles (NPs) with tailorable particle shape and
diameters (ranging from 2 to 20 nm) embedded in highly epitaxial TiO2 matrix, deposited using
pulsed laser deposition. Incorporation of Au NPs reduces the band gap of TiO2 and enhances light
absorption in the visible regime owing to the excitation of localized surface plasmons. Optical
properties including the plasmonic response and permittivity, and photocatalytic activities of the
Au-TiO2 hybrid materials are effectively tuned as a function of the Au NP sizes. Such optical
property tuning is well captured using full field simulations and effective medium theory for better
understanding of the physical phenomena. The tailorable shape and size of Au NPs embedded in
TiO2 matrix present a novel oxide-metal hybrid materials platform for optical property tuning and

highly efficient plasmonic properties for future oxide-based photocatalytic sensors and devices.

3.2 Introduction

Titanium dioxide (TiO>), a wide band-gap semiconductor (~3 eV for rutile and ~3.2 eV for
anatase), has been extensively studied for its photocatalytic properties following the discovery of
the Fujishima-Honda effect in 1972.% Since this discovery, TiO2 has been proposed to be used in
the areas of solar cells, water-splitting, degradation of pollutants and organic molecules, water
purification, etc.*®°2 Towards the practical applications of TiO, as photocatalyst, its wide band
gap has limited the usage in the ultraviolet regime, which constitutes ~5% of the solar
electromagnetic spectrum.® Much efforts have been devoted to increase its efficiency in the visible

regime by incorporating plasmonic nanostructures in TiO,.”14%-152 For example, the integration
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of noble metal nanoparticles (NPs) in a semiconductor has attracted much attention because of the
strong absorption of light in the visible regime due to the resonant oscillation of surface conduction
electrons excited by light, known as localized surface plasmon resonance (SPR). The SPR effect
has been efficiently exploited in various applications such as photocatalysis and photovoltaics.2%8?
To further enhance the absorption efficiency of solar spectrum, noble metal based plasmonic
structures can be further nanoengineered to achieve extreme control over light at nanoscale. For
example, plasmonic structures have the ability to enhance low-intensity light by concentrating
light over a small area. More recent applications of nanoscale plasmonic materials are in quantum
optics, cloaks, water purification, solar distillation and reconfigurable metamaterials.*>*%” Among
all the plasmonic materials, Au is one of the most promising and widely used materials because of
its biocompatibility, high stability and excellent quality factor.” It allows the nanocomposite
structure to harvest sub-bandgap photons, thus, increasing its absorption range.

Most of the metal integrations focus on surface incorporation by various methods such as
evaporation, 49158159 photocatalytic reduction,” chemical reduction®®®, colloid photodeposition
(CPH)™! and facile adsorption!®2. Incorporating the metal nanostructures within an oxide matrix
poses significant challenges due to potential inter-diffusion, oxidation and structure instability. For
example, most of the metals readily diffuses in oxide matrix. Very recently, several successful
demonstrations on the growth of epitaxial metal-oxide systems have opened the possibilities of
such hybrid materials platform with the two phases deposited simultaneously using pulsed laser
deposition (PLD).3>41:132

In this work, we fabricated a new nanostructure with Au NPs embedded in TiO> matrix
grown on STO (001) using PLD as illustrated in the embedded schematics in Figure 3-1. The
advantages of PLD include good stoichiometry control, flexibility in co-growing two-phase
nanocomposites, and relatively low contamination levels.>?*1 Moreover, being a non-
equilibrium process, PLD is effective in fabricating thin films with complex stoichiometry and
producing metastable phases such as anatase phase (instead of the bulk thermodynamically stable
rutile phase) which has been reported as a better photocatalyst than rutile.®* However, very limited
studies have been conducted regarding plasmonic noble metal NPs embedded in photocatalysts
using PLD and are mostly based on nanocrystalline TiO> thin films.1%51% Here we demonstrate
the ability to incorporate Au nanoparticles uniformly and epitaxially in TiO2 matrix. More

interestingly, the size, shape and distribution of Au NPs can be effectively tailored to tune the
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plasmonic properties of the Au NPs and the photocatalytic properties of TiO». This straightforward
approach is demonstrated by fabricating a multilayer stack of Au-TiO. with distinct sizes of Au
NPs by varying the substrate temperature. In addition, effective medium approximation (EMA)
coupled with spectroscopic ellipsometry can be used to estimate the Au NP size effect on the

effective permittivity of Au-TiO2 nanocomposite.

3.3 Results and Discussion

To study the deposition temperature effect on the size and shape dependence of Au NPs
embedded in TiO2, high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) studies were performed on all the samples deposited at 300 °C, 500 °C, 700 °C
and 3 mixed temperatures. Figure 3-1 and Figure 3-2 (in Supporting Information) shows the cross-
sectional STEM images of TiO2 and Au-TiOz thin films on STO (001) and MgO (001),
respectively. The STEM imaging under HAADF condition is also called Z-contrast where the
image contrast is roughly proportional to Z2.%” Such composition based contrast difference in
STEM is ideal for microstructural analysis of 2-phase nanocomposites. STEM image clearly shows
the Au NPs uniformly embedded in TiO2 matrix where Au has a brighter contrast than TiO>
because of its higher atomic number (Z) (Figure 3-1). The average Au NP size decreases as the
substrate temperature reduces. The average Au NP size decreases from 16.5+2.8 nm at 700 °C to
4.7£1.1 nm at 500 °C and 1.6+0.3 nm at 300 °C as shown in Figure 3-3. The particle size was
measured along the major and minor axis using ImageJ and the error bar signifies the +1 standard
deviation of the normal distribution. The same trend is also observed for the samples on MgO (001)
substrates (Figure 3-2), i.e., the particle size decreases from ~9 nm at 700 °C to ~4 nm at 500 °C
and ~2 nm at 300 °C. Higher growth temperature increases the surface mobility (i.e., surface
diffusivity) of the Au ad-atoms which leads to larger Au growth islands, e.g., larger Au
nanoparticles in the TiO, matrix for the case of the 700°C sample. In comparison, decreasing the
temperature to 500 °C and 300 °C decreases the surface mobility of Au NPs and thus leads to
smaller Au NPs formation. Interestingly, the particle shape also changes with the deposition
temperature to minimize the overall interfacial energy. At 700 °C, well faceted large Au
nanoparticles are observed (growing along the (002) out-of-plane direction). The particle shape

changes to elliptical and spherical for samples deposited at 500 °C and 300 °C, respectively, shown
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by the presence of a larger difference in major and minor axis in Figure 3-3b and Figure 3-3c. In
addition, the particles show more uniform distribution in the matrix for both cases. Figure 3-1d
shows the film grown at three different temperatures consequently that clearly illustrates the ability
to easily tune the sizes and distribution of Au NPs via the deposition temperature control. Another
notable feature observed in the STEM images is the ability of the Au NPs to self-align in order to
form pillars. At 500 °C, the tendency to form nanopillar-like structures from the vertically aligned
nanoparticles is clear as indicated by the circled areas. The ability of Au particles to align as
nanopillars suggests the possible strain driven alignment of Au NPs in TiO2 matrix. Overall the
growth temperature plays a critical role in determining the particle shape and size. For all the
samples, a seed layer of Au NPs is nucleated near the film-substrate interface to assist the initial

nucleation and growth of the Au-TiO2 nanocomposite structure.

Figure 3-1. Cross-sectional STEM images showing Au NPs embedded in epitaxial TiO2 thin film
for growth temperature of (a) 700 °C, (b) 500 °C, (c) 300 °C and (d) mixed temperature.
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The XRD 6-26 scans of TiO2 films (Figure 3-5) confirm the highly textured growth of anatase
TiO2 along (004) direction for all the cases. As opposed to the more thermodynamically stable
rutile phase, the growth of metastable anatase phase results in the lowering of the overall free
energy by forming a semi-coherent interface and is the preferred phase to form on STO because
of better epitaxy matching.® Au peaks show the presence of two major orientations of (002) and
(111) and the orientation preference varies as a function of temperature, i.e., (002) for the 700 °C
one and (111) for the 500 °C one and the 3-temperature one, as shown in Figure 3-5c. A narrow
full-width half maximum (FWHM) of the rocking curve for the (004) TiO2 peak indicates the high
epitaxial and crystalline quality of the film (Figure 3-6). While the TiO, peak completely
disappears for the 300 °C sample implying that the crystallinity of the film reduces at lower growth
temperatures. Moreover, the XRD 0-20 scans (Figure 3-5) and the selected area electron diffraction
(SAED) pattern (Figure 3-4) confirm the epitaxial growth of TiO2 and Au NPs on STO evidenced
by their distinguished diffraction dots. The growth orientations of TiO2 and Au are determined to
be Au (002) // TiO2 (004) // STO (002) and Au (200) // TiO2 (200) // STO (200). Hence, the growth

temperature plays a critical role in determining the film crystallinity and the Au NP sizes.
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Figure 3-2. STEM images of Au-TiO2 nanocomposite at (a) 700 °C, (b) 500 °C, (c) 300 °C and
(d) mixed temperatures
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82



Figure 3-4. SAED of Au-TiO2 nanocomposite for the growth temperature of 700 °C
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Figure 3-5. (a) XRD patterns of Au-TiO, nanocomposite at different growth temperature and (b)
the variation in FWHM of TiO> (004) peak, (c) Au (002) peak.
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An important characteristic of the Au-TiO2 nanocomposite thin films is their highly tunable
optical properties. The optical response of hanocomposites varies greatly with the Au NPs’ size,
shape and density. All the films on MgO substrates were characterized by optical transmittance
measurements at the normal incident angle. Figure 3-7a shows the UV-Vis-NIR transmittance
spectra of the films grown at different temperatures. The spectra were normalized between 0 and
1 while the un-normalized transmission spectra is shown in Figure 3-8a. First, all the samples
present an obvious absorption edge around 350 nm which is related to the bandgap of the TiO>
films. Specifically, the absorption edge of TiO2 presents an obvious red-shift from 380 nm (pure
TiO2) to as high as 460 nm (grown at mix temperature) in the visible regime because of the
presence of Au NPs. A detailed bandgap calculation using the Tauc plot yields the plot in Figure
3-7b where the band gap of TiO> varies from 3.25 eV (grown at 700 °C, closer to its bulk value of
3.2 eV) to 2.91 eV (grown at 300 °C). Such obvious Eg reduction is attributed to possible TiO>

film stoichiometry variation due to the Au inclusions as well as the interface effects at the
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Figure 3-6. Rocking curve for the (004) TiO: peak indicating the FWHM of 0.64

Au-TiO> interfaces, which will be discussed in more detail later. It has been reported that the
variation in oxygen stoichiometry could change the conduction band of oxide semiconductors and
thus leads to the bandgap variation.'®®% In this work, we have confirmed that the Au-NP

incorporation actually results in more stoichiometric TiO2 (Ti:O ratio of 1:2) using XPS analysis,
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and considered this as one of the possible reasons for the bandgap tuning. In addition, interface
based strain tuning could also cause tuning in bandgaps as shown by others.’® Second, all the Au-
TiO2 nanocomposite films present an obvious plasmonic absorption peak and the peak position
shifts systematically. We recall that the Au NPs’ size varies from ~17 nm (700 °C) to 2 nm (300 °C).
Such large tunability in Au NP size results in the large shift in the plasmonic absorption peak from
578 nm (500 °C sample) to 622 nm (700 °C sample). Note that the plasmonic absorption for the
sample grown at 300 °C is relatively weak and broad and thus there is no clear SPR peak assigned.
The 500 °C sample shows relatively higher absorbance than the 300 °C and 700 °C sample, due
to the presence of thicker film. The average films thickness of the TiO, and Au-TiO;
nanocomposite at 700°C, 500°C, and 300°C are ~60nm, ~65nm, ~115nm, and ~85nm, respectively.

In addition, the absorption coefficient was calculated using the unnormalized spectra using the

formula @, where t and T are the thickness and transmission of the samples. The calculated

absorption coefficient is shown in Figure 3-8b. The absorption coefficient of both the 700°C and
500°C is similar in the near-infrared wavelength regime. More interestingly, the film grown under
the mixed temperatures of 300 °C, 500 °C and 700 °C shows the maximum absorption of light
over a very broad range of spectrum from ~1000 nm to 480 nm which is attributed to the various
Au NPs sizes introduced by the three different growth temperatures. Such systematic SPR peak
shifting for the Au-TiO, samples is believed to be related to the tunable Au NP sizes which leads
to the enhanced plasmonic absorption at specific wavelengths.

