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ABSTRACT

Optical metamaterials have triggered extensive studies driven by their fascinating
electromagnetic properties that are not observed in natural materials. Aside from the extraordinary
progress, challenges remain in scalable processing and material performance which limit the
adoption of metamaterial towards practical applications. The goal of this dissertation is to design
and fabricate nanocomposite thin films by combining nitrides with a tunable secondary phase to
realize controllable multi-functionalities towards potential device applications. Transition metal
nitrides are selected for this study due to the inherit material durability and low-loss plasmonic
properties that offer stable two-phase hybridization for potential high temperature optical
applications. Using a pulsed laser deposition technique, the nitride-metal nanocomposites are self-
assembled into various geometries including pillar-in-matrix, embedded nanoinclusions or
complex multilayers, that possess large surface coverage, high epitaxial quality, and sharp phase
boundary. The nanostructures can be further engineered upon precise control of growth parameters.

This dissertation is composed of a general review of related background and experimental
approaches, followed by four chapters of detailed research chapters. The first two research chapters
involve hybrid metal (Au, Ag) - titanium nitride (TiN) nanocomposite thin films where the metal
phase is self-assembled into sub-20 nm nanopillars and further tailored in terms of packing density
and tilting angles. The tuning of plasmonic resonance and dielectric constant have been achieved
by changing the concentration of Au nanopillars, or the tuning of optical anisotropy and angular
selectivity by changing the tilting angle of Ag nanopillars. Towards applications, the protruded Au
nanopillars are demonstrated to be highly functional for chemical bonding detection or surface
enhanced sensing, whereas the embedded Ag nanopillars exhibit enhanced thermal and mechanical
stabilities that are promising for high temperature plasmonic applications. In the last two chapters,
dissimilar materials candidates beyond plasmonics have been incorporated to extend the
electromagnetic properties, include coupling metal nanoinclusions into a wide bandgap
semiconducting aluminum nitride matrix, as well as inserting a dielectric spacer between the
hybrid plasmonic claddings for geometrical tuning and electric field enhancement. As a summary,
these studies present approaches in addressing material and fabrication challenges in the field of
plasmonic metamaterials from fundamental materials perspective. As demonstrated in the

following chapters, these hybrid plasmonic nanocomposites provide multiple advantages towards
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tunable optical or biomedical sensing, high temperature plasmonics, controllable metadevices or

nanophotonic chips.
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1. INTRODUCTION

Metamaterials are artificial materials that are not observed in natural materials. Optical
metamaterials have triggered extensive studies driven by their fascinating electromagnetic
properties including negative refraction, enhanced spontaneous emission, Raman enhanced
sensing. The introduction is divided into two sections. In the first section, the concepts of
plasmonics and metamaterials, gradient metasurfaces and hyperbolic metamaterials are introduced.
Various processing techniques including the top down approaches, including lithographic
patterning and focus ion beam milling, and the bottom up approaches, such as anodize templated
growth and thin film deposition techniques have been demonstrated and summarized in section
1.1. Novel properties including sensing and light harvesting, holography and negative refraction
have been demonstrated. Aside from the extraordinary progress, challenges remain in scalable
processing and material performance which limit the adoption of metamaterial towards practical
applications. In Section 1.2, the concepts of vertically aligned nanocomposites (VANS), pulsed
laser deposition (PLD) technique, thin film nucleation and growth mechanisms will be introduced
in the first part, followed by the concepts of oxide-oxide, metal-oxide, metal-nitride
nanocomposites and their related properties. These hybrid plasmonic nanocomposites provide
multiple advantages towards tunable optical or biomedical sensing, high temperature plasmonics,

controllable metadevices and/or nanophotonic chips.

1.1 Optical Metamaterial

Optical or plasmonic metamaterial is an emerging field of study fundamentally understood
as manipulation of light or electromagnetic wave interactions of subwavelength scaled
nanostructures using engineering method. It involves multidisciplinary studies, for example, new
physics phenomena or unprecedented properties when material shrinks to nanoscale, material
thermodynamics and crystal structures, chemical or physical processing methods, quantum
sciences, and more beyond. Compared to metamaterials which is a relatively new concept, the
field of plasmonics has been known for a long time. In the following sections, a detailed review
on both divisions will be covered, followed by few selected topics in each category, including

extreme light confinement using plasmonic nanostructures for enhanced sensing and photovoltaics,
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patterned metasurface for effective manipulation of the wavefront, hyperbolic metamaterial with
extreme anisotropy using the hybrid of metal and dielectrics. There are indeed many interesting
topics, for example, negative index metamaterials, split-ring resonators or nonlinear optical
metamaterials, these will not be discussed in detail here but can be found in many existed books

and journal articles.

1.1.1 Overview of Plasmonics

The field of plasmonics mainly involves the exploration of electromagnetic (EM) wave
interactions in subwavelength scaled structures or at metal-dielectric surface, mostly free electrons
of metals. The concept of surface wave can be traced back to 18991 when Sommerfeld reported
the wave propagation of a conductive wire. This has been followed up with some well-known
studies including Wood’s anomaly (1902), Mie theory (1908)1!, the anomalous diffraction
gratings by Fano (1941)® as well as the pioneer work from Kretschemann (1968)C1
Fundamentally, plasmon describes the quantization of plasma oscillations, which means collective
oscillations of the free electron gas. Luckily, the field of plasmonics falls within the regime of the
classical theory such that most of the cases can be described by Maxwell’s equations, there are
seldom occasions when we need to bother with quantum plasmonics (e.g. quantum confinement,

quantum tunneling) to explain some specific physics phenomena.[®!

(b)

Light Wave

Electric Field

Electron
cloud

Figure 1.1 (a) Surface plasmon polaritons (SPPs) and (b) localized surface plasmons (LSPs).
Two subdivisions, surface plasmon polaritons (SPPs) and localized surface plasmons

(LSPs) represent two major effects of plasmonics. Specifically, SPP (Figure 1.1a) describes the

long-range propagation of EM wave at the interface between metal/air or metal/dielectric, while
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along the perpendicular direction the field is evanescently confined. Such highly directional EM
field confinement can be utilized in multilayer structures, for example, the metal-insulator-metal
(MIM) sandwich which realizes two-dimensional (2D) confinement of EM field energy for
waveguide design.[! It is noted that for the multilayer systems, coupled SPP modes would be
generated when the separation between adjacent single interfaces is at subwavelength scale. Direct
excitation of SPP at a planar interface of MIM is not possible since the propagation factor is greater
than wave vector in the dielectric, intentional phase matching should be considered such as
applying prism or grating coupling geometry.[% On the other hand, LSP (Figure 1.1b) describes a
non-propagating excitation between metallic nanostructures and the EM wave, which results in
electric field concentration locally at particle surfaces, and optical absorption at the plasmon
resonant frequency. Different from SPP, the LSP resonance can be directly excited by light due to
the curved nanoscale surfaces. The resonance of different metal nanoparticles could vary, for
example, Au and Ag at visible frequency while some others fall into the ultraviolet. Also, the LSP
can be strongly affected by the size and shape of the nanoparticles, which make the plasmonic
property tunable at a large wavelength regime.**! Most of the plasmonic particle interactions can
be described by the quasi-static approximation (10 < d < 100 nm), or the Mie theory (d > 100 nm).
It is important to note that for particle dimension smaller than 10 nm, additional factors such as
chemical interfacial damping and quantum effect need to be considered. Taking advantage of SPP
and LSP, extensive research studies have been explored in tunable plasmonics for bio-sensing
applications.l*2 However, there are still challenges or underexplored research topics which will be

covered in next few sections.

1.1.2 Plasmonic Nanostructures for Sensing and Light Harvesting

Plasmonic nanostructures are capable to convert EM radiation into intensively confined
and localized fields that can be further redirected or coupled depending on specific applications.
Reported studies on chemical synthesized plasmonic nanoparticles being freely dispersed in
solution,™** 131 patterned nanoantennas in a periodic fashion supported by solid state substrates,!*
have been reported for bio-medical sensing, light harvesting and many others. For example,
chemical synthesis has been proved as an effective method in producing plasmonic nanostructures
with controllable geometries (Figure 1.2), which is also more flexible in massive productions

compare to ion-beam patterning. But achieving perfect periodicity is challenging and the

24



dispersion of particles requires additional processing efforts. The available spectroscopic detection
is capable to approach single-particle surface or molecules to investigate the sensitivity of the
surface enhanced Raman scattering (SERS) signals.™®]

Figure 1.2 Ag nanostructures synthesized by polyol method, geometries include spheres, cubes,
truncated cubes, right bipryamids, bars, spheroids, triangular plates, and wires.[*®]

Among all plasmonic candidates, Au and Ag are well-studied due to their overall high
SERS signals over a wide spectrum range, non-toxicity, as well as reasonable stability as noble
candidates. Here, surface-enhanced Raman spectroscopy or SERS is understood as an enhanced
Raman scattering signal when molecules being adsorbed on metallic nanostructured surfaces that
are highly sensitive. Applying SERS to biomedical sensing or chemical detection is very effective
and has been widely reported. As an example, Au nanoparticles have been demonstrated to be
stable in different solutions (e.g. salts, strong acid and bases, and organic solvents), and
biocompatible as effective nanotags for in vivo targeting of cancer cells or xenograft tumors.*?l
Aside from SERS, biosensing using plasmonic nanostructures is attractive in terms of its tunable
LSP effect. The tunability can be reached via different ways. It can be tuned by switching between
different plasmonic materials (e.g. Au, Ag, Cu, Al) or nanoscale geometries, which are both

achievable through multiple available fabrication methods (Figure 1.3).1%]
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Figure 1.3 Effect of size and shape on localized surface plasmon resonance (LSPR) extinction
spectra for Ag nanoprisms and nanodiscs fabricated by nanosphere lithography. !

In conventional Si solar cells, light trapping is realized by scattering of light at textured
surface, mostly limited to bulky designs. However, benefit by plasmonics, the radiation energy
trapped or localized at surfaces of nanostructures can be further effectively redirected and collected,
or even enhanced using careful designs, meanwhile, the thickness is reduced significantly.
Applying plasmonic nanostructures to enhance solar absorption was first demonstrated by Stuart
et al in 1996.071 Naturally, the granular formation of ultrathin metallic layers would be an intuitive
nanostructured surface with LSPs due to the islanded (granular) nucleation of most metals. These
granular shapes can form more rounded particles via annealing. Atwater et al. proposed three
design schemes (Figure 1.4) for thin film plasmonic solar cells,*® including (a) scattering and
trapping of light into the semiconductor layer using metallic nanoparticles floating on top surface,
with the metallic back surface further prevents radiation from escaping; (b) light trapping via LSPs
of metal nanoparticles being embedded in the semiconductor layer, generating electron-hole pairs
in the semiconductor; and (c) excitation of SPP at the metal/semiconductor interface with
corrugated metallic back surface for effective coupling. These plasmonic coupling schemes offer
opportunities in designing thin film solar cells to realize effective light trapping by “squeezing”
light into nanoscale and effective manipulation of light energy through designable features. Aside

from optical losses in the metals, noble metals including Au and Ag become the most favorable

26



candidates for plasmonics and metamaterial designs. Coupling metallic nanostructures with Si
solar cells would bring additional engineering flexibility with potentials to replicate the entire solar

spectrum.