Furthermore, the anisotropic optical properties of the Au-TiO> film deposited under mixed
temperatures have been explored using angular dependent transmittance measurements. A
schematic of the setup is shown in Figure 3-9a. The incident depolarized light strikes the sample
at various incidence angles and the subsequent transmission is recorded. Figure 3-9 summarizes
the angular dependent transmittance and reflectivity results of samples grown at mixed
temperatures. The plasmonic resonance peak shows a red shift from 579 nm to 592 nm as the
incident angle decreases, which is due to the anisotropic nature of Au NPs (see Figure 3-10b). At
higher angles, the light in higher wavelength regime is required for the plasmonic resonance of Au
NPs. Moreover, varying the transmittance angle from 20° to -20° increases the absorption by 3%
(Figure 3-9¢). Hence, angular measurement provides a direct measure of the anisotropy nature in
the material and confirms the shape dependence of the plasmonic response. It is observed that
transmittance decreases at higher angles in all the samples. This is because at higher angles, the
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incident and reflected wave can destructively interfere more easily thus decrease the transmission

(and increase the reflection).
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Figure 3-7. (a) Normalized transmittance spectra of the TiO2 and Au-TiO2 nanocomposite films
for varied growth temperature and (b) their corresponding band gap calculated using Tauc plot.
Marked region in (a) is shown as an inset in (b).
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Figure 3-8. (a) Unnormalized transmittance spectra of the TiO2 and Au-TiO2 nanocomposite
films for varied growth temperature, and (b) the absorption coefficient
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Figure 3-9. (a) Experimental setup used to measure the angular dependent transmission and
reflection, (b) transmission spectra for the sample grown at mixed temperature at varying angles,
(c) transmittance at 20° and -20° and (d) reflectance at varying angles
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To gain a better understanding of the optical properties, the optical response in the
nanocomposite system was modeled using the COMSOL Multiphysics 5.3. Figure 3-11a shows
the cross-section STEM image of Au-TiO2 sample grown at 700 °C which was used to approximate
the simulated geometry shown in Figure 3-11b. Experimental and calculated absorption spectra
show a reasonable match as shown in Figure 3-11c and Figure 3-11d, respectively. The absorption
spectra show two major peaks at regimes near 580 nm and 710 nm, observed in both simulated
and experimental spectra. Figure 3-11e and Figure 3-11f maps the absorption of Au NPs at 585
nm and 710 nm, respectively. Based on the calculation, it is observed that the peak near 580 nm is
caused by Au NPs themselves while the peak near 710 nm corresponds to the sharp corners and
inter-particle coupling of Au NPs. Figure 3-11d shows the absorption (W/m) in Au NPs from the
surface of Au NPs and from the bulk Au NPs. It again shows that the surface (coupling) effect
becomes more prominent at higher wavelengths as the bulk absorption decreases at higher
wavelengths. The difference between the experimental and simulation spectrum could be due to
that the simulation was based on the geometry from a small region while the experimental data

was collected from a large area of the samples.
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Figure 3-10. Angular dependent transmittance spectra for the Au-TiO2 sample grown at (a)
700 °C and (b) 500 °C
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Figure 3-11. (a) Cross-sectional STEM image of the Au-TiO> film grown on STO (001) at
700 °C, (b) approximate geometry used to simulate the absorption spectra, (c) Experimental
absorption spectra and (d) calculated absorption spectra showing the surface and bulk
contribution of Au NPs, () absorption map corresponding to incident illumination at 585 nm and
(f) 720 nm.

Au NPs introduced during the growth of TiO> thin films have major impacts on the overall

optical response of the hybrid materials. One of the possible reasons for such strong effects is the
possible impact on the overall stoichiometry of TiO> matrix. Thus, a detailed study on the film
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composition and oxidation states of the elements were studied using XPS. Survey spectra showed

the presence of Ti, Au, O and C. High-resolution XPS spectra of Ti 2p and Au 4f core levels for
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Figure 3-12. High resolution XPS spectra of (a) Ti 2p and (b) Au 4f of Au-TiO2 nanocomposite
thin film.

pure TiO2 grown at 700 °C and Au-TiO: films grown at 300 °C and 700 °C are shown in Figure
3-12. The Ti 2ps2 and Ti 2p12 peaks have binding energies of 458.5 eV and 464.3 eV, respectively,
with a spin-orbital splitting 5.8 eV. According to the Ti 2p peak positions, Ti chemical state can
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be unambiguously assigned to Ti** state: these values are consistent with those reported for TiO;
films.1%6171 The Au 4f7, and Au 4fs;, peaks have binding energies of approximately 84.1 and 87.8
eV, respectively, at 300 °C with a spin-orbital splitting of 3.7 eV. The Au 4f peak position and
shape correspond to the metallic gold Au®. The low binding energy shift of the Au 4f7 peak from
84.1 eV to 83.4 eV is observed as the growth temperature increases from 300 °C to 700 °C. This
shift can be explained by the charge transfer from titania to Au NPs (Au™" + ne’ « Au?®).”
Interestingly, the interfacial charge transfer in the case of Au-TiO2 sample grown at 700 °C is more
than that of the sample grown at 300 °C. The binding energy of Au increases with the decreasing
particle size. Atomic percentage calculated based on the XPS results show that TiO2-Au has a
closer stoichiometric ratio (atomic ratio of Ti:O) to be 1:2 as shown in Table 3-1. The O/Ti ratio
for all the samples was calculated using the survey spectra of XPS in CasaXPS software. The
highest intensity peaks for all the elements were chosen and area under the curve was calculated
by subtracting the background, separately for different elements. All the peak positions were

calculated with reference to the C1s peak being at 284.8 eV. The Au NPs preferentially nucleate
near the oxygen vacancies (0, < V; + %02 + 2e"), which results in the reduction in the amount

of oxygen vacancies.!’?717°

Table 3-1. Quantitative analysis of the XPS spectrum

Sample | Audf% (:5D) | C15% (£5D) | O 15%(+SD) | Ti 2p% (¢5D) | C-C% | C-0% | 0-C-0% | O/Ti (25D) _

TiO, (700°C) 0 17.04(£0.27) 56.71(+0.25) 25.5(+0.08) 12.31 2.71 2.02 1.96(+0.004)
Au-TiO, (700°C) 6.17(£0.02)  21.15(+0.33) 50.35(+0.27) 22.33(x0.12) 16.90 2.63 1.62 1.99(+0.001)
Au-TiO,(300°C) 10.73(+0.03) 22.84(+0.44) 45.54(+0.25) 20.89(x0.14) 19.40 2.75 0.70 1.98(+0.001)
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Figure 3-13. Experimental (solid) and fitted (dot) components of the ellipsometric parameter Psi
(v) for the (a) Au-TiO2 sample deposited at 300 °C and (b) TiO2 deposited at 700 °C.

Tunability of the optical properties with and without Au addition was evaluated based on the
spectroscopic ellipsometry measurement. The data fittings were performed assuming isotropic
response (€[oo1] = €[o10] = €[100]) through the use of general oscillator models to enforce the Kramers-
Kronig consistency. Figure 3-14a shows the ellipsometer parameter  fitted using an appropriate
model to calculate the dielectric permittivity (see Methods section). The dielectric complex
function, i.e., permittivity real part ¢ and imaginary part &" of the TiO2 and Au-TiO:
nanocomposite are plotted in Figure 3-14b. The optical constants calculated from Maxwell Garnett
EMA closely matches with the constants obtained by the ellipsometry model fitting shown in
Figure 3-14b. The additional broadening may be due to anisotropic nature or the size variation of
the Au NPs. It is interesting to note that the permittivity of TiO2 sample deposited at 300 °C is the
same as the TiO, sample deposited at 700 °C. Therefore, significant effects on tuning the overall
permittivity of the Au-TiO2 nanocomposite comes primarily from the Au NPs and the TiO>
crystallinity plays a minor in tailoring the properties. The effects of the Au NPs on the overall TiO:
photocatalytic properties were further characterized by photodegradation of methylene blue (MB)
dye with an initial concentration of 10 mg/L. Figure 3-14c shows a typical measurement of MB
degradation over time. The normalized absorbance of pure MB, pure TiO2, Au-TiO> grown at
300 °C, 500 °C, 700 °C and mix temperature is plotted in Figure 3-14d. Interestingly, the
experimental results demonstrate that the Au-TiO. grown at 500 °C has the highest

photodegradation rate among all the five samples. The increased photoactivity of the 500 °C
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sample can be attributed to the lower bandgap of TiO2 ~2.9 eV (see Figure 3-7b) and higher
plasmonic absorption over a broader wavelength range as compared to the 300 °C and 700 °C
sample (see Figure 3-7a). Since photodegradation is mainly a surface phenomenon with charge
transfer taking up to a few nanometers!®, the relative different thicknesses of the film can be
disregarded. In addition, effective interfacial charge transfer across the Au/TiO> interface for the
films deposited at higher temperature (as shown by XPS) also contributes to the increased
photocatalytic activity. Thus, these results directly correlate the size dependence of Au NPs with
their photocatalytic activity and demonstrate potential in designing photocatalytic devices with
higher efficiencies. Different Au NP sizes have resulted in the obvious tuning of the absorption
peak and the band gap of TiO. as shown earlier. Therefore, we believe that the obvious tuning
effects on permittivity and catalytic properties observed in the Au-TiO2 samples comes primarily
from the Au NPs particle size.
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Figure 3-14. (a) Experimental (solid) and fitted (dot) components of the ellipsometric paramter
Psi (y) for the TiO2-Au sample deposited at 700 °C. Inset shows the ellipsometer measurement
setup. The ellipsometer parameters y and A (not shown here) were measured at different angles
to improve the accuracy of the fitted model (b) Real and imaginary part of the permittivity for
the TiO2 and TiO2-Au sample deposited at 700 °C and 300 °C, (c) Absorption spectra for
methylene blue for different irradiation times with the Au-TiO; film grown at 500 °C and (d)
normalized absorbance plotted against the irradiation time for the three different films along with
the reference MB solution. Inset shows the mechanism of plasmon-induced charge transfer.
Electrons near the Au Fermi level are excited to surface plasmon state and get transferred to TiO>
conduction band where the electron-driven hydrogen evolution half-reaction takes place.

There are several key features that this novel structure provides over other previously
reported Au-TiO2 systems.14%150158.176-178 First the fully embedded Au NPs inside the TiO, matrix
present efficient charge transfer to the semiconductor matrix as compared to other surface Au NPs
cases.™® This is attributed to the increased interfacial area available for electron injection. Second,

the shape, size and density of Au NPs can be tailored and achieved by using a one-step growth
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method. Controlling the shape and size of NPs is important for tailoring their plasmonic response
and for further exploring the size dependence on charge injection efficiency.* A highly uniform
size distribution of Au NPs can also be achieved. In addition, very small Au NPs, as fine as 2 nm,
can be achieved, which is much less than the mean free path of electron-electron scattering (~30
nm for a 2 eV electron) and ideal for the electron to reach the interface.’® Third, the optical
permittivity and the catalytic properties of the Au-TiO2 nanocomposites can be effectively tuned
by varying the Au NP size as measured using ellipsometry and photodegradation experiments.
Fourth, the co-growth method provides flexibility in morphology control (in terms of crystallinity,
purity and composition) over other methods previously employed to fabricate Au-TiO>
nanocomposites.'®>1% |t is possible to adopt this approach for incorporating other plasmonic
nanostructures in oxide matrix for enhanced optical, electrochemical and photocatalytic properties.
Incorporation of Au particles increases the solar energy harvesting range to as high as 1000 nm
(compared to bare TiO2 which is active below 390 nm) allowing applications as photocatalysis
and light concentrators.”* The one-step PLD process employed here offers easy control of the
volume fraction of Au NPs which provide new opportunities to manipulate light-matter interaction

over a wide range of wavelength.

3.4 Conclusion

In summary, we have demonstrated a one-step PLD deposition technique to deposit highly
textured metastable anatase TiO2-Au nanocomposite thin films with highly tailorable shape and
size of Au NPs by varying the growth temperature. Incorporation of Au NPs effectively tunes the
band gap of TiO.. The shape and size tuning of Au NPs increases the absorption efficiency over a
broad optical spectrum. The absorption spectra have mainly two components: one arises from Au
NPs at its resonant wavelength and the other results from coupling between Au NPs seen at longer
wavelengths. In addition, results confirm that the binding energy of Au increases with decreasing
NP size and incorporation of Au helps to improve the stoichiometry of TiO,. Photodegradation
results conclude that the synergistic impact of lowering of the TiO2 bandgap along with the
plasmonic absorption of Au NPs play a significant role in determining the photoactivity of the thin
films. This controlled fabrication of TiO2-Au nanocomposite thin films presents new opportunities
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to fabricate nanoscale metamaterials and control photon-matter interaction at nanoscale, which can

find useful applications as photocatalysis and photovoltaics.

3.5 Experimental Section

Thin Film Growth. Au-TiO2 films were fabricated using a TiO»>- Au target prepared by
conventional solid-state sintering process in air at 1000 °C for 3 hours. Both pure TiO2 and Au-
TiO2 thin films were deposited on single-crystal STO (001) substrates using a PLD system (with
a KrF excimer laser, Lambda Physik Compex Pro 205, A = 248 nm). The laser beam was focused
on the target surface at a 45° angle of incidence to obtain an energy density of approximately 3
Jlem?. The base pressure of the chamber was 1x10° Torr or lower before deposition. The Au-TiO;
samples were deposited with the temperature ranging from 300 °C to 700 °C and a laser frequency
of 5 Hz. To avoid oxygen deficiencies in the films and potential oxidation of Au, an intermediate
O- partial pressure of 20 mTorr was maintained during the depositions. The samples were cooled
to room temperature under 100 Torr O after the deposition.