Figure 1.4 Plasmonic light-trapping geometries in thin film solar cells.[*8]

1.1.3 Overview of Metamaterial

The prefix “meta” in Greek means “beyond”, therefore, metamaterial is artificially
designed materials with properties unprecedented compare to natural materials. While
conventional materials derive their properties from atoms or molecules, the unit of metamaterial
is called “meta-atom” or “building block” that are of subwavelength scale being patterned at a
periodic fashion (Figure 1.5). These building blocks are retrieved from natural materials but are
engineered into certain geometries, the resulted metamaterial as a whole unit exhibit properties
completely different from their constituents, making it especially attractive in terms of light-matter
interactions.

Figure 1.5 Left: unit cell or atom of natural materials. Right: meta-atom of metamaterial.
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Date back to 4" century A.D., the Lycurgus Cup (Figure 1.6) is known to be the first
metamaterial composed of ruby glass with embedded metal nanoparticles.*® The cup shows unique
optical effects. Under transmitted light the glass appears as deep wine-red and appears as opaque
pea-green reflecting into the eyes. In fact, many artificial materials have been designed long before

the term “metamaterial” became widely accepted in the field.

50om

Figure 1.6 The Lycurgus Cup viewed in (a) reflected light and (b) transmitted light, (c) TEM
image of silver-gold alloy crystal embedded in the cup.[*®

Modern development of metamaterials is represented by three seminal works, which have
triggered extensive interests and explorations in the past few decades. V. G. Veselago (1968)2"]
came up with the idea of “left-handed material” that when substances have simultaneous negative
permittivity (e < 0) and permeability (n < 0), the passage of radiation through such media will be
refracted oppositely (n < 0) compare to conventional right-handed media (Figure 1.7a). Taking
advantage of such negative index materials, J. B. Pendry (2000)1?1] extended this idea towards the
design of “superlenses” which can surpass the diffraction limit of conventional electron
microscopy. The first experimental result on left-handed material was provided by D. R. Smith
(2000)22 demonstrating a split ring resonator (SRR) (Figure 1.7b) that exhibits dual negative
effective p as well as negative € at GHz range. Such designed nanostructure was then termed as
“metamaterial”.

Fundamental EM parameters involved in metamaterials are electrical permittivity (e,
dielectric constant) and magnetic permeability (1), which respectively describes the electric and
magnetic field responses upon EM radiation. Accordingly, four quadrants based on the two
parameters have been built to categorize material properties, as shown in Figure 1.8. Specifically,

common dielectric materials lie in the 1% quadrant, where both £ > 0 and p > 0. Noble metals at
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optical frequencies are normally seen in the 2" quadrant (u < 0), while negative p is supported
by polariton resonance of permeability, for example, in certain antiferromagnets (e.g. MnFz, FeF2)
or insulating ferromagnets.?®l However, no natural material belongs to the 3" quadrant satisfying
both ¢ < 0 and p < 0, but metamaterials with artificially engineered optical parameters can
realize such double-negative (DNG) property at specific frequency range. Theoretical predictions
of isotropic media suggest that if e = ¢’ + ie"” and u = u' + in'" obey '|u| + u'le| < 0, the real
part refractive index n =n' +in” =+/eu will be negative, which is called negative index
metamaterial. Such requirement would be changed in anisotropic media such that it is no longer
necessary to have both € and p negative to achieve negative refraction. However, the material

anisotropy would also bring challenges not only to fabrications, but also to calculations and

modeling.
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Figure 1.7 Passage of rays of light through a plate of thickness d made of a left-handed
substance.?°l A: source of radiation; B: detector of radiation. (b) Resonance curve of a designed
copper SRR with specified dimension.??
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Figure 1.8 Metamaterial four-quadrant space built on € and p. 1% Double-positive (DPS), 2"
epsilon-negative (ENG), 3": double-negative (DNG), 4™": mu-negative (MNG).

1.1.4 Fabrication of Plasmonic Metamaterial

Fabrication of plasmonic metamaterials can be realized by chemical and physical methods,
here, physical methods including top-down approaches and bottom-up approaches will be
discussed. Specifically, lithographic patterning, focused ion beam milling will be reviewed for top-
down methods, templated growth and physical vapor deposition (PVD) will be discussed for
bottom-up methods.

1.1.4.1 Lithographic Patterning

The most well-known method of fabricating plasmonic metamaterial is the lithographic
patterning which involves multiple subsidiary categories. The major category is called
microlithography, namely photolithography which is capable of patterning nanostructures at scale
of < 10 um; another one is called nanolithography or electron-beam lithography (EBL) with the
capability of writing features smaller than 100 nm. The general fabrication process is shown in
Figure 1.9. A resist layer is deposited first, and the patterns are “written” using focused high-
energy electron probe. Next, either etching and resist removal, or metal deposition and lift-off
processes are involved, depending on the type of the resist layer, producing the final output of the
nanopatterns. Resist is the key element which determines the quality of the resulted structure, it

can be either positive or negative that functions oppositely. The positive resist dissolves the part
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being exposed, on the contrary, the negative resist dissolves the part not being irradiated. Poly
methyl methacrylate (PMMA) is one of widely used positive resists for EBL due to its good
property and reliability. The overall quality of the EBL fabrication is determined by the electron
optics, the choice of resist, substrate and developer, and processing conditions such as beam energy
and dose, development time and temperature.?*l More details on resist and technical descriptions
of EBL can be found elsewhere.”® EBL has been extensively applied for fabricating 2D
metasurfaces, reaching patterning scale down to sub-20 nm with geometrical versatility. Selected
examples are coupled in Figure 1.10, where metasurfaces with complex patterns can be fabricated
with reasonably high quality. More importantly, it allows controls over designs such that specific
geometrical parameters (e.g. dimension, packing distance, etc.) can be tailored. However, it is
challenging if aggressively targeting at few tens of nm features. A typical problem would be the
residuals or gel formation at the edge of the nanopatterns, which is shown as illustrations and real

microstructures in Figure 1.11.

Exposed and
developed resist

Resist
Substrate

" 4

Resist removal Lift-oft

Figure 1.9 Fabrication processes using lithography.[2!
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Figure 1.10 Metasurfaces fabricated by EBL method. (a) Gradient metasurface with V-shaped
and bar-shaped antennas, 8! (b) nanofishnet,!?” (c) split-ring resonators.[¢l

(a) solvent gel (b) . -‘g

‘1 00nm'

Figure 1.11 (a) Schematic illustration on polymer-solvent interactions creating gels and
swelling.?!! (b) Fishnet patterns showing edges with residuals.!?®!

partly exposed
exposed

substrate

EBL is relatively time-consuming with limited throughput for fabricating scalable
structures towards three dimensions. Alternatively, interference lithography (IL) or nanoimprint
lithography (NIL) are capable to produce relatively large-scale patterns with low processing time.
On the other hand, focused ion-beam (FIB) milling is one comparable technique to EBL, but FIB
is still slightly faster in terms of processing time, it has been considered with higher priority when
fabricating nonlinear patterns such as split ring resonators (SRRS).
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1.1.4.2 Porous Templated Growth

Porous templated growth method is more specified in growing wire metamaterials. The
method generally involves two steps: fabrication of the porous template, and nanowire growth
using thin film deposition techniques such as e-beam evaporation or physical vapor deposition
(PVD). In most occasions, the templates are commercially available, making it easier for
fabricating wire metamaterials with massive production. The reason why such templates are
applied is because of its unique hexagonal ordering. It provides an easy method to fabricate highly
ordered nanowires as vertically aligned geometry, which is challenging in conventional growth
methods. One additional advantage offered by this method lies in its flexibility of the constituent
nanowire material that can be extended to semiconductors beyond metals.??®! In the field of optics,
this method is advantageous in coupling metal and dielectrics for hyperbolic MTM design, with
much higher scalability into three dimensions and cost-effectiveness compare to most of
lithographic patterning methods.

The first demonstration of fabricating anodized aluminum oxide (AAO) template dates
back to 1995,% when Masuda and Fukuda reported a two-step anodization of aluminum in
producing highly ordered alumina nanohole template as shown in Figure 1.12. The degree of
periodicity can be controlled by the anodization process. Benefit from the high-quality oxide
template, metallic nanowires are easily integrated with high degree of ordering, enabling extreme
anisotropy of dielectric dispersion in-plane and out-of-plane while generating negative refractive
index in some cases.3% Figure 1.13 show Ag nanowires grown in AAO template as a natural
high-quality hyperbolic metamaterial. One critical disadvantage as revealed by most reported
studies, lies in the limited material selection for the porous oxide template, which means it is
technical challenging to fabricate anodized template aside from Al203 which limits additional

tunability.

33



LA et )

Figure 1.12 SEM photographs of the porous nanohole (a) top projection and (b) cross-sectional
view. [0

Figure 1.13 Al203/Ag wire metamaterial with negative optical refraction.%

Thin film deposition as briefly mentioned, provides an alternative way in stacking
metamaterials into three dimensions. Explorations of two-phase nanostructures using bottom-up
fabrication is challenging but have shown promising prospects from recent demonstrations. As an
example, Gao et al. (2017) demonstrated growing Ag nanowires in Al2O3 or SiO2 matrix using
sputtering instead of AAO templated method, the growth was achieved via involving a RF bias
that affect the growth kinetics in the seeding layer (Figure 1.14).1%¥ More details will be discussed
in the Nanocomposite section. Towards complex metamaterial design, a combination between
different processing methods is necessary and desirable in manufacturing low-cost and scalable

metamaterials for practical device applications.
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Figure 1.14 Cross-sectional and TEM images of Ag nanowire array embedded in Al20s or SiO2
matrix.[34

1.1.5 Applications of Metamaterials

Metamaterials enable many novel physical properties or unusual phenomena and can thus
be applied for practical devices. Examples shown here include patterned metasurfaces (i.e.,
gradient metasurface) for applications such as wavefront manipulation and holography, hyperbolic

metamaterial is introduced for achieving negative refraction and superlens designs.

35



1.1.5.1 Metasurface for Wavefront Manipulation
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Figure 1.15 Review of metasurfaces. (a) Nanodisks,*! (b) rod antennas,®! (c) V-shaped
antennas,?®! (d) gammadions chiral metamaterial,7 (e,f) split-ring resonators,?® 381 (g) inverse
asymmetric split-ring resonator,® (h) double-fishnet structure.[*’!

Metasurface is artificially patterned two-dimensional (2D) nanostructured surface which is
composed of meta-atoms being arranged in a periodic or designable fashion.[*-*4l Different from
plasmonic nanostructures, metasurfaces are commonly solid-state 2D layers fabricated by
techniques such as EBL. Instead of randomly dispersed, the spacing and geometry are controlled
in a specific way in realizing manipulation of EM wavefront, for example, phase and amplitude,
reflection and refraction, as well as polarization. Figure 1.15 shows a collection regarding a
collection of metasurfaces with different geometries.[*4l Instead of coherent patterned metasurfaces
where the meta-atoms are geometrically and spatially identical, gradient metasurfaces attract more
interest in terms of new physics phenomena such as generalized Snell’s law.! !

A representative study reported by Yu (2011) et al.?] demonstrated anomalous light
propagation with phase discontinuities observed from thin metallic nanostructures as shown in
Figure 1.16. The modified Snell’s law is expressed as
4o d®
21 dx

, Where 6; and 6, represent angle of incidence and refraction, respectively, n; and n, are refractive

sin(6;) n; — sin(8;) n; =

indices of the two media, 4, is the vacuum wavelength. This equation indicates a nonzero phase

gradient. Reflection and refraction at wavefront are modified accordingly (Figure 1.17). The
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specially designed V-shaped nanoantennas support symmetric and antisymmetric modes, which
realize a wide tuning range of phase shift and amplitude (0 to 2 ). Additionally, the structure

enables a “negative” refraction and reflection for the cross-polarized light.

y-polarized incidence from
collimated quantum
cascade laser (A,=8um)
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Figure 1.16 Scanning electron microscope (SEM) image of V-shaped nanoantenna array
composed of Au. Schematic illustration on experimental setup.?]

Using gradient metasurfaces, Huang et al.*®l reported a three-dimensional optical
holography using a nanorod metasurface with spatially varied orientations. Each specific oriented
nanorod serves as a “pixel”, its phase information is calculated and reconstructed to the resulted
3D holography (Figure 1.18). This method can be applied for high-quality holography imaging,
storage and processing.
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Figure 1.17 Angle of incidence versus angle of (a) refraction and (b) reflection for ordinary and
anomalous cases.?®!

Opposite
handedness CP
CGH hologram
plate

Figure 1.18 Three-dimensional holography reconstructed by a gradient plasmonic
metasurface.!

1.1.5.2 Hyperbolic Metamaterial

Hyperbolic metamaterial (HMM) can be described as extreme anisotropic media with one
direction being metallic and the other direction being dielectric. Different from isotropic media
where the isofrequency contour or the k-space topology is mostly a sphere, hyperboloid with either
one-fold or two-fold is generated in hyperbolic metamaterial due to the extreme anisotropy of the

dielectric tensors along in-plane and out-of-plane directions (Figure 1.19).14]
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Figure 1.19 k-space topologies for (a) isotropic dielectric, &, gy, €2> 0, (b) type-I HMM (ex, &y >
0,e< 0) and (C) type-11 HMM (ex, ey < 0, gy > O)

Such extreme anisotropy originates from the permittivity (¢) and permeability (&) tensors,
in most cases of hyperbolic metamaterials, we only consider nonmagnetic media and therefore /i

is treated as unit tensor. Then, € is described as

& 00
&=10 &y 0
0 0 g

, for uniaxial models €, = ¢, # ¢,. The isofrequency surface is described by

k§+k§+k§

&, Ex

w
(?)2
, Where w is the wave frequency and c is the speed of light.

Naturally, hyperbolic metamaterial is composed of metals and dielectrics at subwavelength
scale. Metals possess negative dielectric function below the plasma frequency due to the free
electrons being polarized opposite to the electric field. For dielectrics, such polarization is
reversed. The hyperbolic metamaterial simply generates extreme anisotropy of the dielectric tensor
by restricting free-electron motion in one or two spatial directions. According to the equation,
&, & > 0, &, < 0 generates a two-fold geometry which is called Type-1 HMM, whereas ¢, €, <
0, &, > 0 produces one-fold geometry which is called Type-1l HMM. At nanoscale, such extreme
anisotropy can be realized by two types of geometries (Figure 1.20), the nanowire-in-matrix and

layered nanostructures composed of very dissimilar phases, for example, metals with dielectrics

or semiconductors.
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(b)

Figure 1.20 Schematics of (a) multilayer and (b) nanowire hyperbolic metamaterial. Red: metal,
yellow: dielectric/semiconductor, blue: substrate crystal.

The layered nanostructure is composed of alternative stack of metals and dielectrics where
the layer thickness is limited to subwavelength scale. More interestingly, the structure can be
further engineered by creating “fishnet-like” patterns, which generate unique functionalities such
as negative refractions or enhanced spontaneous emission in the visible wavelength regime.[8-4°
An example shown in Figure 1.21 is a patterned Ag/Si multilayer stack with an average layer
thickness of 10 nm fabricated by magnetron sputtering technique, the Ag-Si stacks is further
engineered by FIB milling to create grating patterns.[*®! From technical perspective, the nanowire
HMM is easier to realize using AAO templates to grow metallic nanowires.% 5% Using different
fabrication methods, systems with highly anisotropic dielectric tensors can be achieved in many
proposed materials systems. Applications of HMMs include negative refraction, lensing and

focusing, waveguides, as well as enhanced spontaneous emission. %521

(a)

~
o
~

Ag (Green)

Figure 1.21 (a) Schematic of nanopatterned multilayer HMM. (b) STEM image showing the
multilayer nanostructure. (c) Elemental mapping of constituent materials. Ag: green, Si: red.[*]
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1.2 Nanocomposites

1.2.1 Overview

Comparable to metamaterials processed by the above mentioned top-down approaches,
self-assembled nanocomposite thin film using bottom-up fabrication is a rising field of study. It
involves multidisciplinary studies including thin film sciences, materials kinetics and
thermodynamics, novel physical properties and nanodevice applications. The first reported study
is the BaTiOs-CoFe204 system,®®! forming a unique vertically aligned nanocomposite (VANS)
geometry with one of the phases grown as nanopillars and another phase distributed as the
supporting matrix, realized by a self-assembling single-step growth process. This study
successfully extended the functional thin films from conventional single phase to two phases
hybrids which plays significant role in terms of realizing multi-functionalities via a combination
of two functional materials together. Since the first demonstration, extensive studies have been
explored within the oxide-oxide combinations, and the geometries have been extended to different
types including pillar-in-matrix, particle-in-matrix, superlattices or multilayered structures.*5°!
Recently, the material candidates and geometries have been extended to additional categories for
more optical-based studies, for example, metal-ceramic oxide and metal-ceramic nitride systems
that are highly promising for alternative metamaterial designs and plasmonic based sensing
applications.[°6-5%

One advantage of the two-phase nanocomposites lies in the geometrical tunability via
careful control of material density and deposition conditions. Specifically, the ratio between two
phases can be calculated when mixing the powders for target sintering, though the final output
ratio of the nanocomposite is not guaranteed as the deposition could involve more complex
mechanisms. In most cases, the secondary phase can be up to 50% filling factor within two-phase
nanocomposites. In terms of VANS, the geometry, the aspect ratio, as well as the distribution of
the second phase can be tuned.[%-%% In addition, deposition parameters play an important role in
controlling the output geometries of the nanocomposites, including laser parameter tuning (e.g.
energy, frequency, number of pulses), background pressure (e.g. vacuum, nitrogen, oxygen),
substrate heating, as well as the distance between the target and the substrate. It is worth to mention
that the vertically aligned geometry provides unique anisotropy along in-plane and out-of-plane

directions, which is fundamentally crucial to many of the functionalities. A detailed schematic

41



overview of two-phase heterostructures is shown in Figure 1.22. So far, most of the reported
systems are grown using pulsed laser deposition (PLD) or in some reported cases using magnetron
sputtering.¥1 The integration of multiphases as a solid thin-film form is dominated by a self-
assembly process, the growth mechanisms will be discussed in the following sections. There are
currently multiple good review articles covering the exploration of oxide-oxide nanocomposites,
their growth mechanisms, tunabilities and functionalities achieved so far.[5% 64661 Besides the
extensive explorations, there are still challenges and unresolved puzzles, or underexplored
materials systems and physics phenomena potentially driving the field of nanocomposite more

attractive and promising.
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Figure 1.22 Schematic on two-phase nanocomposite geometries.

1.2.2 Fabrication Methods of Nanocomposite Thin Films

Conventional thin film fabrication relies mostly on bottom-up methods, for example,
pulsed laser deposition (PLD), magnetron sputtering, e-beam evaporation, chemical vapor
deposition (CVD), atomic layer deposition (ALD), and molecular beam epitaxy (MBE). These
techniques have been developed since 19" century and are well-known in yielding thin films with
epitaxial crystalline quality.[®”] Note that CVD belongs to a rather different category, it is
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dominated by the chemical evaporation process that molten sources are applied as precursors and
chemical reactions controls the composition of the deposited films. On the contrary, physical vapor
deposition (PVD) such as PLD is dominated by both evaporation and plasma-assisted
sputtering.'®® A general setup of a PLD chamber is shown in Figure 1.23, a pulsed laser with high
energy density is focused onto the target ejected a plasma plume containing the targeted material,
then the plume is forward-directed towards the substrate surface as adatoms diffusing and resting
on the surface forming thin films. The prerequisites of such process include sufficiently high
vacuum, ultraviolet laser and nanosecond pulses to ensure the formation of high-energy plume.
Depending on different materials, parameters such as temperature, laser energy, background gas

pressure can be controlled to realize an optimal crystalline quality.
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Figure 1.23 Pulsed laser deposition setup and description of deposition process.[®®!

43



The advantages brought by PLD technique includes (1) desirable epitaxial quality, (2)
scalability in terms of film thickness, (3) relative fast and simple process, (4) wide choice of
material candidates including metals, semiconductors (e.g. I11-V nitrides, SiC) and insulators (e.g.
oxides), (5) capable of integrating complex heterostructures, such as nanocomposites. For most of
the fundamental research studies, PLD can be a good choice to achieve fast and reproducible thin
film growth of most material candidates (e.g. metals and ceramics). However, there are still
limitations. One of the limitations lies in the output scale of the film if considering mass-
productions for devices or on-chip fabrications for practical uses. This is the reason why the CVD
fabrication is still dominated in semiconductor industries. Because the surface coverage is
determined by the laser plume generated from the target, the output scale of PLD deposited films
is limited by the size of the plume (cm to inch range). Commonly, the film thickness at the edges

of the substrate is smaller reduced as compared to that at the center (Figure 1.24).
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Figure 1.24 Film surface uniformity for point and surface sources, inset shows the illustration of
evaporation from the source to substrate.[?

Compare to single-phase thin films, growth of two-phase nanocomposites is more
complicated. Such complexity starts from target preparation, when a careful calculation of
concentration between the two phases is the prerequisite in determining the geometry of the as-

grown nanocomposite films. Moreover, it could be challenging in mixing chemicals that are easily
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interacted or diffused. Currently, the phase diagrams are limited thus a theoretical prediction is not
available in many complex oxide-oxide or metal-oxide systems. Luckily, some simple predictions
can be made based on the thermal, mechanical, and structural properties of materials. However,
for most of the unexplored systems, extensive experimental effort needs to be devoted before

making reliable conclusions or predictions.