Structural, Optical and Surface Characterization. Structural characterization of the samples
was carried out using X-Ray Diffraction (XRD) and Transmission Electron Microscopy (TEM).
XRD 2-theta scans were recorded using PANalytical Empyrean 2 with Cu K, radiation and the
TEM/STEM images and selected area electron diffraction (SAED) patterns were acquired using
FEI TALOS 200X. The TEM samples were prepared by cutting and manual grinding followed by
dimpling and ion-polishing (precision ion polishing system (PIPS I1)). Optical characterization
was carried using UV-Vis-NIR absorption spectrophotometer (Perkin EImer Lambda 1050). The
angular dependent transmission/reflectivity measurements were performed using Total Automated
Measurement System (TAMS). Incident angle was varied from 10° to 60°. Full wave simulations
were carried out using COMSOL Multiphysics 5.3 to fit the optical measurement results. The
chemical composition of the TiO2-Au films was investigated using X-ray photoelectron
spectroscopy (XPS) system (Kratos Axis Ultra DLD) with monochromatic Al K, radiation (1486.6
eV).

Photocatalytic activity measurement. The photocatalytic activity of different samples was
evaluated using photodegradation of methylene blue (MB) dye under solar light using a Newport
300W Xenon arc lamp (Model 66902) equipped with an AM1.5G filter with an intensity of 54
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mW/cm?. The 10 x 5 mm samples were suspended within the quartz cuvettes in a MB solution.
After regular intervals, the samples were measured with UV-Vis spectrometer. The peak area was
used to estimate the concentration of MB shown in Figure 3-13.

Permittivity Measurements. The permittivity of the TiO. and Au-TiO2 nanocomposite was
evaluated using spectroscopic ellipsometry (JA Woollam RC2). The incident angle was varied
from 55° to 75° with a step size of 10°. The ellipsometer parameters y and A are related by the
equation: rp/rs = tan(y)e™, where r, and rs are the reflection coefficient for the p-polarization and
s-polarization light, respectively. The parameters y and A were fitted using an appropriate model
to calculate the dielectric permittivity. The y and A are measured at different angles to improve
the accuracy of the fitted model. The calculations were carried out using the ellipsometry software
CompleteEASE. A Cauchy model was used to fit the anatase TiO.. A general oscillator layer
consisting of one Tauc-Lorentz oscillator and one Lorentz oscillator was used to fit the Au-TiO>

nanocomposite. The fitted models are shown in Figure 3-13.
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4. SELF-ASSEMBLED ORDERED THREE-PHASE Au-BaTiO3z-ZnO
VERTICALLY ALIGNED NANOCOMPOSITES ACHIEVED BY A
TEMPLATING METHOD

This chapter is reprinted with permission from “Self-assembled ordered three-phase Au-BaTiO3-
ZnO vertically aligned nanocomposites achieved by a templating method” by S. Misra, et al.,
Advanced Materials, 2018, 1806529. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA

4.1 Overview

Complex multi-phase nanocomposite designs present enormous opportunities for
developing next generation integrated photonic and electronic devices. Here, we demonstrate a
unique three-phase nanostructure combining a ferroelectric BaTiOsz, a wide band-gap
semiconductor of ZnO and plasmonic metal of Au towards multifunctionalities. By a novel two-
step templated growth, a highly ordered Au-BaTiO3-ZnO nanocomposite in a unique “nanoman’-
like form, i.e., self-assembled ZnO nanopillars and Au nanopillars in BaTiO3z matrix, has been
realized, and is very different from the random three-phase ones with randomly arranged Au
nanoparticles and ZnO nanopillars in BaTiOz matrix. The ordered three-phase “nanoman”-like
structure provides unique functionalities such as obvious hyperbolic dispersion in the visible and
near infrared regime enabled by the highly anisotropic nanostructures compared to other random
structures. Such self-assembled and ordered three-phase nanocomposite is obtained through a
combination of Vapor-Liquid-Solid (VLS) and two-phase epitaxy growth mechanisms. The study
opens up new possibilities in the design, growth and application of multi-phase structures and
provides a new approach to engineer the ordering of complex nanocomposite systems with

unprecedented control over electron-light-matter interaction at nanoscale.

4.2 Introduction

Complex functional oxide materials have received much interests for both the discovery of
new material systems and the control of physical properties and multifunctionalities towards
emerging technological developments of metamaterials,®® spintronics,*”® multiferroics,*® and
quantum systems.*8 Several two-phase nanocomposite systems, exhibiting multilayer or nanowire

morphology, have been demonstrated for achieving enhanced physical properties, including
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enhanced ferroelectricity,?” ferromagnetism,*8! magnetoresistance®?

and exotic optical properties
such as optical magnetism,®” negative refraction,®® and hyperbolic dispersion.®® For example,
hyperbolic metamaterials, having ordered and anisotropic metal-dielectric nanocomposite design,
support the propagation of high wavevectors.?® Since very few naturally hyperbolic materials exist,

this artificially engineered nanocomposite approach provides a multi-functional platform to realize

183 184

such materials with applications in sub-diffraction imaging,® sensing,'®® waveguiding*®* and an
opportunity to achieve coupled electric, magnetic and optical responses. However, due to the
availability of a limited range of structures in terms of crystallinity and morphology, a greater
design flexibility and a structural complexity along with versatile growth techniques are needed
for developing next generation integrated photonic and electronic devices. This can be achieved
by incorporating a third phase through the three phase nanocomposite designs by judicious
selection of materials and functionalities.

Besides material selection, the spatial ordering of the phases has great impacts on the
overall functionalities of nanocomposite materials. Previous efforts to grow ordered ceramic-metal
nanocomposites have focused on applying patterning techniques such as anodized alumina oxide
(AAO) templates,”® e-beam lithography,** focused ion beam (FIB),}® and substrate
nanotemplating.?? In contrast, a self-assembly approach for fabricating such ordered oxide-metal
nanocomposites prove cost-effective and overcome the resolution limitation and complex
fabrication steps. Controlled synthesis of such self-assembled complex hybrid nanostructures with
desired ordering and epitaxial quality remains a challenge. Specifically, large difference in surface
energy, growth kinetics, and high tendency of oxidation and inter-diffusion between vastly
different phases remain as major challenges and further impose difficulties in ordering control.
Despite the recent success of the self-assembled epitaxial 2-phase oxide-metal nanocomposite
growths,’-354041132.139.186 achjeving spatial ordering in nanoscale hybrid materials is still a great
challenge and such success is very limited.?>18

In this work, we introduce a new design with highly epitaxial ordered three phase thin film
(i.e., Au-BaTiOs-Zn0), for the first time, taking advantage of the Vapor-Liquid-Solid (VLS)
mechanism through a templating method using pulsed laser deposition, a physical vapor deposition
(PVD) tool. Instead of a randomly arranged three-phase nanostructure (Figure 4-1b), such three-
phase ordering is achieved via a combined self-assembly and templating method as illustrated in

the schematic drawings in Figure 4-1c. BaTiOs (BTO), a perovskite oxide with both ferroelectric
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and non-linear optical properties, and ZnO, a direct wide band-gap semiconductor, allow the
possibility of BTO:ZnO vertically aligned nanocomposite (VAN) structure because of their phase
immiscibility (evidenced by the BaO-TiO2-ZnO ternary phase diagram®®®) and chemical
compatibility as shown in Figure 4-1a. Being motivated by the ordered growth of ZnO nanowires
(NW) via VLS growth mechanisms, the vertically aligned Au nanopillars embedded in the
template layer of Au-BTO act as the seeds for catalyzing ZnO NW growth and allows the highly
ordered spatial control of ZnO nanostructures as illustrated in Figure 4-1c. More interestingly, the
ordered Au-BTO-ZnO three-phase metamaterials allow a high degree of optical and electrical
property tunabilities, including the hyperbolic dispersion in the visible and near infrared regime,
in addition to the very strong ferroelectric/piezoelectric properties. The properties are compared
with the random three-phase nanocomposite structures to explore the power of structural ordering
in functionality tuning towards future three-phase hybrid metamaterial designs.

a o ®
[ ]

Two-phase Random three-phase Ordered three phase
BTO-ZnO VAN Au-BTO-ZnO Au-BTO-ZnO

Figure 4-1. Growth mechanism schematic of (a) two-phase BTO-ZnO vertically aligned
nanocomposite (VAN), (b) random three-phase Au-BTO-ZnO, and (c) ordered three-phase Au-
BTO-ZnO. In (a), regions of BTO and ZnO get nucleated aside each other giving rise to a self-

assembled BTO-ZnO VAN. (b) shows three separate regions of nucleation for Au, BTO and
Zn0. (c) shows the two-step growth of ordered three phase nanocomposite. Au NPs are capped
at the end of ZnO pillars giving rise to the ordered three-phase ‘nanoman’ structure.
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4.3 Results and Discussion

The microstructure and three-phase morphologies are compared between the random and
highly ordered nanocomposites using X-ray diffractometry (XRD), high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and electron diffraction. Figure 4-2
shows a collection of TEM/STEM/EDS (energy-dispersive X-ray spectroscopy) mapping for both
plan view and cross-section samples of the random three-phase nanocomposite. The expected
morphology is shown in Figure 4-2a. The EDS elemental map of Au, Zn and Ba from the plan-

Figure 4-2. Microstructure study of the random three-phase Au-BTO-ZnO nanocomposite. (a)
3D schematic illustration of the random three-phase Au-BTO-ZnO nanocomposite, (b) plan-view
scanning transmission electron microscopy (STEM) image with the corresponding EDS mapping

showing distribution of the phases, (c) atomic-scale high resolution STEM (HRSTEM) plan-

view image showing the three phases, (d) cross-sectional STEM image with the corresponding
EDS mapping, and (e) HRSTEM image showing the lattice spacing and growth direction of
BTO.

101



view sample (in Figure 4-2b) shows a clear and sharp interface between the three phases which
suggests that all the phases grow separately without any obvious inter-diffusion (Figure 4-6a-c).
Clearly, random random distribution of Au NPs embedded within the columnar VAN structure of
BTO-ZnO can be observed in Figure 4-2c. The cross-sectional STEM study along with its
corresponding EDS mapping shown in Figure 4-2d shows the vertical ZnO pillars and Au NPs
with an average diameter of ~6 nm distributed in the BTO matrix. The corresponding selected area

electron diffraction pattern (SAED) shown in Figure 4-3a indicates the highly epitaxial growth of

Figure 4-3. SAED of (a) random and (b) ordered three phase Au-BTO-ZnO nanocomposite

the nanocomposite. From the cross-sectional and plan-view high resolution STEM images shown
in Figure 4-2c and Figure 4-2e along with SAED pattern taken in the [100] zone axis, the growth
direction of the nanocomposite can be identified as BTO(002)//Zn0(0002)//Au(111)//STO(002)
and BTO[002]//Zn0O[0002]//Au[111]//STO[002]. These results are well consistent with the XRD
results in Figure 4-4.
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Figure 4-4. XRD 0-20 scan of the three different nanocomposite designs deposited on SrTiO3
(001)

Figure 4-5 presents the microstructure and phase distribution of the ordered three-phase
structure with the schematic of the expected morphology shown in Figure 4-5a. The highly ordered
structure is evident from both the plan-view and cross-section STEM images shown in Figure 4-5b
and Figure 4-5c, respectively. The auto-correlation map shown in Figure 4-7 shows the preferred
ordering of the ZnO phase. Figure 4-5b1-b4 shows the elemental EDS mapping of the plan-view
sample showing clear and sharp interfaces between the three phases and confirming no obvious
inter-diffusion between the phases (Figure 4-6d-f). Figure 4-5c displays the phase distribution in
cross-section where a clear separation of three-phases is evident by the unique ‘nanoman’ structure.
The average diameter of both the ZnO and Au nanopillars is about 6 nm. Evidently, Au NPs are

capped at the end of ZnO NWs which is characteristic of the VLS growth mechanism.
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Figure 4-5. Microstructure study of the ordered three-phase Au-BTO-ZnO nanocomposite. (a)
3D schematic illustration of the ordered three-phase Au-BTO-ZnO nanocomposite, (b) plan-view
STEM image with the corresponding EDS mapping showing distribution of the phases, and (c)
cross-sectional STEM image with the corresponding EDS mapping
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Figure 4-6. EDS elemental maps for Sr and Ti for both random and ordered three-phase
nanocomposite
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Figure 4-7. Auto-correlation maps for (a-b) random and (c-d) ordered three-phase nanocomposite

In the past, VLS mechanism has also been widely explored for the growth of ZnO NWs using
chemical vapor deposition (CVD) growth techniques.®*1% Complications arise for the oxide NW
growth since most oxides have a high melting point and achieving ordered and orientation-
controlled NW synthesis is challenging. In the conventional VLS mechanism (Figure 4-9), the
substrate is patterned with the isolated catalyst nanoclusters for the subsequent NW growth. The
choice of catalyst is dependent on the choice of NW material. For example, metals such as Au, Fe,
Al, Cu, Ni, Sn, Fe and Ag have been selected for the growth of Si, ZnO, GaN, ITO and GaAs
NW.1%+1%8 gpecifically, the Zn vapor reacts with the Au catalyst to form a lower melting point
liquid eutectic alloy shown in Figure 4-8a. Once this eutectic alloy droplet become supersaturated,
crystalline ZnO is formed.18%190.199-201 Different from the conventional VLS growth, the ordered
three-phase ‘nanoman’ structure uses the Au pillars in the BTO-Au nanocomposite as the catalysts
for the growth of ZnO nanopillars in BTO matrix. This allows the growth of perfect vertically
aligned ZnO nanowires nucleated preferentially on top of Au nanopillars through the VLS
mechanism schematically presented in Figure 4-8b. It is observed that BTO phase in the upper
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BTO-ZnO layer coherently grows on top of the BTO phase in the lower Au-BTO layer due to
matching interfacial energy and perfect lattice matching. Subsequent incoming flux of BTO and
ZnO adatoms constrains the ZnO to grow on top of Au nanopillars which catalyzes the further
unidirectional growth of ZnO NW by forming a low temperature eutectic alloy through the VLS
mechanism. As a result, ZnO NW precipitate at the solid-liquid interface while growing epitaxially
on STO (001) substrate.

T

1064 °C

650 °C

Au

b

Substrate

Au

Zn0 BTO

Substrate

Figure 4-8. (a) Phase diagram of Au and ZnO showing the eutectic temperature at 650°C.18%1%
The growth temperature used for the deposition was 700°C. (b) 2-step growth process employing
the EAVLS mechanism enabling the growth of ordered vertically aligned three-phase
nanocomposite, (c) atomic-scale HRSTEM cross-section image showing the templated Au-BTO
and STO epitaxial interface before the growth of second layer, and (d) atomic-scale HRSTEM
image showing the Au NP capping the ZnO NW and surrounded by the BTO matrix indicative of
the VLS mechanism.
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Figure 4-9. Conventional VLS mechanism enabling the growth of crystalline ZnO NW using Au
NPs as catalysts.

High-resolution cross-sectional STEM image of the templated Au-BTO film and STO (001)
substrate shown in Figure 4-8c presents a fully coherent interface and confirms the epitaxial
growth of Au nanopillars throughout their length with a sharp interface with BTO. Figure 4-8d
shows the atomic-scale HRSTEM image after the two-step growth showing the Au NP capping
the ZnO NW indicative of the VLS mechanism. Au pillars and NPs grow along the [111] direction
to minimize its interfacial free energy and the d-spacing of the (111) planes is 2.3A. The lattice
parameters, estimated to be ~4.0A for Au and 4.1A for BTO, are consistent with the XRD
measurements in Figure 4-4 (Supporting Information). The epitaxial matching relationships of the
nanocomposite can be identified as BTO(002)//ZnO(0002)//Au(111)//STO(002) and
BTO[002]//Zn0O[0002]//Au[111]//STO[002] from the high-resolution STEM images and the
corresponding SAED of the area, taken in the <001> zone axis (Figure 4-3b, Supporting
Information). Thus, by a template-assisted growth method, the ordered growth of three-phase

nanocomposites has been demonstrated.
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Figure 4-10. (a) STEM image of the BTO-ZnO two phase nanocomposite, (b) composition EDS
mapping showing the VAN structure, (c¢) HRTEM image showing the phase contrast between
BTO and ZnO, and (d) HRSTEM image showing the inter-planar spacing of BTO to be 4.1A

Regarding the growth mechanism, the driving force for the ZnO NW growth, Auzno is given
by:
Atz = Hynormu-z00 (NW) = 5,6 (NW) (4.1)
where 2 o, x. 20 (NW) is the potential of supersaturated ZnO in the Au-ZnO eutectic
liquid dropletand x5, (NW) is the potential of the solid ZnO NW. Az, must be greater than the

critical energy for nucleation in order to maintain the nanowire growth. A smaller NW diameter
results in a smaller Au,,, due to the Gibbs-Thomson effect and will stop the further NW growth.
This results in a uniform distribution of ZnO NW diameter growing inside Au-BTO matrix. Due
to the high density of Au nanopillars, it is observed that only ~50% of Au nanopillars undergo

VLS mechanism, thus producing a mix of Au particles and pillars in the matrix. Therefore, such
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epitaxy assisted VLS mechanism enables the vertical ordered growth of ZnO and helps create both
Au particles and pillars embedded in a two-dielectric medium of BTO and ZnO with all the three
phases growing epitaxially on STO (001) substrate.

Figure 4-11a shows the UV-Vis-NIR transmittance spectra at normal incidence for the
random and ordered three-phase nanocomposite designs compared with the two-phase BTO-ZnO
one, all on MgO (001) substrates. The random and ordered nanocomposite structures present a
distinct plasmonic absorption peak at 597 nm and 589 nm, respectively. Because of the minor
thickness variation in the samples (less than 10%), the impact of sample thickness variation on the
transmittance intensity is minimal (Figure 4-12). More importantly, the plasmonic absorption peak
is mainly determined by the morphology of the Au nanoparticles (NPs) and pillars and thus will
not be affected by the thickness variation. The random Au-BTO-ZnO nanocomposite (~105 nm)
has a range of Au NPs embedded inside it, therefore, it exhibits a wide range of plasmonic
absorption as compared to the ordered Au-BTO-ZnO (~95 nm) which has a more uniform particle
size distribution at normal incidence. Clearly, the absorption edge shows a blue-shift from 380 nm
to 350 nm for the random and ordered nanocomposites. This blue-shift in the absorption edge can
be attributed to the increase in the compressive strain of BTO out-of-plane.?%? The out-of-plane
phase switching image for the ordered three-phase ‘nanoman’ structure in Figure 4-11b further
confirms the ferroelectric response. Specifically, the 5x5 um? square box domain pattern was first
written by scanning the piezo-responsive force microscopy (PFM) tip with +5V tip bias and
followed by a 2x2 um? central area scan with a -5V tip bias. The distinct
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Figure 4-11. Nanocomposite multifunctionalities. (a) The optical transmission spectra for the
three different nanocomposite design, (b) PFM out-of-plane phase map for the ordered three-
phase nanocomposite obtained after poling with +5V (bright contrast) and -5V (dark contrast)
over an area of 5x5 um?, (c) piezoelectric coefficient dss-voltage (dss-V) curves for the three
different nanocomposite designs confirming their switchable and ferroelectric behavior, and (d)
comparison of the BTO c lattice parameter (calculated using XRD) and its corresponding
piezoelectric coefficient (dss).

image contrast in the phase image clearly shows the domain switching capability indicating the
ferroelectric nature of the three-phase ‘nanoman’ structure. The piezoelectric coefficient dss-
voltage (dss-V) curves can be obtained from the corresponding displacement-voltage (D-V)
“butterfly” loops from the following equation:

,-0°0 @2
where D; and Vi are the piezoelectric deformation and applied voltage at the point of intersection,

respectively.? The piezoelectric hysteresis loop (dss-V) shown in Figure 4-11c confirms the
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Figure 4-12. (a) random and (b) ordered three phase Au-BTO-ZnO nanocomposite deposited on
MgO (001) substrate used for the optical transmittance measurements.
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Figure 4-13. a) PFM amplitude and (b) phase hysteresis loops for all the three nanocomposite
designs
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Figure 4-14. Nanocomposite optical properties. (a)-(c) Experimental (solid) and fitted (dot)
components of the ellipsometric parameter y for the three different nanocomposite designs. The
ellipsometer parameters y and A (not shown here) were measured at different angles to improve
the accuracy of the fitted model. (d)-(f) Corresponding real part of the in-plane and out-of-plane
permittivity. Inset shows their corresponding iso-frequency curves (at 650 nm) where ko=w?/c? is
the wavenumber in vacuum, kx, ky and k; are the [100], [010], and [001] components of the wave

vector, respectively. (d) and (e) shows an ellipsoidal surface while (f) shows a hyperbolic

response in the visible and near-infrared regime.
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switchable and ferroelectric behavior for all the different designs of the nanocomposite. Figure
4-13 compares the PFM phase and amplitude for all the samples. Figure 4-11d plots the ds3 and
the out-of-plane c lattice parameter for BTO as calculated by 6-26 plot in XRD. dzz (pm/V) is
calculated from the slope of the D-V “butterfly” loop. The random three-phase nanocomposite
shows the lowest ds3 coefficient of 7.6 pm/V which is due to its small out-of-plane strain. However,
the three-phase ‘nanoman’ structure shows the highest dss piezoelectric coefficient of 19.4 pm/V.
The tetragonal distortion of BTO is responsible for tuning the dss piezoelectric coefficient since
the out-of-plane c lattice parameter of BTO (calculated from XRD) follows a similar trend as their
corresponding dss coefficient, shown in Figure 4-11d.

The optical properties depend closely on the microstructure of the material including the
morphology and ordering of the phases. The angular dependent ellipsometry data of the random
and ordered three-phase nanocomposites were measured and compared with that of the two-phase
BTO-ZnO sample in Figure 4-14a-c. To demonstrate the anisotropic nature of these vertically
aligned nanocomposites, the permittivity in-plane (gj) and out-of-plane (1) was modeled by fitting
the angular dependent spectroscopic ellipsometry data through the use of general oscillator models
to enforce the Kramers-Kronig consistency (see Methods section) plotted in Figure 4-14d-f. The
two-phase BTO-ZnO sample shows normal dispersion curves characteristic of a dielectric because
of the absence of metallic phase. There is a minor difference in permittivity in-plane (g|) and out-
of-plane (e1) in Figure 4-14d. The deviation of relative permittivity of BTO from the bulk value
is due to the strained state of BTO and the incorporation of secondary phases including ZnO and
Au. Interestingly, the permittivity of the random and ordered three-phase nanocomposites shows
a pronounced difference despite the similarity in their transmission spectrum (Figure 4-11a). The
in-plane permittivity component (€' ) of both the random and ordered three-phase nanocomposite
design possess similar features such as an absorption peak near 600 nm because of the plasmonic
absorption by Au (Figure 4-15). Their out-of-plane permittivity components (g'1) are drastically
different (Figure 4-14e,f). The ordered ‘nanoman’ structure possesses negative permittivity (€'L)
and shows the epsilon near zero (ENZ) regime in the visible and near-infrared regime. This is
mainly due to the highly anisotropic nature of the ordered ‘nanoman’ structure with highly ordered
ZnO nanopillars and Au nanopillars in the systems. The in-plane and out-of-plane real and
imaginary part of the refractive index are also compared and plotted in Figure 4-17 for the three

nanocomposites.
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Figure 4-15. In-plane and out-of-plane imaginary permittivity for (a) two phase BTO-ZnO
nanocomposite, (b) random three-phase Au-BTO-ZnO nanocomposite, and (c) ordered three-
phase Au-BTO-ZnO nanocomposite

The nature of this enhanced optical anisotropy can be better visualized by plotting the

optical iso-frequency surfaces. The iso-frequency curve for the electromagnetic wave (k-

wavevector) propagation in a uniaxially anisotropic material is given by the dispersion relation:
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gij_zza’_z (4.3)
£, g ¢

where ® and c are the frequency and the speed of light, respectively. The iso-frequency k-space
surface at a wavelength of 650 nm is plotted as an insert in Figure 4-14d-f. The two phase BTO-
ZnO and the three-phase random Au-BTO-ZnO exhibit a closed ellipsoidal iso-frequency surface.
However, due to the extreme anisotropy in the ordered ‘hanoman’ structure, its iso-frequency
surface becomes a hyperbola with two sheets and thus, can be classified as a class 1 hyperbolic
material. Figure 4-18 shows the permittivity of the single layer Au-BTO film which was used as a
buffer layer as a reference. The out-of-plane permittivity (g'r) in Au-BTO shows a monotonous
decrease in the near infrared regime. Clearly the three-phase nanocomposite results in capping of
the ZnO NWs with Au NPs making the ‘nanoman’ structure hyperbolic even in the visible regime.
Thus, ordering in the nanocomposite dramatically changes the iso-frequency surface from a closed
ellipsoid to an open hyperboloid in the visible regime. Such hyperbolic dispersion can support the
propagation of evanescent waves (high-k waves) and an enhanced photonic density of states and
can be used for a range of exciting applications such as far-field sub-diffraction imaging

(hyperlenses) and optical sensing in the visible and near infrared regime.

a ——EXxperiment b 10k —— Experiment
— — Simulation ’ — — Simulation
0.8+
[(J] @ 0.8
3] = O
506} =< = -
1 7 ~ ® 0.6 - ~ <
Ko V4 ~ g o) L 7 S o
| Y - -
Co04f o
0 ~ no4t
2 - & ,
0.2 " | l 0'2 | I I . "'
0.0+ / 0.0+ /
500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 4-16. Experimental and calculated absorption for (a) random and (b) ordered three phase
nanocomposite.
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Figure 4-17. Real (n) and imaginary (K) part of the refractive index for (a)-(b) two-phase
nanocomposite, (c)-(d) random three-phase nanocomposite, and (e)-(f) ordered three-phase
nanocomposite.