1.2.3 Growth Mechanisms

Most reported studies of two-phase nanocomposites originate from two growth
mechanisms: (1) nucleation and growth, and (2) (pseudo-) spinodal decomposition. Depending on
the miscibility between the constituent chemical elements or compounds, for instance, AO«a, BO«,
A, B and O, Judith (2010) summarized each of the growth mechanism in detail supported by

experimental results of many reported systems. [

1.3.2.1 Nucleation and Growth

The predominant growth mechanism of thin films is nucleation and growth. For two-phase
self-assembly, the resulted geometry may vary from layered nanostructure, nanopillar-in-matrix,
and nanoparticle-in-matrix, depending on factors such as thermodynamics, growth kinetics, and
the concentration of the constituent components. Within the category of nanopillar-in-matrix, the
shape and distribution of the nanopillars are also controlled by the above-mentioned factors, for
instance, nano-checkerboard structure,® nanomaze structure, /> and faceted nanopillars.[’? In
general, there are three thin film nucleation and growth modes, (1) islanded (or VVolmer — Weber)
mode, (2) layered (or Frank — Van der Merwe) mode and (3) mixed (Stranski — Krastanov)

mode, 1 which are illustrated in Figure 1.25.
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Figure 1.25 Three growth modes of thin films.[6

Next, we want to apply these growth modes to explain the two-phase nanocomposite
growth. First, the pillar-in-matrix geometry can be traced to a combination of islanded mode with
either layered mode or the mixed mode, where the secondary phase is more favorable to nucleate
as small islands while the dominating matrix phase is preferable to grow as layers. From
thermodynamic perspective, the different mode of nucleation depends on the interfacial energy or
wetting property of the nucleating material with respect to the substrate surface. As shown from
Figure 1.26, yf,, ¥rs, and ys, represents surface tension at film/vapor, film/substrate and
substrate/vapor interface, respectively. If y5, < y¢s + vy, the wetting angle & > 0 and the growth
is preferred for island mode. When ys, = y¢s + ¥y, the layered growth is more favorable and
when 6 = 0, the y;, almost vanishes to support the alternative layered stacking between A and B
species. The mixed growth mode (or Stranski — Krastanov mode) is more complicated, requiring
Ysv > Yrs + Yp and typically represented by a layered growth (2D) for the first few monolayers,
followed by the island growth (3D) mode.
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DEFOSITION DESCRPTION

SUBSTRATE

Figure 1.26 Schematic illustration of nucleation process of adatoms on substrate surface during
vapor deposition. 62

Surface energy is one subdivision of material thermodynamics. There are other factors that
contribute to the formation of different geometries such as quantum dots (QDs), nanoparticles, and
irregular shaped nanoinclusions. These factors include lattice strain and crystal structure, thermal
expansion and adatom diffusion, relative concentration between the two phases, as well as the
kinetic energy from the pulsed laser. It is interesting that thin film growth is dominated by an
interplay of multiple factors. For example, small concentration, high kinetic energy and limited
adatom diffusion would lead to nanoparticles instead of nanopillars, which has been reported in
the YBa2CusO7-x (YBCO)-BaZrOs (BZO) system where BZO is self-assembled as nanoparticles
being embedded in the superconducting YBCO matrix.["3]

1.3.2.2 Spinodal Decomposition

Spinodal decomposition requires the Gibbs free energy per mole of a solution (denoted as
Gm) versus composition curve to be concave downward, which is
2
<0
, such that the solution tends to be decomposed into a mixture of a and 8 phases to lower the
overall free energy of the system. In addition, the spinodal decomposition requires the enthalpy of
mixing (denoted as H)) to be positive, which serves as the segregation energy, G = HM — TSH.

A typical spinodal curve can be referred to Figure 1.27.
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Figure 1.27 Free energy versus composition curve.

At high temperature, the —T'S} becomes more dominant and the solution is more stable.
Once the temperature is reduced, HY becomes more dominant and an instability region is
developed which is sensitive to composition. The inner regime represented by Figure 1.27 is called
the spinodal dome where the spontaneous phase separation would occur under small change of
composition. Compare to the nucleation and growth, VANSs by spinodal decomposition are still
underexplored. As a representative example, Ramesh group (2004)14l reported a nanocomposite
system with self-assembled Fe nanowires embedded in a LaSrFeOs matrix. The microstructure is
shown in Figure 1.28 where crystalline-sharp Fe nanopillars are well-aligned and distinguished as
a single-phase. The chemical compositions of matrix and pillar phases were confirmed using
conversion electron Mossbauer spectroscopy (CEMS), as a result, the chemical reaction was
identified as

2Lay5SrysFeO; — LaSrFeO, + Fe + 0,.
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Substrate

Figure 1.28 (a) Plan-view TEM image, (b) SAED patterns showing in-plane heteroepitaxy, (c)
dark-field cross-section TEM.["4

1.2.4 Oxide-Oxide Nanocomposites

1.2.4.1 Overview

As mentioned, the first reported study (Figure 1.29) on two-phase nanocomposite BFO-
CFO demonstrated self-assembly of heteroepitaxial CFO nanopillars with dimension of 20 nm ~
30 nm, embedded in the BTO matrix. The goal was to couple ferroelectric and magnetic phases
together in realizing multiferroic property.¥ Since then, significant explorations have been
dedicated to coupling of different functional oxide candidates. Zhang et al.[% summarized recent
studies on oxide-oxide nanocomposite thin films, for example, the 0-3 type denoted as
nanoinclusions or nanoparticles within matrix, 1-3 type denoted as pillar-in-matrix, and 2-2 type
denoted as multilayered structure. Such geometry variations are correlated to the factors including
strain or lattice mismatch, ratio between two component, and growth parameters such as
temperature, laser frequency, etc. For example, the strain involved in two-phase nanocomposites
specifically for VANSs is three-dimensional, which means both the film/substrate interface as well
as the vertical strain coupling between the two competing oxides are involved. Therefore, strain
analysis combining different methods such as XRD and STEM are necessary to understand the

coupling mechanism.
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Figure 1.29 TEM plan-view image showing a quasi-hexagonal arrangement of CFO nanopillars,
and corresponding (b) electron diffraction patterns.!

1.2.4.2 Geometrical Tunability

Distribution Edge Diameter

Figure 1.30 Geometrical tunability of the two-phase VANS.

From a large scale, the realization of multilayer, particle-in-matrix and pillar-in-matrix
(VAN) belongs to one type of geometrical tuning. Within each category, more detailed tuning can
be realized at nanoscale. As shown in Figure 1.30, general distribution of secondary phase, edges
or facets of nanopillars, as well as the diameter or aspect ratios have been reported in oxide-oxide
systems. Geometrical tuning in oxide-oxide VANs plays paramount role in controlling
functionalities and device performance. The great advantages brought by two-phase
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nanocomposite is not limited to a combination of materials with varied functionalities, controllable
multi-functionalities via geometrical control is of great importance.

The typically reported secondary phase distribution include nanopillar, nano-checkerboard,
and nano-maze structure. Majority of the oxide-oxide VANS lies in the first type, where one oxide
grown as nanopillars being randomly or a preferred fashion aligned in another oxide matrix. We
want to clarify that the term nanopillar would be the comparable to nanowire or nanorod, the
terminology is depended on the aspect ratio reported by different synthesis methods, for instance,
nanowires normally represent features with ultrahigh length or high aspect ratio (length/diameter).
Figure 1.31 shows an example on oxide-oxide VAN. The MgO nanopillars with diameter of 4 nm
are randomly aligned in Lao7SrosMnOs (LSMO) matrix.’® On the other hand, a nano-
checkerboard structure (Figure 1.32a) resulted from spontaneous phase ordering is reported in
BiFeOs3 (BFO)-Sm203 (SmO) VAN system,[® while a self-organized nanomaze structure with
rectangular nanodomains is revealed by the LSMO-ZnO system(Figure 1.32 b).’ In both cases
the underlying growth mechanisms are sophisticated. While not fully explained, it is highly
possible that minimization of interfacial strain energy and/or surface energy are contributing

factors.

STO (001)

Figure 1.31 Cross-sectional STEM images of MgO-LSMO VAN system.[”®]
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Figure 1.32 (a) STEM micrographs of cross-section and plan-view images of the BFO-SmO
VAN system.®®l (b) TEM and STEM micrographs of the LSMO-ZnO VAN system.[’®]

At a finer scale, the edge of the nanopillar can be tuned. An example shown here is the
spinodal decomposition of LaSrFeO4 into metallic Fe nanowires. As shown from Figure 1.33, by
tuning the growth temperature, the edge of the nanowire can be changed from squared shape with
dimension of 40-50 nm (840 °C), to octagon with dimension of 15-20 nm (740 °C) and circular
with 4-6 nm diameter (560 °C). Such changes are driven by thermodynamic factors including
reduction of surface energy by exposing of low-energy facets, or adatom diffusion to control the

nuclei sizes or lateral dimension of nanowire.

Figure 1.33 High-resolution plan-view TEM images showing the change of shape of the Fe
nanowire with respect to deposition temperature.t™
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Lastly, the aspect ratio (length/diameter) of the secondary oxide phase can be controlled
via deposition parameters. Since the length of the nanopillars is affected by the overall film
thickness, an intuitive method is to control the deposition time. However, the width of the
nanopillar can be affected by multiple factors including laser frequency, laser energy and
temperature, assuming the concentration of the secondary phase is maintained. These factors will
change the nucleation dimension and the adatom diffusion at the most beginning of the deposition.
In common situations, high laser frequency, low temperature and high laser energy would suppress
the adatom diffusion and size of the nuclei, which result in thinner or narrower pillars or columns.
An example based on the LSMO-ZnO reported by Chen et al.l'¥! demonstrates a tunable
nanocolumn width of ZnO by changing the laser frequency from 1 Hz to 10 Hz (Figure 1.34).

STO(001)

Figure 1.34 Cross-section TEM image of LSMO : ZnO VAN grown under (a) 1 Hz frequency
and (b) 10 Hz.[®3

The tunable geometries achieved in oxide-oxide systems can be extended to metal-oxide
and metal-nitride systems, although some of the controls are easier to realize in specific material
group consider the difference in material thermodynamics and crystal structures. There are
additional tunable geometries, for example, tuning the ratio between two phases results in a change
of packing distance of nanopillars, tuning growth rate and materials to realize oblique or tilted
nanopillars. These will be discussed in the following chapters when we introduce the metal-nitride

nanocomposite systems.
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1.2.4.3 Multifunctionalities

As demonstrated in the BFO-CFO nanocomposite, multiferroics exhibits more than one of
primary ferroic orders mainly includes ferromagnetism and ferroelectricity. What makes
multiferroic attractive not only because of its novel property that is not obtainable in natural
materials, but also the electric force control in manipulating the magnetic spin, thus realizing more
efficient data storage devices. Multifunctionality is not limited to multiferroics, Zhang’s review
provides a more detailed summary on the reported self-assembled oxide-oxide systems with
various properties, as shown in Figure 1.35. Novel functionalities include at least one of the
following categories: electrical, magnetic, dielectric, optical and superconducting. The two-phase
nanocomposite serves to (1) couple functionalities of more than one category, for instance,
multiferroic, magneto-optical, electro-optical, etc., and (2) realize a tunable control and optimize
one single property. We will now introduce these two key aspects in details by giving examples

on magnetoresistance and superconductivity achieved in oxide-oxide systems.