The three-phase ordered nanocomposites enabled by the combined templated method and
the VLS mechanisms offer great opportunities for order nanocomposite designs and provides a
wide range of material selection and functionality combinations. By using the self-assembled Au-
BTO film (with ~10 nm Au pillar diameter) as the buffer layer, helps overcome the resolution
limitation of conventional VLS mechanism which relies on direct Au deposition control forming

equilibrium Au clusters or the optical lithography resolution by patterning the substrate with Au
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Figure 4-18. Real and imaginary part of the permittivity for Au-BTO film of 50 nm thickness
deposited on SrTiO3 (001) substrate.

structures for ordered ZnO NW growth.1%%:201204 The ordered growth provides obvious advantages
over the random growth as demonstrated by the high degree of anisotropic optical properties, such
as strong hyperbolic properties. Besides the ferroelectric properties, non-linear and anisotropic
optical properties, these ordered three-phase materials could find applications in photocatalyst
designs, gas sensors, high density magnetic storage and spintronic devices, by combining magnetic,
electrical and optical properties of three phases. As a demonstration, a successful growth of another
multi—phase nanocomposite of Au-BTO/LSMO-CuO system has been demonstrated via the VLS
and template method as shown in Figure 4-19. It is clear that this complex system combined
magnetoresistive®® and hyperbolic properties enabled by the novel approach combining ordered

templating method and VLS mechanisms.
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Figure 4-19. (a) STEM image and (b)-(c) EDS map showing phase distribution of the elements.

4.4 Conclusion

Three different nanocomposite designs, namely, two phase BTO-ZnO VAN, random and
ordered three-phase Au-BTO-ZnO nanostructures have been demonstrated. A new growth
paradigm of three-phase nanocomposite with high degree of ordering has been demonstrated by
the combined templating and VLS mechanism. This approach provides an alternative to the top-
down fabrication approach for the growth of complex nanoscale metamaterials. Ellipsometry
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measurements confirms the obvious effect of ordering on its optical properties showing highly
anisotropic permittivity in visible and near infrared regime. The three-phase ordered
microstructure tunes the iso-frequency curve from ellipsoidal to hyperbolic providing additional
degree of freedom to control light-matter interaction at the nanoscale. Such ordered three-phase
nanocomposite process enabled by the template assisted VLS growth method provides enormous
opportunities in future metamaterials designs towards optical, electrical and magnetic property

tuning.

4.5 Experimental Section

Composite Film Growth. Two phase BTO-ZnO films were fabricated using a composite
BTO-ZnO (1:1) target. A Au-BTO-ZnO composite target was used to deposit the random three
phase nanocomposite while a Au-BTO (1:1) composite target was used to deposit a template layer
for the subsequent BTO-ZnO deposition. All the thin films were deposited on single-crystal STO
(001) substrates using pulsed laser deposition (PLD) (with a KrF excimer laser, Lambda Physik
Compex Pro 205, A = 248 nm). The substrate temperature was kept at 700 °C and an intermediate
oxygen pressure of 40 mTorr was maintained during the deposition. Laser frequency of 2 Hz was
used, and all the films were cooled at 10 °C min™ under 200 Torr O following the deposition.

Structural and Optical Characterization. The crystallinity and microstructure of the films
were investigated by XRD (PANalytical Empyrean XRD), TEM and high-resolution STEM (FEI
TALOS 200X operated at 200kV). TEM samples were prepared using the standard manual
grinding and thinning process followed by dimpling and ion milling using precision ion polishing
system (PIPS |1, Gatan). Transmission measurements were obtained using UV-Vis-NIR absorption
spectrophotometer (Perkin Elmer Lambda 1050) at normal incidence. The angular dependent
transmission/reflectivity measurements were performed using Total Automated Measurement
System (TAMS).

Permittivity Measurements. The effective refractive index and optical dielectric
permittivity of the films was evaluated using spectroscopic ellipsometry (JA Woollam RC2). The
ellipsometer parameters y and A, related by the equation: rp/rs = tan(y)e® (where rp and rs are the
reflection coefficient for the p-polarization and s-polarization light, respectively) were fitted using
appropriate models using the CompleteEASE software. The incident angle was varied from 35° to

75° with a step size of 10°. The y and A are measured at different angles to improve the accuracy
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of the fitted model. All the samples were assumed to be anisotropic since the second phase is
grown as a vertically aligned nanopillar. The in-plane permittivity of the uniaxial model was
modeled using a Tauc-Lorentz oscillator and a Lorentz oscillator. The permittivity along the z
direction was built using two Tauc-Lorentz oscillators. In addition, a Drude oscillator was used in
case of the ‘nanoman’ structure for the out-of-plane permittivity. Mean squared error (MSE) of all
the fits was around 5. The fitted models are shown in Figure 4-14a-c. The thickness of the films
was measured using the STEM images and input in the model. The experimental and simulated

transmission spectra are shown in Figure 4-16.
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5. MORPHOLOGICAL CONTROL OF THE SELF-ASSEMBLED
THREE-PHASE Au-BaTiO3-ZnO METAMATERIAL FOR TUNABLE
OPTICAL PROPERTIES

5.1 Overview

Microstructural control in  metal-dielectric nanocomposites presents enormous
opportunities in tailoring the physical properties including the magnetic and optical properties.
Here, we demonstrate a strong tunability in the microstructure of the self-assembled ordered three-
phase Au-BaTiO3-ZnO nanocomposite along with its optical properties, grown by a pulsed laser
deposition method. Varying the growth temperature, deposition frequency and template thickness
evolves the microstructure by tuning the Au and ZnO pillar geometry as well as the shape and size
of the Au nanoparticle capping the ZnO nanowire. The three-phase nanocomposite exhibits
enhanced non-linear optical properties (demonstrated by the Second Harmonic Generation (SHG))
and shows hyperbolic dispersion in the visible and near-infrared wavelength regime whose
Epsilon-Near-Zero (ENZ) wavelength can be tuned by changing the deposition parameters, all
attributed to their anisotropic microstructure evolution. This study provides opportunity in the
microstructure and optical property tuning that can also be explored in other two-phase and three-
phase nanocomposite systems.

5.2 Introduction

Metal-dielectric nanocomposites have been shown to exhibit a variety of physical
properties and multifunctionalities towards the development of magnetic storage devices,
photocatalysts, waveguides, smart windows, batteries, and optical metamaterials,37-3%:40:105.109,111,135
The anisotropic nature of these nanocomposites is usually achieved by fabricating them in either
multilayer or nanowire morphology using the two-phase nanocomposite approach,33:344196.109,141
The metallic phase embedded inside the oxide matrix as a vertical pillar or alternatively stacked in
a multilayer design show very strong anisotropic physical properties, ideal for applications such
as sub-diffraction imaging, negative refraction and optical magnetism.8"9205206 However, a
greater structural complexity and design flexibility is needed in order to achieve more functionality
for developing next generation integrated electronic and photonic devices. This is achieved
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through the three-phase nanocomposite design by combining a third phase through a careful
selection of materials and functionalities.

Incorporating a third phase within the two-phase nanocomposite poses a significant
challenge due to potential interdiffusion, structure instability and complex phase interaction.
Recently, a successful demonstration of self-assembled ordered Au-BaTiOs-ZnO with coupled
functionalities including ferroelectric and hyperbolic dispersion in the visible and near-infrared
wavelength regime has opened the possibility of designing epitaxial three-phase nanocomposite
using pulsed laser deposition (PLD).1% The nanocomposite acts as a hyperbolic metamaterial for
the wavelengths longer than the epsilon-near-zero (ENZ) wavelength due to its uniaxial anisotropy,
behaving as a metal in one direction (g,<0) and dielectric in the other direction (ex=gy>0). Such
hyperbolic metamaterials support the propagation of high wavevectors which provide a
multifunctional platform for realizing subdiffraction-limited imaging, nanolithography, and
ultrasensitive optical sensing devices.8590205207-209 |5 addition, tuning the effective
electromagnetic response of the hyperbolic metamaterials by changing the ENZ wavelength is
technologically important for realizing nonlinear material response in different wavelength
regimes.®2% ENZ wavelength can be usually tuned by controlling the deposition parameters, post-
annealing, dopant concentration, and varying the periodicity and width of the metallic phase.®*%
Recent studies on tunable hyperbolic metamaterials, including Au-BaTiOz (Au-BTO) and Au-ZnO
have focused on tuning the ENZ wavelength by varying the geometry and deposition conditions
such as oxygen partial pressure and deposition frequency.**% In these studies, careful
microstructural control modulates the free electron density in the out-of-plane direction, thereby
tuning the hyperbolic dispersion characteristic of the metal-dielectric nanocomposites.

In this work, we demonstrate the tunable morphology of the Au-BaTiO3-ZnO three-phase
nanocomposite, achieved by varying the deposition parameters using a two-step PLD process.
Different deposition parameters, including the growth temperature, template thickness, deposition
frequency and the underlying substrate, were varied which gave rise to distinct microstructure.
Varying these parameters help in the understanding of the growth mechanism, driven by
thermodynamics and growth kinetics of the self-assembled three-phase nanocomposite. The three-
phase metamaterials show a high degree of tunability in their anisotropic optical dielectric
permittivity, specifically the ENZ wavelength in the visible and near-infrared wavelength regime,

which is correlated to their corresponding microstructure. Controlling the deposition parameters
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offer an interesting approach to tune the microstructure and light-matter interaction at the

nanoscale.

5.3 Results and Discussion

All the samples were deposited using a two-step templating growth method (see
Experimental details). Figure 1 shows a collection of X-ray diffraction (XRD) graphs for the three-
phase Au-BTO-ZnO as a function of temperature, template thickness and frequency to determine
the growth orientation and strain relaxation in the films on single-crystalline SrTiOs (STO) (001)
substrates. Figure 5-la shows the temperature dependent XRD graphs. The samples were
deposited at four different temperatures: 400 °C, 500 °C, 600 °C and 700 °C. BTO grows along
the [001] out-of-plane direction and ZnO is textured along [0002] direction. The BTO (002) peak
shows a splitting which correspond to the different strain state in the BTO. Both the BTO and ZnO
peaks completely disappear at 400 °C, implying that the crystallinity of the film reduces at lower
growth temperature. Figure 5-1b shows the XRD plot as a function of the bottom Au-BTO template
layer. The template thickness was varied from 20 nm to 60 nm. Interestingly, the peak splitting in
BTO can be attributed to the lower (Au-BTO) and upper (BTO-ZnO) layer respectively. The
bottom BTO layer is constrained by the STO substrate and experiences tensile strain in the out-of-
plane direction. However, the upper BTO layer, being constrained by the lower BTO layer,
becomes slightly relaxed in the out-of-plane direction as compared to lower BTO layer. Therefore,
the two-step deposition causes the peak splitting in the BTO peak. In addition, the 60 nm sample

shows the presence of Au (111) peak, due to the presence of relatively long Au pillars.
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Figure 5-1. X-ray diffraction of the ordered three-phase Au-BaTiO3-ZnO nanocomposite thin
films. XRD plots as a function of (a) temperature, (b) Au-BaTiOs template thickness and (c)
deposition frequency. (d) c lattice parameter of BaTiOs and ZnO plotted as a function of
deposition frequency. (e)-(f) Reciprocal space maps (RSM) around the SrTiOz (002) peak for the
2Hz/2Hz and 10Hz/10Hz samples, respectively.