Table I. Epitaxial nanocomposite heterostructures grouped by crystal structure and functionality.

Vertically Aligned Defect Engineering Vertical Strain Strong Coupling Vertical Vertical Strain Control
Nanocomposite Control Effects Heterointerface and Coupling
Characteristics
Nanocomposite family Superconductivity Ferroelectricity Mulitiferroicity Electronic and Dielectric and
ionic transport optical effects
Perovskite-related Bazr0,- BaTi0;-Sm,05; BiFe0,-CoFe,0,; La,-Sry;Mn0; Bay Sr, ,Ti0,-
YBa,Cu,0;._; BaTi0,-Ce0,; BaTiO.-CoFe,0,; (LSMO0)-ZnO0; Sm,0,
(YBCO); BiFe0,-Sm,0; BiFeQ,-NiFe,0,; LSMO-Ce0,; SrRu0;-CoFe,0,
BaSn0,-YBCO; La,CoMnQ;-Zn0 LSMO-Mn,0,;
BaHf0,-YBCO; LSMO-Ni0;
Ba,YTa0;-YBCO; La, ,Ca,Mn0,-
Ba,YNbO,-YBCO MgO,
SrTi0,-Sm,0,,
SrRu0;-Zn0
Layered oxides BigTi,Fe0, -
CoFe,0,

Figure 1.35 Summary of oxide-oxide nanocomposite functionalities.®"!

Colossal magnetoresistance (CMR). CMR belongs to a special physics phenomenon in
materials such as Lao.7Sro.3MnO3 (LSMO) with a dramatic change of electrical resistance under an
applied magnetic field. Interestingly, the CMR can be controlled via introducing a secondary
insulating phase which separates the uniform ferromagnetic domains at nanoscale. This has been
achieved in oxide-oxide systems such as the LSMO-ZnO VANs reported by Chen et al.[®¥l As

shown in Figure 1.36, the ferromagnetic-insulating-ferromagnetic (FM-1-FM) nanodomains form
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a special tunneling junction that benefits from two sides, tune the transition temperature (Tc) due
to the suppressed double exchange (DE) interactions between the adjacent LSMO domains, and
enhance the low-field MR significantly through the artificial grain boundary (GBs) effect. As
mentioned in the previous section, the domain wall thickness or the width of the nanocolumns in
the VAN can be tuned via control of laser frequency. Here, the structures grown under 1 Hz, 2 Hz,
5 Hz and 10 Hz exhibit a gradual shift of Tc as well as MR percentage (Figure 1.37). Such dramatic

changes are owing to a tunable DE and GB effects affected by the insulating ZnO nanocolumns.

Magnetic Current
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0.005 Pure and epitaxial LSMO VAN film 10 Hz T ]
i =0T 140 006 o MRat1T = 03T 40
s [ = 03T [-A-MRat0.3T 1
E £ 130 . E {30 ¢
S 0.003 £ 35 4
(=] E c 004} 1 @
s {20 5 3 1202
* 0002 o MRat1T o L 5
x| A-MRat03T 110 dioz 110
o i
0.000 S LG T % 0 L e, om0
“770 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
TIK TIK

Figure 1.36 (a,b) lllustration of FM-1-FM tunneling junction as vertical or planar mode. (c)
Temperature dependence of resistivity and MR% at different magnetic field.[]
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Figure 1.37 MR% versus temperature for LSMO-ZnO VANSs deposited at different laser

frequencies.®

Enhanced superconductivity flux-pinning. Materials such as YBa2CusO7x (YBCO) or
FeSeosTeos exhibit superconductivity property denoted as an abrupt vanish of electrical resistance
at their critical temperature (T,.).'”781 For YBCO thin film, the reported T lies in the range of 92
K which is much higher than many existed superconductors. Current density (J.) is another key
factor limiting the performance of superconductor for practical applications. Driscoll et al.l"®!
explored the superconducting two-phase nanocomposites by involving a secondary phase in
YBCO matrix, BaZrOs (BZO) was picked because of its chemical inertness and low growth
kinetics that help to form nanoparticles. Meanwhile, the large strain between BZO and YBCO has
been demonstrated as an effective way in enhancing the magnetic flux pinning as well as the
current density. The hybridization of BZO and YBCO nanocomposite thin film shows an
increment factor of 1.5-2 of J,. values over a wide field range as compared to pure YBCO film.
Figure 1.38 shows nanostructure of the BZO-YBCO film grown on STO substrate and the

corresponding /. versus magnetic field curve.
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Figure 1.38 (a) Microstructure of BZO nanoparticles embedded in YBCO matrix as effective
flux pinning centers. (b) Jc versus magnetic field curves, inset shows the anisotropic effect
showing stronger enhancement along H//c.[3]

1.2.4.3 Challenges

Occasionally one would find it difficult in growing successful two-phase nanocomposites
when the two phases are neither chemically stable nor discernable to visualize under the
microscope. Even if the heterostructure appears to show two separate phases, the actual chemical
composition or stoichiometry would be inaccurate in some cases, especially when the cations of
the oxides are thermally intermixed with each other. Due to the fact of limited phase diagram
explored so far in the oxide-oxide ceramics, some of the nanostructures turn to be deviated
geometrically or chemically from expectations. This challenges the material scientists in terms of
exploring the best material candidates as well as optimum conditions in coupling two oxides
together, which requires extensive experimental effort on growth and characterizations before
defining those as deposited films as two-phase nanocomposites. Under such conditions, some
prerequisites for successful two-phase oxide-oxides nanocomposite growth have been proposed as
guidelines, including: (1) close lattice match and comparable crystal symmetries between two film
phases, (2) close lattice match with the substrate to ensure a smooth nucleation of adatoms at initial
stage, (3) low solubility and thermal stability between the two phases, (4) ionic radii of cations
should be sufficiently different to minimize possibility of intermixing, (5) a general comparable

material property, such as elastic constants, thermal expansion.
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1.2.5 Metal-Oxide Nanocomposites

Along with the wide range of functionalities being explored in the oxide-oxide
nanocomposites, there are few areas such as electromagnetic (EM) properties that are
underexplored. Consider the inherit insulating nature of many oxide candidates, the EM
parameters lying in the similar range are considered not ideal for many interesting optical
phenomena such as hyperbolic dispersion, negative refraction, nonlinearity, etc. This facilitates
the demand in replacing one of the oxides into a dissimilar material, like metal. Indeed, extensive
demonstrations of oxide-oxide combinations paved the way for metal-oxide nanocomposite
growth, to some extent, it is very promising since the nucleation of metals is relatively easier.
Recent explorations of metal-oxide nanocomposite have demonstrated the emerging importance
in fabricating plasmonic metamaterial using bottom-up deposition techniques, as they provide
advantages such as large surface coverage and a broad range of material candidates. Consider
applications, we categorize common metals into two groups though each of the metals possesses
its own optical constants (e.g., n and k).[’® The first group is behaving good plasmonic or optical
properties, represented by Au, Ag, Cu, Al, etc., and the second group is ferromagnetic metals,
represented by Co, Ni, Fe. However, there are few concerns in terms of growth of metals, typically
because of their high reactive nature at elevated temperature or ambient atmosphere. Moreover,
potential interactions between metal and oxide would be a big concern. Therefore, the metal-oxide
nanocomposite growth was explored starting from Au-oxides since noble metals are much more

stable.

1.2.5.1 Tunable and Anisotropic Optical Properties

Coupling plasmonic metal with oxide as pillar-in-matrix geometry provides highly
anisotropic dielectric dispersions along in-plane and out-of-plane directions. Via control of
geometrical parameters such the aspect ratio or density of metal phase such dispersion property
can be tuned in a wide UV to near-infrared (NIR) regime. The first demonstration on metal-oxide
VAN was successfully achieved in Au-BaTiOs (BTO) system using the bottom-up, one-step PLD
technique.® Its 3D nanostructure is presented in Figure 1.39. The Au nanopillars exhibit high
crystalline quality and distinct vertical phase boundaries without intermixing with the oxide matrix.

The effective permittivity calculated by effective medium theory was correlated with the polarized
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reflectance data full-wave simulation, demonstrating the LSP resonance of Au at 550 nm and an
anisotropic effective permittivity. The structure potentially possesses a hyperbolic transition
approaching near-infrared. The success of metal-oxide hybridization brings dramatic possibilities
in growing other metal-oxide nanocomposites using PLD. Direct follow-up studies from Zhang
and Kalaswad®-81 demonstrate the capabilities of tuning geometries or substrates (Si integration)
of Au-BTO VAN films. As shown in Figure 1.40, by changing the film thickness from 70 nm to 3
nm, the aspect ratio of Au nanopillars can be tuned effectively. Such geometrical variation has a
direct impact on dielectric properties, here, the hyperbolic transition frequency is tuned

systematically close to 600-800 nm.
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Figure 1.39 3D microstructure of Au-BTO VAN thin film. (e) 3D schematic illustration of the
nanostructure. (a-c) Plan-view images and (d,f,g,i) cross-sectional images and SAED patterns.
(h) Diffraction patterns. (j) Atomic model at Au/BTO interface. !
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Figure 1.40 (a) Cross-sectional STEM images of Au-BTO system with changes of film
thickness. (b,c) Uniaxial real-part permittivity with stack of different films. Inset shows a k-
space isofrequency surface.[

1.2.5.2 Tunable and Anisotropic Magnetic Property

Fabrication of ferromagnetic nanostructures brings two important prospects, generating
strong magnetic anisotropy, and magneto-optical (MO) effect as predicted when magnetic metals
shrink to nanoscale.l®? Compare to noble plasmonic metals, ferromagnetic metals including Fe,
Co and Ni are more reactive and easier to diffuse, thus, the growth of such metal-oxide
heterostructure is challenging. Successful demonstrations using AAO templated method to grow
Ni nanowires have been reported (Figure 1.41), which shows both strong ferromagnetic response
and magneto-optical (MO) activity.[® The ferromagnetic metal-oxide systems achieved by PLD
growth techniques are the Co-BaZrOs (BZO) system and Ni-CeQ2,5" 8481 potentially due to the
fact that BZO or CeO: are relatively stable oxides (e.g. Zr**, Ce*") thus any intermixing of metal
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phase was prohibited during the high-temperature growth. Figure 1.42 shows the nanostructure of
Co-BZO VAN grown on SrTiOs (STO) substrate.