Figure 5-1c presents the frequency dependent XRD plots. The nomenclature ‘x Hz/y Hz’
refers to the Au-BTO layer being deposited at x Hz and the BTO-ZnO layer being deposited at y

Hz. Evidently, when both the layers are deposited at lower frequencies (2 Hz/2 Hz), there is a clear
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peak splitting in BTO, which is not shown when depositing only the template layer of Au-BTO
(Figure 5-2). Since the diffusion length is roughly given by: x~+/2Dt, the adatoms can diffuse to

a longer length to find the equilibrium position, thus forming a complete coherent interface with
STO, which will be discussed later. As a result, the bottom BTO adatoms experience more strain
due to the longer diffusion time. In contrast, the peak splitting becomes less obvious as the two
layers are deposited at higher frequencies due to the formation of semi-coherent interface as
discussed later. The c lattice parameter of BTO and ZnO is presented in Figure 5-1d with the bulk
c lattice parameter marked with a dotted line. Clearly, the BTO phase experiences a tensile strain
while the ZnO phase experiences a compressive strain in the out-of-plane direction. The BTO
strain gets relaxed as the frequency of deposition is increased due to the formation of dislocations
at the interface with the underlying substrate. The epitaxial quality of the samples deposited at
extreme frequencies was further compared using reciprocal space mapping (RSM). Figure 5-1e
and Figure 5-1f shows the RSMs near substrate STO (002) peak for the 2Hz/2Hz sample and
10Hz/10Hz sample, respectively. The distinct diffraction spots of BTO confirm the high epitaxial
of the thin films on STO (001) substrate. The BTO (002) peak for the 2Hz/2Hz sample shows a
peak splitting and is slightly shifted upward along the Qz direction as compared to the 10Hz/10Hz
sample. The c lattice parameter of the BTO layer deposited on top of STO deposited at 2Hz and
10Hz is 4.14A and 4.07A, respectively as calculated from the RSM. It confirms that the template
layer is more strained in-plane at lower frequencies compared to higher frequencies. The c lattice
parameter of the upper BTO layer deposited at 2Hz and 10Hz is 4.07A and 4.04A, respectively.
This is consistent with the observations in Figure 1c and correspond to the different strain states
of the two BTO layers present in the film. In addition, no obvious degradation of the film quality

was observed on changing the frequency.
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Figure 5-2. X-ray Diffraction graph of Au-BTO thin film showing no peak splitting in BTO

Figure 5-3a-c shows a collection of EDS elemental maps for the sample deposited at 700 °C,
600 °C, and 500 °C, respectively. The temperature dependent microstructure evolution requires
the knowledge of the Au-ZnO phase diagram. The bulk Au-Zn phase diagram is well known?%
and forms a eutectic solution at 683 °C at 33.5 at.% Zn giving L > Au + AuZn. AuZn is a
congruently melting intermetallic at 753 °C and 50 at. % Zn. Assuming that the miscibility of ZnO
in Au-Zn intermetallic is almost negligible just like pure Au and Zn are immiscible in ZnO, there
must exist a pseudo-binary eutectic system between Au and ZnO. The eutectic point should exist
on the Au rich side of the phase diagram since Au and ZnO, forming the eutectic liquid, are almost
immiscible with ZnO having a higher melting point (1975 °C) than Au (1064 °C).'®° Similar
pseudo-binary systems such as Au-GaAs, Ge-GaSb, Al-Mg.Si, etc. have been reported
earlier.194211:212 Figure 5-3b and Figure 5-3c show the presence of Au NPs at the tip of ZnO NWs
which is indicative of the VLS mechanism. Above 600 °C, Au and ZnO form a low melting point
eutectic solution which gets supersaturated from the incoming flux of ZnO adatoms to give rise to
the uniaxial growth of ZnO nanowires. Clearly, the growth temperatures at 600 °C and 700 °C
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shows the presence of VLS mechanism, enabling the formation of the eutectic solution while the
VLS mechanism is absent at 500 °C. Therefore, the growth temperature must be at least above
600 °C for the VLS mechanism to take place.

Deposition | |
Temperature 500°C

Figure 5-3. Cross-sectional EDS elemental maps as function of substrate, varied from (a) LAO,
(b) STO, and (c) MgO

The effect of growth kinetics on the overall morphology was studied by varying the
deposition frequency. Figure 5-4a-d shows a set of EDS maps as a function of frequency, i.e., 2
Hz/2 Hz, 2 Hz/10 Hz, 10 Hz/2 Hz and, 10 Hz/10 Hz, respectively. Clearly, all the samples show
the presence of Au NP capping the ZnO NW. The EDS elemental map shows the clear and sharp
interfaces between Au, BTO, and ZnO suggesting that all the three phases grow separately without
any obvious inter-diffusion. The interface between BTO and STO remains largely coherent as seen
from the HR-STEM images and their corresponding Fourier-filtered images (Figure 5-5) at 2Hz
and 10Hz. However, formation of dislocation can be seen in the sample deposited at 10Hz,
resulting in strain relaxation, as observed from the XRD plots earlier. In addition, the deposition
kinetics play a key role in determining the Au pillar diameter, ZnO pillar diameter and the shape
of Au NP. The Au pillar diameter varies from ~7.5 nm at 2Hz to ~10 nm at 10Hz. The diameter
was averaged over several Au pillars at three different locations as shown in Figure 5-6. In addition,
the aspect ratio (length/height) of the Au NP capping the ZnO NW decreases from ~1.2 at low
frequencies (2Hz/2Hz sample) to ~0.8 at high frequencies (L0Hz/10Hz sample). This is due to the
different growth kinetics at low and high frequency. At 2Hz, the Au adatoms have a longer

diffusion length to nucleate and grow, giving rise to narrower Au pillars with less inter-pillar
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spacing as compared to the Au adatoms grown at 10Hz with wider diameter and more inter-pillar
spacing. The diameter of both ZnO and Au pillars is around ~7.5 nm and show a good match when
both are deposited at 2Hz. The ZnO pillar diameter decreases from ~7.6 nm at 2Hz to ~5.7 nm at
10Hz. The large mismatch of Au and ZnO pillar diameter at 10Hz makes the Au NP aspect ratio
<1. Therefore, the relative matching of the ZnO and Au pillar diameter makes it easier for Au-ZnO
system to undergo VLS mechanism at 2Hz, which also determines the aspect ratio of the Au NP

capping the ZnO nanowire.
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Figure 5-4. (a)-(d) Cross-sectional EDS elemental maps as function of deposition frequency of
Au-BaTiOz template layer and BaTiO3-ZnO layer. (e) Plot of the Au pillar width and (f) Au
nanoparticle aspect ratio as a function of frequency.
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Figure 5-5. HR-STEM image of the BaTiOs-SrTiOs interface of three-phase Au-BaTiO3-ZnO
sample deposited at (a) 2Hz/2Hz and (b) 10Hz/10Hz and their corresponding Fourier transform
images in (c) and (d) respectively.

Figure 5-6. STEM image showing the lines used for calculating the Au pillar diameter.
The effect of Au-BTO template geometry on the overall morphology was studied by

varying the template thickness. Figure 5-7a-c presents the STEM-EDS images for the 20 nm, 40
nm, and 60 nm Au-BTO template thickness, showing the elemental distribution of Au, BTO and
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ZnO phases. All the samples show the presence of Au NP capping the ZnO NW, evident of the
VLS mechanism. However, as the template thickness is increased from 20 nm to 60 nm, lesser
number of Au pillars undergo the VLS mechanism. Figure 5-7d-f shows the EDS mapping of the
ZnO phase for the three different template thickness. Clearly, the number of ZnO npillars
penetrating inside the Au-BTO template layer decreases as the template layer increase. This is due
to the relative concentration of Au and ZnO during the deposition. At 20 nm template thickness,
there is sufficient concentration of ZnO present to undergo the VLS mechanism with Au pillars.
However, as the template thickness is increased, some of the ZnO pillars, although being deposited
on top of Au pillars, do not have enough concentration at the Au-ZnO interface to undergo the
VLS mechanism with Au. Therefore, tuning the template thickness plays an important role in

determining the final morphology of the three-phase nanocomposite.

Template |
Thickness S

Figure 5-7. Cross-sectional EDS elemental maps as function of Au-BaTiO3 template thickness,
varied from (a) 20 nm, (b) 40 nm, and (c) 60 nm and their corresponding Zn EDS map in (d)-(f).

The effect of strain on the morphology of the three-phase nanocomposite was studied by
depositing the films at three different substrates: LAO (001), STO (001), and MgO (001) having a
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lattice parameter of 3.79A, 3.91A, and 4.21A respectively. All the three substrates have slightly
different lattice parameter which results in different strain state. All the samples were deposited at
700°C at 40mTorr oxygen partial pressure with 10Hz/2Hz frequency. Figure 5-8 shows the X-ray
diffraction for all the samples. Clearly, BTO shows a highly crystalline and textured (00l) growth.
BTO phase experiences a tensile strain of ~0.50% on STO while it sustains a compressive strain
of ~0.50% on both LAO and MgO substrates. Figure 5-9 compares the microstructure of the three
different samples. Overall, the morphology undergoes a change by changing the substrate. The Au
pillar diameter varies from ~13 nm (MgO substrate) to ~9 nm (STO substrate) to ~7.5 nm (LAO
substrate). The ZnO pillar diameter at 2Hz is ~8 nm which matches reasonably well with the Au
pillar diameter on STO and LAO substrate. However, there is a large mismatch between the Au
and ZnO pillar diameter on MgO, hence, very few pillars undergo VLS mechanism resulting in
the formation of Au NP on the film surface. In contrast, relatively more Au pillars undergo VLS

mechanism on STO and LAO substrate due to the similar pillar diameter of Au and ZnO.
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Figure 5-8. X-ray diffraction of the three-phase Au-BaTiO3-ZnO deposited on MgO, STO and
LAO

131



The nonlinear response of the ordered three phase sample was measured using the second
harmonic generation (SHG). Figure 5-10a and Figure 5-10b presents a polar plot showing the
measured SHG intensity as a function of incident light polarization angle with output polarization
fixed at 0° (P-out) and 90° (S-out), respectively. An angle resolution of 2° (1° for the half wave-
plate) was used to scan the input polarization. The SHG intensity of BTO is also plotted for
comparison. Clearly, the second order non-linearity of the ordered three phase Au-BTO-ZnO gets
enhanced by up to one order of magnitude for both 0° and 90° output polarization as compared to
the pure BTO film. This enhancement can be attributed to two factors: (i) increased strain state of
BTO, and (ii) the interface between Au and BTO. The presence of Au and ZnO, growing vertically
in the BTO matrix, results in a higher strained state of BTO up to a greater thickness. In addition,
the SHG signal also arises due to the surface nonlinearity at the metal-dielectric interface (Au-
BTO interface in this case) as has been observed before. 213214

Substrate

Figure 5-9. Cross-sectional EDS elemental maps of the three-phase Au-BaTiOs-ZnO
nanocomposite thin films, deposited at (a) 500°C, (b) 600°C, and (c) 700°C.

The optical properties depend closely on the deposition parameters and the corresponding
microstructure. Figure 5-10c and Figure 5-10d shows the optical dielectric permittivity as function
of frequency and template thickness, respectively, measured using an angular dependent
spectroscopic ellipsometer. Due to the anisotropic nature of the nanocomposites, the permittivity
was modeled using an in-plane and out-of-plane permittivity component using the general
oscillator models to make them Kramers-Kronig consistent. Figure 5-10c compares the dielectric
permittivity for the 2Hz/2Hz and 10Hz/10Hz sample. The in-plane permittivity follows similar
trends and remains positive throughout the wavelength regime. However, the out-of-plane
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permittivity increases in the visible wavelength regime on increasing the frequency from 2Hz to

10Hz. In addition, the epsilon-near zero (ENZ) wavelength shows a red-shift from 895 nm to 927

nm as the frequency is increased from 2Hz to 10Hz. This can be attributed to the lower free electron

density in the 10Hz sample. Figure 5-10d compares the dielectric permittivity for the 20 nm and

60 nm template thickness. Again, the in-plane permittivity for both the samples show similar trends

and remains positive throughout the wavelength regime. Interestingly, the out-of-plane

permittivity shows a clear red-shift in the ENZ wavelength from 678 nm to 995 nm as the template
thickness is increased, implying that the sample with the thinner template is more metallic. Owing

to the higher free electron density, the 20 nm template thickness sample shows a red-shift in the
ENZ wavelength. The 20 nm sample also exhibits negative out-of-plane permittivity in the visible
wavelength regime due to presence of a greater amount of Au NP as compared to the 60 nm sample.
Therefore, by tuning the template geometry as well as the deposition kinetics, the optical response
of the three-phase nanocomposite can be successfully tuned.
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Figure 5-10. Polar plot of the measured SHG intensity as a function of incident polarization
angle with output polarization fixed at (a) 90° (S-out) and (b) 0° (P-out). Real part of the in-plane
(¢’n) and out-of-plane (g’1) permittivity as a function of (c) frequency and (d) Au-BaTiOs
template thickness.
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Tuning the deposition parameters such as growth temperature, deposition frequency and
template thickness provides extra degree of freedom to tune the microstructure and its
corresponding optical properties. Such study helps understand the diffusion kinetics during the
growth process. In addition, microstructure evolution tunes the ENZ wavelength which is
important for achieving nonlinear material response in different wavelength regimes. This study
provides an opportunity to tune the microstructure and physical properties of other two-phase and

three-phase metal-dielectric nanocomposite systems.

5.4 Conclusion

In summary, the morphology tuning of the three-phase nanocomposite by varying the
deposition frequency and template thickness has presented as an effective approach in achieving
tunable microstructure and properties. The growth temperature above 600°C shows the presence
of Au NP capping the ZnO NW, indicative of the VLS mechanism. Increasing the template
thickness decreases the number of ZnO pillars undergoing the VLS mechanism. Varying the
frequency of the Au-BTO template and BTO-ZnO layer results in microstructure evolution, which
is mainly driven by the relative matching of the Au and ZnO pillar diameter. Such microstructure
evolution in these hyperbolic metamaterials tunes the free electron density in the out-of-plane
direction, thereby tuning the ENZ wavelength in the Z-direction. This study provides the
opportunities in the design and tuning of the three-phase nanocomposite microstructure and
achieving physical property tunability.

5.5 Experimental Details

Thin Film Growth: The self-assembled three-phase Au-BTO-ZnO nanocomposite thin films was
deposited using a two-step growth using a Au-BTO buffer layer as a template as shown
previously.'% The thin films were deposited on STO (001), MgO (001), LAO (001) single-crystal
substrates using pulsed laser deposition (PLD) (with a KrF excimer laser, Lambda Physik Compex
Pro 205, A = 248 nm). All the films were deposited at 40 mTorr oxygen pressure with varying
deposition temperature and frequency.