One major advantage brought by the PLD bottom-up fabrication technique, as mentioned
few times, lies in the ability to extend growth to many additional materials systems. For metal-
oxide VAN combinations, the oxide phase have already be extended to candidates such as ZnO,
LSMO, CeO2, BaZrOs while the metallic phase such as Ag, Cu, Al and ferromagnetic metals such
as Fe, Cu, Ni are desirable alternatives that bring additional properties beyond magnetic or
optical 5758 8851 The reason why noble Au is the most favorable candidate is because of its ease
of nucleation, thermal stability and chemical inertness compare to most of the metals, as it has

been demonstrated as effective catalysis in growing semiconductor nanowires. ¢!
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Figure 1.41 (a,b) Top view SEM image of Ni nanowire grown in alumina matrix. (c) Kerr
rotation measured as a function of photon energy.[®l
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Figure 1.42 Microstructure of Co-BZO VAN deposited on STO, including plan-view and cross-
sectional STEM images, EDX mapping and diffraction patterns.[’]

1.2.5.3 Challenges

Periodicity. The major difference between nanocomposites and metamaterial is the
periodicity or coherency of the nanoscale “building blocks”. Metamaterials fabricated by EBL
possess high degree of periodicity because the features are artificially written by controlled
designs. Even for hyperbolic wire metamaterials fabricated by AAO assisted growth, the templates
possess high degree of hexagonal ordering. However, bottom-up fabrication of metal-oxides or
any two-phase nanocomposites is dominated by a self-assembling process, either by nucleation
and growth or spinodal decomposition. Therefore, the coherency and periodicity could not be
controlled or predicted which becomes a major obstacle to overcome. Such imperfection normally
includes geometrical variations as well as the packing distance or the ordering of the secondary
phase distribution, for example, some nanopillars are wider and some of them are thinner, being

aligned as rather “random” fashion. An example as shown in Figure 1.43, the Au-ZnO system
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exhibit high crystalline quality with large surface coverage and hyperbolic dispersion property,
meanwhile the periodicity and the uniformity are out of control. Especially for plasmonic
metamaterials or metasurfaces, the periodicity of metaatoms is crucial in accurate control of the
wavefront, the spontaneous emission rate, quality factor of plasmon resonances, whereas the

spacing in between would have an impact on the near-field interactions.[®-¢

SHz C
.‘ y | ’
by ' ‘
50 nm

\
- °
233vlcgp ..

Figure 1.43 Au-ZnO VANSs deposited under different laser frequency: 2 Hz, 5Hz and 10
Hz.l%8l

To this end, few solutions have been proposed and explored in order to enhance the
periodicity and control over geometry, including strain engineering, substrate treatment and
template assisted growth method, % 64 9091 where the latter is believed as the most effective way
in improving the ordering of two-phase nanocomposites so far. The method is described in Figure
1.44 for the growth of CoFe204 (CFO) - BiFeOs (BFO) VAN. In this specific study, focused ion
beam (FIB) was applied to create periodic patterns. These patterns serve as “defective sites” that
are then being etched and cleaned for growing an ultrathin layer (few nm) of pillar phase (CFO)
was preferably grown at those defective sites filling the etched “pits”. Next, the matrix phase
(BFO) was grown at a very low step to ensure the stable nucleation thus the template of ordered
two-phase is formed. A final step is the two-phase co-deposition on top of the template to achieve
a desirable thickness. One limitation lies in the fact that the e-beam or ion-beam writing is still a

small-scale processing which is time consuming, but it provides a good starting point in achieving
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high-degree periodicity using a combination of top-down and bottom-up methods to fabricate
ordered two-phase VANS.

5 - Composite
Growth

1 - FIB patterning 3 - CFO deposition 4 - BFO
2 - Acid etching and annealing deposition
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all scale bars correspond to 100 nm

Figure 1.44 Schematic illustration on the templated method of growing ordered CFO : BFO
nanocomposite.[®*

Instability. From material perspective, metals are thermally unstable mechanically soft.
Among the functional metallic candidates, perhaps only Au and Pt possess relatively higher
stability, the rest of the metals are either easily being diffused or chemically reactive with another
medium. For example, metals such as Ag, Al and Cu own strong LSPR and SERS effect, but are
unstable even at room temperature by forming a thin oxide layer at the top surface.l*3 %21 Even
though some of the reported studies take advantage of such natural oxidation as protective layer
against further contamination,[®® the surface degradation is still a great concern for practical
applications since most of the devices need to be operated at ambient atmosphere or at high
temperature. On the other hand, as most of the metals are malleable and ductile, any mechanical
stress would easily cause deformation of metals.

To address the instability issue, some solutions have been made along the path. Intuitively,
it would be effective to fabricate a two-phase hybrid to cover the less stable metal with a more
stable material. Core-shell nanostructure is one representative design. Ag as an example, multiple

protective shell materials such as Au, silica (SiO2), AgzS, graphene have been demonstrated to
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enhance the chemical stability of Ag.’”2%1 Figure 1.45 shows a hybrid Au shell - Ag core
nanoplates formed by solution synthesis.

Figure 1.45 Microstructure of Au shell - Ag core nanoplates. (a) TEM image, (b) HTREM
image, inset shows diffraction patterns, (c) STEM image and (d) EDX elemental mapping.[*%%

In terms of metal-oxide nanocomposites, aside from oxidation from the metal phase,
potential interdiffusion of metal with oxides would lead to significant challenges for hybridizing
metals such as Ag, Cu, Co or Fe with oxides. The resulted nanostructures would face problems
including (1) complete mixing between metal and oxides without phase segregation, (2) the metal
phase is very blurry and partially mixed with oxide at the metal/oxide interface, (3) complete
degradation of metals by forming oxides during high temperature growth or by reacting with the
background pressure.

Optical losses. To bring operation of metamaterial into optical frequencies, a major
concern is the inherit loss or absorption of metals even for highly conductive noble metals such as
Au and Ag.*% In general, absorption (or imaginary part of dielectric constant &, or extinction

coefficient k) originates from the intraband transition induced by the free electrons within s-p band,
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and interband transition induced by direct transition between the bands, for example, transition
from the 5d state to the 6sp state of Au at 1.74 eV, as depicted by Figure 1. 46.
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Figure 1.46 Interband transition of Au at visible wavelength range.l!

The interband transition at lower frequencies causes strong absorption. Normally, one
would avoid this frequency of operation and shift to the regime lower than wp. Here, wp is the
plasma frequency at the interband absorption edge where the electron gas oscillates, which is

expressed as:

ne?
W, = |[—
p gom

, £ IS the vacuum permittivity (g, = 8.85 x 10712F /m), m and e represent effective mass and
charge of electron, respectively. Taking interband transition into account, the modified Drude
equation describing the dielectric constant of metals is written as:
2 2
wp iy wpT
w?+T?2 w(w?+T?)

c(w) =¢'(w)+inw"(w) =¢&p —

, Where T is the damping constant, &, is the empirical value (typically 9 for Au and 5 for Ag).
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1.2.6 Alternative Plasmonic Candidates

Given the above-mentioned facts, few approaches in addressing optical losses have been
proposed™, including: (1) engineering plasmonic nanostructures in a way to reduce the energy
confinement inside metals, (2) introducing optical gain media to compensate the losses, (3)
searching for alternative plasmonic candidates with lower losses to partially or completely replace
metals. Progress in terms of new plasmonic materials such as conductive oxides, graphene and
transition metal nitrides has already shown astonishing advantages beyond achieving smaller
losses.[19219%1 For example, heavily doped oxides or 111-V nitrides offer a wide range of tunable
carrier concentration and operation frequencies, while transition metal nitrides or graphene
provides as durable barrier that offers extraordinary thermal and mechanical stability. Graphene is
attractive as a unique two-dimensional ultrathin absorber, it can be applied as either “metallic”
component for graphene/dielectric hyperbolic metamaterial, or as protective shutter to prevent
oxidation of unstable metals (e.g. Ag, Cu).’" 1041051 Ap example shown in Figure 1.47
demonstrates a hyperbolic/polymer hyperbolic nanogratings which generate 85% absorption at the

entire solar spectrum (300-2500 nm).
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Figure 1.47 (a) Schematic illustration of fabrication process of the graphene-based metamaterial.
(b) SEM image of the grating. (c) Measured absorptivity spectra under TE and TM polarizations
and unpolarized light.[*%4]
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(c) (d)
Figure 1.48 Rock salt crystal structure.[*®!

Titanium nitride (TiN) as a representative material candidate in the transition metal-nitride
family, owns unique chemical, mechanical, electrical and optical properties. Specifically, TiN has
a NaCl rock salt crystal structure where the central cation is attracted to 6 anions as shown from
Figure 1.48. It belongs to the space group of Fm3m, and owns a lattice constant of 4.241 A. Due
to its high corrosion resistance, thermal stability and high hardness, as well as its shiny golden
appearance, TiN is conventionally known as a desirable superhard coating or diffusion barrier
candidate for machining and jewelry.[1%¢-1971 More recently, it has been applied as gate electrodes
to prevent oxidation or diffusions for CMOS (complementary metal oxide semiconductor)
technology.®! Thin film growth of TiN with 1:1 stoichiometry ratio is achievable via PVD
techniques, %1%l mostly on MgO substrates because of the small lattice mismatch between TiN

(ariy = 4.241 A) and MgO (amgo = 4.211 nm). Interestingly, the integration of TiN on Si shows

epitaxial growth with a unique domain matching epitaxy as shown in Figure 1.49, here, the TiN
works as a buffer layer grown on Si, which serves as a desired transition layer to deposit TaN layer
on top.! Not limited to TaN, a wide range of materials can be integrated on Si through depositing
a thin TiN buffer, which serves not only as epitaxial basis, but also as corrosion of diffusion barrier

that plays fundamental role in many Si-based device applications.[*12-1131
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Figure 1.49 Cross-sectional TEM images of epitaxial TaN/TiN grown on Si substrate.1]

On the other hand, plasmonic metamaterial-based research (e.g. studies from Shalaev and
Boltasseva group) proposed that TiN can be an alternative plasmonic candidate that exhibits
comparable properties with Au but shows smaller losses at higher wavelength regime.[0? 114-115]
From conventional material perspective, TiN is treated as a ceramic nitride. But in the field of
optics, TiN behaves as metallic with high charge carrier concentration and negative real part
permittivity, which is similar with Au. Naik et al. performed a thorough study on optical properties
of TiN and its comparison with conventional noble metals,™**3! Figure 1.50 shows the dielectric
function derived from ellipsometry measurements, comparing TiN, Au and Ag.
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Figure 1.50 Real and imaginary part dielectric constant of TiN, Ag and Au.%]
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Applying TiN to plasmonics is not limited to its attractive optical performance, as
described, TiN films integrated on single crystals, Si or glass exhibit much higher epitaxial quality
and adhesion compared to Au. Nanostructured TiN shows flexibility in terms of its tunable surface
plasmon polaritons (SPPs) or LSPs. In addition, the inherit thermal and mechanical stabilities
applied for protective coatings are extremely beneficial for high temperature plasmonic
applications, as the future of plasmonics would require high endurance of materials under extreme
conditions. Refractory plasmonics based on TiN metamaterial have demonstrated its high
absorption and stability. Figure 1.51 shows a study by comparing nanostructured Au and TiN
metamaterial. TiN maintains almost intact upon thermal annealing and laser irradiation, while Au

becomes either deformed or damaged.[*'6!
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Figure 1.51 SEM images of TiN metamaterial (a) after annealing, (b,e) laser irradiation with
different energies. (b) Absorption spectra before and after thermal treatment. SEM images of Au
metamaterial (c) after 800 °C annealing and (f) laser irradiation.[*¢]

Interestingly, TiN exhibits certain degree of nonlinearity into 2" and even 3" orders.*'"-
119 As reported by Gui et al., TiN nanoantenna arrays exhibit comparable second harmonic
generation (SHG) signals with Au. Again, much higher endurance under laser irradiation
measurements has been effectively proved, demonstrating the unique advantage of TiN as
compared to metals. These properties have made the material very attractive in future plasmonic

explorations as proposed by Atwater (2007)12°, In the next few sections, we take advantage of
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TiN and couple it with different material components at nanoscale as two-phase nanocomposites

for multiple novel structural design and applications.
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Figure 1.52 Second harmonic generation (SHG) measurement and modeling of TiN nanoantenna
array.[18l
1.2.7 Metal-Nitride Nanocomposites

Research in oxide-oxide nanocomposites have shown us the possibility in coupling many
existing material candidates together to design different nanostructures and properties. Indeed, the
ceramic family is not limited to oxides, and as demonstrated by pioneer works, epitaxial thin films
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non-oxides such as nitrides or carbides can also be realized by the bottom-up deposition
technique.l*?1231 We started to look into the nitride family that covers a range of interesting
properties, for example, transition metal-nitrides as metallic and plasmonic candidates as
introduced in previous sections, while the Il1-V nitrides with wide-bandgap can be applied
semiconductor or light emitting diodes (LEDs). However, coupling of nitrides with oxides would
be challenging in terms of potential intermixing of the anions (N and O), instead, metal becomes
an alternative option to start with since the growth kinetics and thermodynamics would be very
different between metal and nitrides, which offers possible phase segregations. To this end, the
tables (Table 1.1 and 1.2) are presented in the next two pages which summarize the common
ceramic nitrides and metals in order to compare their crystal structure and key physical properties
in parallel. It is noted here that all the values are retrieved from bulk materials, solid-state thin
films depending on growth methods and conditions would affect the lattice constants due to strain
or defects, the degree of crystallinity would vary from amorphous to epitaxial films. These
differences would result in variations of the physical properties especially for thin films.

In general, ceramic nitrides exhibiting high hardness and melting temperature would be
desirable thermal or diffusion barrier candidates. The most obvious difference in nitrides can be
revealed from their electrical resistivity (Table 1.1). The transition metal-nitrides are mostly
conductive with high electron concentration, while the 111-V nitrides are mostly semiconducting
with wide bandgap. As TiN has been already introduced in Section 1.2.6, here, we briefly introduce
TaN and AIN as they are more representative for the research projects covered in the next few
chapters. Compare to TiN, tantalum nitride (TaN) exists both stable and metastable phases that
possess different types of crystal structures, as summarized in Table 1.3. A general comparison of
the optical constant between TaN and other transition metal nitrides (e.g. TiN, ZrN and HfN)
reveals a less metallic nature seen from its more positive values of real-part dielectric constant
(Figure 1.53) as reported by Naik et al.,[*** and it is also confirmed by a higher electrical resistivity
of TaN according to Table 1.1. It is noted that most transition metal nitrides are possessing
comparable lattice parameters and crystal symmetries with substrate crystals such as MgO (a =
4.21 A), STO (a = 3.91 A). Also, growth on Si (001) and c-cut sapphire substrates are also

achievable via domain matching epitaxy.
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Figure 1.53 (a) Real part and (b) imaginary part dielectric constant of TiN, TaN, HfN and
ZrN.[14
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Table 1.1 Crystal structure and physical parameters of common ceramic nitrides.[**)

- Lattice Parameter (A) Melting | Young's Electrical
%2?2:32' Crystal Structure Apgzaltir%nce Point | Modulus E | Resistivity
a ¢ (K) (GPa) | px10° (Q:m))
TiN Cubic (rocksalt) 4.241 - Gold (yellow) 3220 390 40
TaN Cubic (rocksalt) 4.34 - Grey/blue 3360 576 180
ZrN Cubic (rocksalt) 4.578 - Light yellow 3250 328 18
HfN Cubic (rocksalt) 4.392 - Light brown 3580 480 32
CrN Cubic (rocksalt) 4.149 - Black 320 640
VN Cubic (rocksalt) 4.136 - Light brown 2320 350 60
Hexagonal White to pale- 19
AIN (Wurtzite) 3.112 4.982 yellow 2500 320 > 10
Hexagonal 20
GaN (Wurtzite) 3.189 5.185 Yellow 4532 181 > 10
h-BN Hexagonal 2502 6.617 Colorless 3270 60 1.7 x 1019
(Wurtzite)
B-Si3N4 Hexagonal 7.602 2.907 Grey 2170 315 > 1019
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Table 1.2 Crystal structure and physical parameters of common metals.[*®!

Lattice Parameter (A) Young's Electrical
Chemical Crystal Melting | Modulus E Resistivity
Formula Structure a b c Appearance (solid) Point (K) (GPa) px108 (Q'm))
Au FCC 4.072 - - Metallic yellow 1337.33 78 2.2x107°
Ag FCC 4.086 - - Lustrous white 1234.93 83 1.63x 1078
Pt FCC 3.924 | - - Silvery white 2041.4 168 10.6 X 1078
Cu FCC 3.615 - - Red to orange 1357.77 130 1.72x 1078
Al FCC 4.050 - - Silvery gray 933.47 70 2.7 %1078
Lustrous silver-with gold
Ni FCC 3.524 - - tinge 1728 200 7.2x 1078
Co HCP 2507 | - | 4.070 Lustrous bluish gray 1768 209 6x107°
Fe BCC 2.867 | - - Lustrous gray 1811 211 10 x 1078
Table 1.3 Crystal structure and lattice parameter of eight different phases of TaN.[**]
Phase TaNo.os Ta:N TaN 6-TaN e-TaN TasNe TasNs TasNs
Structure BCC HCP FCC Hexagonal | Hexagonal | Hexagonal | Tetragonal | Tetragonal
Lattice a 0.337 0.305 0.433 0.293 0.518 0.293 0.683 1.022
Parameter | b - - - - - - - -
(nm) C - 0.492 - 0.286 0.290 0.286 0.427 0.387




On the other hand, 111-V nitrides such as AIN, GaN, InN possess wurtzite structure with
weaker ionic bonding. This gives them better sintering property while moderate hardness as
compared to TiN. Recent developments of 111-V nitrides have demonstrated great potential for
applications in optoelectronic devices such as blue-ultraviolet LEDs or high-power transistors in
the RF frequencies, benefit from its high thermal conductivity and piezoelectric coefficients.[*?4
Pure AIN owns a wide bandgap of around 6.1 eV, this energy gap can be further engineered by
doping at controlled level depending on device application. Fabrication of I11-V typically require
high epitaxial quality represented by ultra-smooth and sharp atomic layers. Growth of such thin
films have been achieved via CVD, MBE, ALD and PLD techniques. Epitaxial I11-V nitride thin
films can be realized on Si (111), c-cut sapphire and SiC crystals, or by applying buffer layer to
compensate the large lattice mismatch between the film and substrate.

Towards successful hybridization of metal and nitrides for nanocomposite growth, we
summarized the real and imaginary part dielectric constant at 500 nm and 1.5 pm, separately, for
potential candidates in the metal and nitride families, presenting as 2D plots in Figure 1.54. These
data mainly come from the online database and for bulk materials. We know from theory that the
dielectric constant of nanostructures at subwavelength scale would be different from their bulk
counterparts, thought the difference is not significant. Here, we use these values as general
guidelines in order to predict the properties of metal-nitride nanocomposites.

Based on Figure 1.54, we conclude few important points: 1) Au and Ag are the well-known
choices among all metallic candidates owing to their good plasmonic performance and lower losses,
2) TiN shows reasonable plasmonic property among metallic transition metal nitrides and
potentially the plasmonic property can be enhanced by improving its crystallinity, 3) TaN, SisNa4
and all 111-V nitrides are behaving more dielectric without much difference from 500 nmto 1.5 um.

Accordingly, we proposed two coupling mechanisms of the metal-nitride nanocomposites,
the first type is hybrid plasmonic design to couple metallic nitrides with a metal mainly to enhance
the overall stability and optimize the plasmonic performance. The second type is to combine metal
with a dielectric nitride to tune the dispersion function and potentially extreme anisotropy such as
hyperbolic property. Comparable to the oxide-based nanocomposites, there are several key factors
to consider before achieving successful growth, including (1) comparable crystal symmetry and
lattice parameters, (2) different nucleation energy or wetting properties of “pillar” and “matrix”

phases, for example, islanded mode would potentially form nanopillars. (3) Two phases are
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chemically stable, which means no intermixing, chemical reaction or diffusion are allowed.
Without general guidance or resources such as phase diagrams or reported studies, growing nitride-
metal under high temperature could be challenging. Therefore, selection of film components
within nitride and metal families, precise growth conditions and selection of substrate materials
need to be explored thoroughly to minimize potential solubilities, chemical interactions and

irregular geometries.
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Figure 1.54 Real and imaginary part dielectric constant of selected metals and nitrides at (a) 500
nm and (b) 1.5 um. (Data source: https://refractiveindex.info/)

77



1
HBADE. MAG: 1800x

HAN-Au

P “*‘;'-;‘ “
i ,Y !

50 nm ndl

Figure 1.55 3D microstructure of Au-TaN VAN system. (a) 3D STEM configuration rebuilt from
2D images. (b-e) Plan-view STEM micrographs, EDX mapping and IFFT image. (f-h) Cross-
sectional STEM micrograph, EDX mapping and IFFT image.

The first study on metal-nitride nanocomposite was reported in 2018 by Huang and Wang
et al.,® specifically on Au-TaN and Au-TiN VAN systems. Au is always the first candidate to
explore due to its good plasmonic property and durability in general. Here, the small lattice
mismatch between Au with either TaN or TiN ensures the VAN growth to a large extent. As shown
in Figure 1.55, Au adatoms are self-organized into sub-10 nm nanopillars aligned vertically and
followed certain hexagonal ordering inside the transition metal nitride matrix, the entire
heterostructure exhibits sharp crystalline quality and interface boundaries without significant
defects or distortions. The systems demonstrate significant progress towards hybridization of
metal-nitride VAN nanocomposite, surprisingly forming the vertically aligned geometry
comparable to the wire metamaterials for many possible optical applications. As shown from

Figure 1.56, the combination of Au and transition metal nitride generates enhanced SERS effect
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and SHG signal. In addition, the overall mechanical integrity has been improved significantly,
which is comparable to single-phase transition metal nitrides while much greater than pure Au.
This work presents a starting point for many possible metal-nitride combinations and tunabilities.
In the following chapters, we will discuss each of the projects individually, from the motivation,
nanostructure exploration, unique multi-properties, towards the device-driven functionality
demonstrations. Before that, an overview of all the experimental results will be covered in the next

chapter.
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Figure 1.56 Raman scattering data of (a) TaN and Au-TaN thin films grown on MgO, (b) TiN
and Au-TiN thin films grown on MgO. (c) P-pol output and (d) s-pol output SHG signals with
inset showing the polar plots of TaN and Au-TaN nanocomposite thin films.[>!
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2. EXPERIMENTAL TECHNIQUES

This chapter provides the technical details involved in experimental processes, including
(1) fabrication: pulsed laser deposition (PLD), (2) structure characterizations: X-ray diffraction
(XRD) and transmission electron microscopy (TEM), (3) property characterizations: ellipsometry,
UV-Vis spectrophotometer, and physical property measurement system (PPMS). There are indeed
other measurements involved such as photoluminescence, Fourier transform infrared spectroscopy
(FTIR), Raman scattering. These will not be emphasized here but will be briefly introduced in the

next few chapters.