Structural and Optical Characterization: The microstructure of the films were characterized using
XRD (PANalytical Empyrean XRD), and high-resolution STEM (FEI TALOS 200X operated at
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200 kV). Cross-section TEM samples were prepared using the manual grinding, polishing and
thinning process followed by dimpling and ion milling using precision ion polishing system (PIPS
I1, Gatan). The SHG measurements were carried out using a home-built system with an amplified
Ti:sapphire laser. The dielectric permittivity of the films was measured using spectroscopic
ellipsometer (JA Woollam RC2).
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6. STABILITY STUDY OF SELF-ASSEMBLED ORDERED THREE
PHASE Au-BaTiO3-ZnO BY IN-SITU HEATING IN TRANSMISSION
ELECTRON MICROSCOPY

6.1 Overview

Thermal stability of metal-dielectric nanocomposites is important for designing practical devices
for high temperature applications. Here, we study the thermal stability of the self-assembled
ordered three phase Au-BaTiO3-ZnO nanocomposite by ex situ annealing in air and vacuum
followed by in situ heating in TEM in vacuum. The study reveals that changing the annealing
environment greatly changes the microstructure and the associated dominant mechanism. Au
nanoparticles show coarsening upon air annealing while Au and Zn either form a solid solution,
with Zn atomic percentage less than 10% or undergo reverse Vapor-Liquid-Solid (VLS)
mechanism upon vacuum annealing. The distinct microstructure obtained also show different
permittivity response in the visible and near-infrared regime, while retaining their hyperbolic
dispersion characteristic enabled by their highly anisotropic structures. Such in situ heating in
TEM provides a useful technique for the exploration of microstructure evolution and growth
mechanisms at nanoscale and thermal stability of the multi-phase nanocomposites for refractory
applications.

6.2 Introduction

Metamaterials offer extensive opportunities for engineering the light-matter interaction,
ideal for achieving exotic optical properties including optical magnetism,®” negative refraction,2®
and hyperbolic dispersion® which have potential applications in the field of optical computing,
cloaking and sub-diffraction imaging. One such class of metamaterials is hyperbolic metamaterial
(HMM), which have a highly anisotropic structure, composed of metal and dielectric units, and
support the propagation of high wavevectors.®>®* Recently, several two-phase metal-dielectric
self-assembled nanocomposites, as vertically aligned or in a layer-by-layer stacking have been
shown to exhibit hyperbolic dispersion.”#4? Since the two-phase nanocomposite structure has
limited morphological control, a greater design flexibility can be achieved by incorporating a third
phase through the three-phase nanocomposite design. The three phase nanocomposites offer great

136



opportunities for a wide range of material selection and functionality coupling for developing next
generation integrated electronic and photonic devices.%215 A careful selection of materials and
functionalities can further help in the spatial ordering of the three phases which is essential for
metamaterial properties.

Recently, a self-assembled Au-BaTiOs-ZnO ordered three-phase nanocomposite has been
demonstrated as a hyperbolic metamaterial in the visible and near-infrared wavelength regime.1%
However, it is important to study the thermal stability of such structures for refractory applications.
Largely, the thermal stability study of metal-dielectric hyperbolic metamaterials is lacking and
exploring thermally stable HMM systems is critical. With increasing temperatures, different
physical processes become active such as enhanced diffusion, increased solid solubility, phase
change and crystallinity change. Interestingly, the heating environment, such as oxidizing or
reducing environment, also plays a key role in determining the growth thermodynamics and tune
the physical properties.?*6?1° For example, enhanced transmission and widening of the optical
band gap has been observed in Cu20 thin films after air annealing due to the reduction of the
impurity scattering.?2® However, most of the studies have focused the annealing effects on single
phase thin films.?21-226 Therefore, exploring the complex phase interactions, phase change, growth
mechanisms and thermal stability, upon changing the annealing environment, is extremely
interesting in the self-assembled three phase nanocomposite structure.

In this work, thermal stability studies were performed on the ordered three phase Au-
BaTiO3-ZnO sample by ex-situ annealing it in air and vacuum environment and in-situ annealing
it in TEM to investigate the microstructural change. BaTiOs (BTO) matrix serves as a highly
thermally stable matrix??’ whereas Au and ZnO undergo microstructural changes at elevated
temperatures. The heating profiles used for air and vacuum annealing is illustrated in Figure 6-1
which allowed the exploration of growth mechanism. The samples were heated to 650°C ex-situ
in air and vacuum for 1 hr. Interestingly, changing the annealing environment activates a different
growth mechanism, leading to the formation of very distinct microstructures. The sample was also
heated in-situ in TEM in vacuum to study the interfacial effects between Au and ZnO. The optical
properties of all the three samples are also compared which are correlated to their microstructures.
Changing the annealing environment provides an interesting approach to achieve microstructure

and property tuning in oxide-metal nanocomposite systems.
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Figure 6-1. Schematic illustration of the (a) ordered three-phase Au-BaTiO3-ZnO
nanocomposite. Heating profiles showing the (b) ex-situ annealing in air, (c) in vacuum, and
during in-situ heating in TEM to investigate the thermal stability of the nanocomposite thin film.
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Figure 6-2. X-ray Diffraction. XRD plots of the as-deposited, air annealed and vacuum annealed
three-phase Au-BaTiOs-ZnO nanocomposite.

6.3 Results and Discussion

To study the thermal stability of the three-phase nanocomposite, the sample was annealed
at 650°C separately in air and in vacuum for 1 hr. The X-ray diffraction (XRD) #-26 scans (Figure
6-2) of all the three-phase samples show that the BTO phase remains textured in the [00I] direction.
The splitting in the BTO peak arises from the two different BTO layers, present in the Au-BTO
and BTO-ZnO films, respectively, and can be attributed to the lattice parameter relaxation in the
two layers. The BTO present in the upper BTO-ZnO layer undergoes strain relaxation since it gets
deposited onto BTO, instead of STO, as the effective substrate. However, upon annealing the
sample in vacuum, the ZnO (0002) peak disappears. To further confirm the absence of the ZnO
phase upon vacuum annealing, Raman spectroscopy was done on the samples after annealing them
in air and vacuum. The Raman signal exhibited by the ZnO is relatively weak due to its very small
diameter (~7.6 nm). The Raman shift presented in Figure 6-3 shows that the two samples share

139



similar features overall. However, the absence of the ZnO peak at 414 cm™ and ~1100 cm after

vacuum annealing confirms that the ZnO phase is absent.
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Figure 6-3. Raman Spectroscopy of the as-deposited, air annealed and vacuum annealed three-
phase Au-BaTiO3-ZnO nanocomposite.

To gain a better understanding of the growth mechanism, scanning transmission electron
microscopy (STEM) was performed on the samples. Figure 6-4 compares the sample morphology
of the as-deposited sample and after annealing it in air and vacuum for 1hr. The microstructure of
the as-deposited sample (shown in Figure 6-4a) is similar to the one that has been reported
earlier.1% It shows the presence of Au NPs capping the ZnO nanowires, embedded inside the BTO
matrix. Figure 6-4b shows the microstructure and phase distribution after annealing the sample in
air at 650°C for 1hr. Overall, the morphology looks quite similar with Auand ZnO pillars arranged

in an ordered fashion. The length and diameter of the Au and ZnO pillars are approximately the
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Figure 6-4. Ex-situ annealing of the ordered three-phase Au-BaTiO3-ZnO nanocomposite. (a)
Cross-sectional STEM image of the as-deposited Au-BaTiOs-ZnO nanocomposite, Cross-
sectional STEM image and the corresponding EDS map after ex-situ annealing in (b) air and (c)
vacuum

same (~7.2 nm and ~7.6 nm, respectively). However, the size of the Au NPs capping the ZnO NWs
is very different. The size of the Au NPs increases from ~10nm to ~16nm after post-growth
annealing in air. Besides, the number of Au NPs capping the ZnO NWs significantly reduces after
annealing. Such increase in the size of the Au NPs size suggests the diffusion of Au from smaller
particles to the larger ones (Ostwald ripening) along the BTO surface to reduce the total particle
surface area. During the post-growth anneal, coarsening of the Au NPs make the particles
transition from a faceted shape to a round shape. In contrast, the particles embedded inside the
BTO matrix do not undergo Ostwald ripening, maintain their shape and size and are thermally
stable during the annealing process. These results confirm that Au can diffuse from one catalyst
NP to another NP during equilibrium conditions by migrating along the BTO surface. Further

investigation was done by annealing the sample at 650°C in vacuum for 1hr. Figure 6-4c shows
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the microstructure and phase distribution after doing vacuum annealing. Surprisingly, the

morphology looks completely

| 40|0°C 600°C

RT | 500C 1 650°

Figure 6-5. In-situ heating of Au-BaTiO3-ZnO in TEM. Cross-sectional STEM image along with
the initial and final EDS map during the in-situ heating in TEM from room temperature (RT) to
650°C of the (a)-(d) four selected regions. Scale bar corresponds to 20 nm
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different on changing the annealing environment. The Au NPs present at the surface reduces
significantly after vacuum annealing. EDS mapping also shows the alloying between Au and Zn
to form a AuZn solid solution. The oxygen partial pressure required to reduce bulk ZnO to Zn at
650°C is 10" torr, as calculated from the Ellingham diagram.2’?> However, the pressure in furnace
and column pressure in TEM was maintained at 10° torr and 10° torr before annealing,

respectively. The oxygen partial pressure required for the dissociation of bulk ZnO (above 750°C)

13500
T

pressure of 10 torr at 750°C. It is likely that the ZnO NW still gets reduced to Zn by annealing in

has been reported previously as??®: log Py, (Torr) = —

+ 8.01, which gives oxygen partial

vacuum due to the reducing environment created by the low oxygen partial pressure, high
temperature, oxygen vacancies, nanostructure formation and impurity carbon as has been reported
before.?26-233 Reducing environment increases the oxygen vacancies in ZnOx, thereby reducing the
interfacial energy of Au/ZnOx due to the miscibility of Au and Zn. Interestingly, Au and Zn forms
a solid solution, evident from the EDS mapping showing the elemental distribution in Figure 6-4d.
The phase composition of the AuzZn solid solution is discussed in more detail later. Clearly, oxygen
pressure plays a critical role in determining the final morphology of the three-phase Au-BTO-ZnO
nanocomposite.

In order to gain a further understanding of the growth mechanism of the ordered three phase
nanocomposite, the thermal stability of the film was investigated using in situ heating in TEM in
vacuum. In situ heating in TEM was done on a cross-section TEM sample from room temperature
(RT) to 650°C and the corresponding STEM images were recorded at RT, 400°C, 500°C, 600°C
and 650°C. Figure 6-5 shows the transformation in four selected Au NPs and pillars which
highlight the different aspects of the mechanism at five different temperatures. Figure 6-5a shows
a Au NP capping a ZnO NW, having a facetted surface at room temperature. Upon increasing the
temperature to 400°C, the particle starts to have a smoothly curved surface. The curvature of Au-
ZnO interface remains as flat as possible. The instability arises from the curved surface near the
edge of the ZnO NW. Due to the Gibbs-Thomson effect, the solubility of Au in ZnO at this curved
surface is greater as compared to the flat surface (Figure 6-6). Therefore, the Au NP shape starts
changing from the corner of the Au-Zn interface. Overall, the particle remains relatively stable till
400°C. Increasing the temperature to 500°C, increases the diffusion rate of Au into ZnO and they
become a liquid alloy phase. The existence of such eutectic liquid alloy phase below the bulk

eutectic temperature is attributed to the nanoscale size effects due to the Gibbs-Thomson effect.
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Further increasing the temperature to 600°C and 650°C, causes the liquid phase alloy to diffuse
through ZnO phase present below it. It is also possible that the VLS mechanism happens reversibly,
specifically, by precipitating the supersaturated ZnO on top of the Au-Zn nanopillar. Similar
mechanism is also observed in Figure 6-5b, wherein the Au NP becomes unstable from its corners
and mixes with the ZnO NW, thereby precipitating the supersaturated ZnO NW on top.

Figure 6-6. STEM image of the Au NP showing the curvature at RT

Figure 6-5¢ shows an isolated Au NP that is slightly in contact with the ZnO NW. Clearly,
the Au NP doesn’t undergo a major morphology change upon heating. However, its contrast
becomes weaker, which is likely due to the Zn diffusion since the image contrast is roughly
proportional to Z2, evident by the EDS mapping. In contrast, the Au pillar, initially in contact with
the ZnO pillar becomes a Auzn liquid alloy after heating the sample to 650°C. Similar results are
also observed in Figure 6-5d in which the Au NP diffuses down along ZnO NW while ZnO diffuses
to the Au NP to become Au-Zn liquid phase alloy. Therefore, two different mechanisms: (i) reverse
VLS, and (ii) formation of AuZn solid solution take place upon vacuum annealing. The activation
of the either mechanism can be attributed to the diameter of the ZnO NW at the Au-ZnO interface
at room temperature. In the first case, when the Au-ZnO interfacial diameter is greater than a
critical diameter (~10-11 nm), reverse VLS mechanism takes place. While, when the Au-ZnO
interfacial diameter is less than the critical diameter, formation of the AuZn solid solution takes

place. Since the smaller ZnO NW has the higher probability of getting reduced to Zn at the same
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temperature and pressure as compared to the larger ZnO NW, it gets alloyed with Au to form a
Auzn solid solution. The morphological changes in the sample take place mainly in two stages.
Stage 1 is active till 400°C, where the microstructure is relatively stable. Further increasing the
temperature above 400°C activates stage 2, where a rapid microstructural change is seen.
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Figure 6-7. Tunable optical properties. Real part of the in-plane (¢’100=¢’010) and out-of-plane
(€’001) permittivity for the as-deposited, air-annealed, and vacuum annealed Au-BaTiOz-ZnO thin
films.

The optical properties are closely related to the microstructural and morphological change
in the sample. The angular dependent ellipsometry data of the three samples were measured and
compared. The permittivity was modeled using an anisotropic model through the use of general

oscillator models to enforce the Kramers-Kronig consistency. The real part of the in-plane (€'/) and
out-of-plane permittivity (¢',) are plotted in Figure 6-7. Clearly, the g for all the three samples
show similar characteristics such as an absorption peak near 600 nm because of the plasmonic
absorption by Au and remain positive throughout the wavelength regime. Interestingly, the €',

show a pronounced difference in the visible wavelength regime. The as deposited sample show a

resonant frequency near 600 nm which disappears after air and vacuum annealing. The resonant
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frequency in the out-of-plane direction possibly arises due to the presence of Au NP capping the
ZnO NW as observed earlier.?%® After vacuum annealing, the fraction of Au NPs present largely
reduces and the most of the pillars are Au-Zn intermetallic which causes the out-of-plane
permittivity to become negative throughout the wavelength range. Nonetheless, all the samples

show negative €', in the near-infrared wavelength regime, thereby retaining the hyperbolic

character. Thus, changes in the microstructure directly helps tune the optical properties of the
three-phase nanocomposite.

The microstructure and phase composition of the three-phase nanocomposite before and
after vacuum annealing is further analyzed with the high-resolution STEM images to understand
the interface formation mechanism after the VLS growth mechanism. Figure 6-8a presents the
HRSTEM image of BTO-ZnO vertical interface. A fast-Fourier transformed (FFT) image (Figure
6-8b) shows the domain matching relationship along the vertical interface. Several misfit
dislocations are present at regular intervals, making the interface as semi-coherent. The BTO-ZnO
vertical interface shows two types of domain matching epitaxy (DME): 5 BTO (002) with 4 ZnO
(0002) and 6 BTO (002) with 5 ZnO (0002). O atom of ZnO binds alternatively with Ba and Ti
atoms of BTO on either side of the ZnO pillar, making the energy of every layer to be similar.
Such matching relationship also causes a slight tilt in the ZnO pillar. ZnO growth takes place along
[0002] out-of-plane direction, with two domains growing with a 30° rotation in the in-plane
direction with STO. The growth along [0002] out-of-plane exposes its low surface energy planes,
specifically, (1120) and (1010), in the vertical direction that is coupled with BTO. Such a growth
orientation minimizes the strain and surface energy between the ZnO-BTO and ZnO-STO

interfaces.
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Figure 6-8. Microstructure of the as-deposited Au-BaTiOs-ZnO nanocomposite. (a) HR-STEM
image of the BaTiO3-ZnO vertical interface and its corresponding (b) Fourier-transform image
showing the presence of dislocations at the BaTiOs-ZnO vertical interface. Schematic illustration
showing the two possible domain-matching epitaxy (DME) at the BaTiOs-ZnO vertical interface
with (c) 5 BTO (002): 4 ZnO (0002) and (d) 6 BTO (002): 5 ZnO (0002) lattice matching
relationship.

Figure 6-9a shows an EDS elemental map of a region containing three Au pillars: pure Au
pillar and a pillar containing a solid solution of Au and Zn after vacuum annealing. The
corresponding EDS line-profile is shown in Figure 6-9b. Clearly, the Zn phase is absent in the first
two Au pillars (shown in red) while both Au and Zn are present in the third pillar. Further, using
a k factor (KauL znk) Of 3.0,23 the composition of the AuZn alloy is determined to contain less than
10% atomic Zn. Figure 6-10 shows another EDS line-scan across several pillars, whose

composition
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Figure 6-9. Microstructure of the vacuum-deposited Au-BaTiOsz-ZnO nanocomposite. (a) STEM
image of the vacuum-annealed Au-BaTiOs-ZnO nanocomposite, (b) its corresponding EDS
elemental map and (c) EDS line-scan with the labeled stoichiometry. (d) HR-STEM image of the
pure Au pillar and (e) of the pillar with stoichiometry Auo.92Zno.0s With its (f) corresponding
Fourier-transform image. (g) HR-STEM image of Au-BaTiO3 and BaTiOs-ZnO vertical interface
with (h) its corresponding Fourier-transform image.

is marked in the map. Interestingly, all the AuZn alloys have composition of Zn less than 10%
atomic Zn. Interestingly, the solubility of Au in Zn is 33.5 at% at 683°C and ~12 at% at room
temperature from the bulk Au-Zn phase diagram (Figure 6-11).21° The observed low Zn solubility
can be attributed to the nanostructured Au and Zn formation, low cooling rate (20°C/min), and the

presence of oxygen vacancies, which can cause a deviation of the solidus line from the bulk Au-
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Zn phase diagram. Figure 6-9c and Figure 6-9d compares the atomic resolution STEM image of
the Au pillar and Auo.92Zno s, respectively. The crystal structure of Aug.g92Zno.os is similar to the
pure Au, confirming that the AuZn alloy is a solid solution with a FCC structure. The FFT image
of the vertical interface between the AuZn solid solution and BTO is shown in Figure 6-9e. Clearly,
no dislocations are formed, and the interface remains largely coherent. Figure 6-9f shows the
HRSTEM image of one ZnO pillar capped by a Au NP after vacuum annealing. In order to compare
the vertical interface before and after vacuum annealing, FFT image of the BTO-ZnO interface
was analyzed and is presented in Figure 6-9g. Clearly, Au and BTO show an almost coherent
interface with the presence of no misfit dislocations while the BTO-ZnO vertical interface shows
similar DME as observed before annealing (Figure 6-8c and Figure 6-8d): 5 BTO (002) with 4
ZnO (0002) and 6 BTO (002) with 5 ZnO (0002).
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Figure 6-10. (a) STEM image of the vacuum annealed three-phase Au-BaTiOs-ZnO
nanocomposite, (b) its corresponding EDS map and (c) the EDS line-scan showing the pillar
compositions.

In situ heating experiments in TEM provides useful insights into the phase transformation

and structure reconstruction during the annealing of the three-phase Au-BTO-ZnO ‘nanoman’
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structure. The experiments also demonstrate the thermal stability and interfacial dynamics between
the Au and ZnO at the nanoscale. Moreover, the in-situ heating experiments provide an opportunity
to explore the growth mechanisms in other nanocomposite systems with different annealing
environment and understand the factors influencing nanowire growth towards the successful

fabrication of nanowire-based devices.
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Figure 6-11. The Au-Zn (bulk) phase diagram?'

6.4 Conclusions

In summary, thermal stability of self-assembled ordered three phase Au-BaTiO3-ZnO has
been demonstrated by both ex situ annealing and in situ heating in TEM. The study reveals that
different mechanisms are dominant while annealing in air (Ostwald ripening) and vacuum (reverse
VLS and solid solution formation). In situ heating experiment in TEM confirms that the ZnO NW
diameter at the Au-ZnO interface determines the activation of one of the either mechanism. The
Zn atomic % in the AuZn solid solution is less than 10%, thus forming a FCC structure similar to

that of pure Au. Such in situ heating in TEM provides a powerful tool for monitoring the
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microstructure evolution at nanoscale and complement the existing factors influencing nanowire
growth.

6.5 Experimental Details

Thin Film Growth: The self-assembled three-phase Au-BTO-ZnO nanocomposite thin films were
deposited using a two-step growth using a templating method. Initially, an Au-BTO (1:1) thin film
was deposited followed by the deposition of BTO-ZnO (1:1) thin film. The thin films were
deposited on STO (001) single-crystal substrates using pulsed laser deposition (PLD) (with a KrF
excimer laser, Lambda Physik Compex Pro 205, A = 248 nm). The films were deposited at the
substrate temperature of 700 °C with a laser frequency of 2Hz and 40 mTorr oxygen pressure was

maintained during the deposition.

Structural Characterization: The microstructure of the films were investigated by XRD
(PANalytical Empyrean XRD), TEM, and high-resolution STEM (FEI TALOS 200X operated at
200 kV). Cross-section TEM samples were prepared using the manual grinding, polishing and
thinning process followed by dimpling and ion milling using precision ion polishing system (PIPS
I, Gatan). The in-situ heating experiments were conducted using a MEMS holder specifically
designed for in situ heating. The sample was heated at the rate of 10°C/min and was cooled rapidly
after reaching to 650°C.

Optical characterization: The dielectric permittivity of the films was measured using
spectroscopic ellipsometer (JA Woollam RC2). The measurement was performed at three different
angles: 55°, 65°, and 75°. A Raman microscope (Renishaw RM 2000) equipped with a 532 nm

green laser was used for the Raman spectroscopy measurements.
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7. SUMMARY AND FUTURE WORK

In this dissertation, a systematic study of the metal-dielectric nanocomposite ranging from
the two-phase particle-in-matrix morphology to the three-phase VAN architecture for
photocatalyst and metamaterial application was done. First, a one-step PLD deposition technique
to deposit highly textured anatase TiO>— Au nanocomposite thin films with highly tailorable shape
and size of Au NPs by varying the growth temperature was demonstrated. Incorporation of Au
NPs effectively tunes the band gap of TiO2. The shape and size tuning of Au NPs increases the
absorption efficiency over a broad optical spectrum. Photodegradation results conclude that the
synergistic impact of lowering of the TiO2 band gap along with the plasmonic absorption of Au
NPs plays a significant role in determining the photoactivity of the thin films.

Second, a new growth paradigm of three-phase nanocomposite (Au-BaTiO3-ZnO) with
high degree of ordering has been achieved by the combined templating and VLS mechanism. This
approach provides an alternative to the top-down fabrication approach for the growth of complex
nanoscale metamaterials. The three-phase ordered microstructure tunes the isofrequency surfaces
from ellipsoidal to hyperbolic, providing additional degree of freedom to control light-matter
interaction at the nanoscale. Third, a strong tunability in the microstructure of the self-assembled
ordered three-phase Au-BaTiO3-ZnO nanocomposite along with its optical properties, grown by a
pulsed laser deposition method was demonstrated. Varying the growth temperature, deposition
frequency and template thickness evolves the microstructure by tuning the Au and ZnO pillar
geometry as well as the shape and size of the Au nanoparticle capping the ZnO nanowire. Finally,
thermal stability of self-assembled ordered three phase Au-BaTiOs3-ZnO has been demonstrated
by both ex situ annealing and in situ heating in TEM. The study reveals that different mechanisms
are dominant while annealing in air (Ostwald ripening) and vacuum (reverse VLS and solid
solution formation). Such in situ heating in TEM provides a powerful tool for monitoring the
microstructure evolution at nanoscale and complement the existing factors influencing nanowire
growth.

Overall, metal-oxide nanocomposites offer unique advantages over oxide-oxide
nanocomposites in terms of new functionalities and tunable microstructure. The nanoparticle size

can be easily tuned in the particle-in-matrix design while the VAN architecture allows flexible
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tunability of the pillar dimensions. Regarding the future research direction, selected focus

directions are:

1. Owing to the large possibilities of materials combinations, a lot of metal-dielectric VAN
systems are yet to be explored that can enable different multifunctionalities. Figure 1-26
provides a guideline on materials selection for designing VAN systems based on the in-
plane strain compensation. Highly spatially ordered structures can be achieved by careful
materials selection which provide an important building block for metamaterial application.
However, domain matching epitaxy should also be considered while exploring potential
VAN systems.

2. Most of the nanocomposite thin film systems have been reported on specific oriented single
crystal substrates such as STO (001), LAO (001), Sapphire (0001), MgO (001) etc. Since
these substrates are small and expensive, they are not ideal for scaling up device fabrication.
Therefore, interesting and potential systems should be grown on Si substrates or flexible
substrates such as Mica with the aim of achieving at par performance as reported earlier,
which can be integrated in Si-based devices or flexible electronics. For example, several
oxide-oxide based VAN systems have been successfully integrated on Si and Mica
substrate and could be further extended to metal-dielectric nanocomposites.

3. Further work is needed in the exploration of three-phase nanocomposite for achieving
greater design flexibility. Materials selection can be done by examining the bulk ternary,
quaternary, or pseudo-binary phase diagrams for potential eutectic points or alloy

formation.
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