2.1 Pulsed Laser Deposition

PLD technique has already been discussed in the previous sections when we introduce
method of growing nanocomposite thin films, and potentially this technique can be applied as an
alternative way for fabricating optical metamaterials. Specifically, the equipment being used is a
Neocera deposition chamber with a krypton fluoride (KrF) laser (Lambda Physik Compex Pro) at
wavelength of 248 nm. Here, the ultraviolet laser source necessitates the high energy beam being
focused and bombard target elements with high kinetic energy. Figure 2.1 shows the chamber setup
as well as a rough illustration of the inner part. The heating stage and target surface are aligned
along vertical axis, which means the substrate is facing downward and laser plume is bombarded
upward for deposition, as zoomed in on the right side of the figure. The system can be upgraded
as shown in Figure 2.1 (b), external in-situ monitoring accessories such as reflection high-energy
electron diffraction (RHEED) can be installed to monitor the surface crystallinity during the
deposition. As introduced previously, the laser beam is focused at an angle of 45° on the target
surface with energy density that can be controlled (normally around 3 J - cm™2). The chamber can
be pumped to less than 1.0 x 10~ mbar and gases such as Oz or N2 can be flown with controlled
pressure. Compare to conventional PLD chamber, this Neocera chamber allows additional
automated or programmable functions such as cooling sequence, the laser bombardment mode, as
well as substrate rotation. Depending on specific growth recipes, parameters such as laser energy,
frequency, and substrate-target distance can be tuned.
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Conventional target preparation uses mechanical sintering and annealing. Specifically, we
need to calculate specific concentration between A and B chemical compounds, based on their
molar mass and density. Next, the powder containing A and B are mixed together and pressed
using mechanical die pressing and annealed under high temperature. The hardness, density and
purity are difficult to control and could be varied depending on different recipes. A relative tricky
way is to directly stick a piece of metal foil onto the target surface which is extremely beneficial
for growing unstable metals with ceramic oxide or nitride phase. But it has some limitations as
well. Additionally, a more advanced method of sintering is called spark plasma sintering (SPS)

which is an electric field assisted sintering method with controlled sequence and gas flow.
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Figure 2.1 (a) Experimental setup of the PLD chamber and laser. (b) Schematic illustration of
chamber configuration, and a zoomed area showing the laser plume and substrate surface.
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2.2 X-Ray Diffraction

XRD is one of the most popular tools in material sciences whenever information of
crystallinity needs to be collected. This technique can be applied to a broad range of materials such
as thin films, bulk crystals and powders. X-ray is considered as electromagnetic radiation with
high energy, when an incoming beam shining one the sample, it causes elastic scattering of the
electrons, either as constructive interference or destructive interference. When the Bragg’s
condition is satisfied, we see constructive interference and reflection occurs. The Bragg’s law is

described as:

2dsin® = nA

. As shown from Figure 2.2, d is the interplanar spacing, 6 is angle of incidence, n is an integer
and A is the wavelength of the X-ray beam. The specific system being used is the Panalytical
X’Pert X-ray diffractometer (Figure 2.3) with Cu K, radiation at 1.5406 A. The sample is mounted
on a goniometer which can change z-height, chi and phi angles for alignment of the specific
crystalline orientation. This system allows multiple measurement types, including the basic 68-26
scans to determine crystallinity of the film, phi scan for studying in-plane symmetries and texture,

as well as reciprocal space mapping (RSM) for determining the three-dimensional strain property.

Figure 2.2 Diffraction of X-ray onto the crystalline lattice plane.
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Figure 2.3 Panalytical X’Pert X-ray diffractometer, inner part of the goniometer, X-ray source
and detector.

2.3 Transmission Electron Microscopy

TEM is the most crucial part for the nanocomposite thin films since morphology is critical
and atomic scale analysis helps to understand the growth mechanism. The TEM we use is the FEI
Talos F200X which is capable to perform HRTEM, STEM, energy dispersive X-ray spectroscopy
(EDS) and additional capabilities such as in-situ heating, tomography and crystalline orientation
mapping (ASTAR). These functions are extremely beneficial for nanomaterial structure
characterizations. The Talos F200X system offers isolated operation which means the complete
operation can be done separately where the sample can be visualized on the computer instead of
the fluorescence screen in the conventional TEM system. It is beneficial if the column is installed
at a cool and isolated room, noises or electromagnetic oscillations can be minimized to reduce the
drifting and to improve the image acquisition.

In general, the TEM consists of three key components: the illumination system, the
objective lens/stage and the imaging system. An electron beam with high acceleration energy being
transmitted through the ultra-high vacuum column as either convergent or parallel mode onto the
specimen surface which is electron transparent. Next, the information from the sample is collected
by the detector or camera, for example, charge-coupled device (CCD) detectors. The column above
and below the specimen are shown in Figure 2.5 and 2.6, respectively, details can be found in the
book written by Williams and Carter. The Talos F200X module offers smooth switching between
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TEM and STEM mode, which helps to analyze different samples as desired. For advanced STEM
systems, additional spherical and chromatic aberration correctors are installed to enhance the
resolution of the imaging.

Figure 2.4 Talos F200X TEM.
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One prerequisite for good TEM imaging is the sample preparation. Thin specimen can be
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prepared via conventional mechanical polishing method, or focused ion-beam method. Though
mechanical polishing seems tedious and challenging, it provides some advantages such as less
beam damage. However, when treating with soft samples or sensitive samples, FIB can be a
preferable method for fast output. For most of ceramic nanocomposite thin films, the conventional
method was applied most of the time, which involves grinding, dimpling and ion milling (PIPS



691 precision ion polishing system, 4.0 keV) until a hole is formed, the electron transparent areas

can always be found close to the holes.

2.4 Ellipsometry

Spectroscopic ellipsometry is a fundamental optical characterization tool. However, direct
measurement of electromagnetic parameters is not available. Instead, ellipsometry collects
amplitude ratio W and phase difference A as function of wavelength and incident angles. The
incident light impinges onto the sample, and its original polarization is modified and changed to
“elliptical” after reflection from the surface. Next, a model is built to fit the measured parameters,
under a desired fitting mean square error (MSE), the results are reliable to retrieve the dielectric

functions or optical constants such as n and k values based on the model.

Figure 2.7 RC2 ellipsometer with vertical configuration (J.A. Woollam co. inc).

RC2 (J.A. Woollam co. inc) ellipsometer (Figure 2.7) with a vertical measurement setup is
capable to integrate all wavelengths from 210 nm ~ 2500 nm at one time which means one
measurement can be done within few seconds. It has focusing probes installed at the incoming and
receiving sections such that the beam size will be reduced sufficiently for measuring small samples.
Besides, it can perform intensity measurements such as angular dependent transmittance and
reflectance, auxiliary functions such as heating / cooling stage are available as well. The tool brings

huge advantages to optical-based nanocomposite thin film studies. For most of the measurements,
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signals at incident angle between 55° ~ 75° are maximized since the ellipsometry is performed in
reflection mode.

Data fitting is the trickiest part, the measurement can be done within few minutes while
retrieving reliable optical constants takes more than few hours. Depending on the dielectric
property, three models can be considered including Cauchy, Gen-Osc or B-spline. Cauchy applies
to dielectric or insulating materials, but in most of the nanocomposite thin films, the latter two
models are more favored. Gen-Osc contains a set of oscillators with built-in functions such as
Lorentz, Harmonic, Gaussian, Drude, or the Tauc-Lorentz and Cody-Lorentz. Each of these
oscillators has its own functions in calculating the dielectric functions and follows the Kramers-
Kronig (K-K) consistency. Essentially, by combining different Gen-Osc functions a desirable
fitting can be obtained. B-spline is a relatively simple and newly developed method, it is defined
as a series of nodes with each of the nodes described by a polynomial B-spline function. This
method applies to most of the absorbing layers, for example, when metallic material is involved.
It provides a much easier way as compared to Gen-Osc and K-K consistency can be applied to
improve the accuracy of the data fitting. Detailed theoretical description can be found elsewhere
(Cheney and Kincaid, “Numerical Mathematics and Computing,” Third Edition, Brooks/Cool
Publishing Company 1994). The RC2 ellipsometry has its own software package CompleteEASE
which contains huge materials library and different fitting options. For example, information such
as surface roughness, gradient film, automatic model optimization can be applied to acquire
optimized results. The MSE value and errors represent the accuracy of the data fitting, in general,
1 < MSE < 5 indicates a desired match.

2.5 UV-Vis Spectrophotometer

The ultraviolet-visible (UV-Vis) spectrophotometer measures the light transmittance,
reflectance or absorption of a wide range of materials including thin films, bulk and chemical
solutions. It has been widely applied for analytical chemistry analytes or to determine the bandgap
of semiconductors. The Lambda 1050 UV-Vis Spectrophotometer (Figure 2.8) can capture a
wavelength range from 175 nm to 3300 nm with resolutions of < 0.05 nm (UV-Vis) and < 0.2 nm
(NIR). The whole system consists of a light source (tungsten-halogen and deuterium),
monochromator (chopper), beam splitter, and multiple detectors that include photomultiplier
R6872 for UV-Vis regime, InGaAs for 860 nm to 1800 nm and a PbS detector for NIR range. The
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module can be further upgraded with integrated spheres for measuring total reflectance or diffuse

reflectance.

Figure 2.8 UV-Vis Spectrophotometer (PerkinElmer Lambda 1050).

For measuring transmittance spectra of thin film samples, the substrate crystal requires
double polishing to ensure no scattering from the backside. The samples are mounted vertically
facing the incoming beam at 0° incidence, and a reference substrate crystal will be mounted in

parallel facing the reference beam such that data collected from the substrate will be subtracted.

2.6  Physical Property Measurement

The physical property measurement system (PPMS, Figure 2.9) is an extreme versatile
characterization tool that is capable for electrical transport option (ETO) for collecting current
voltage (I-V) curve or resistance, vibrating sample magnetometer (VSM) for collecting magnetic
properties, thermal transport option, and the ferromagnetic resonance (FMR) spectroscopy. ETO
and VSM modes are used more often. For example, a resistance (R) versus temperature (T) curve
is one common measurement that contains many useful information such as the (super-)
conductivity, magnetic field can be further applied to capture any magnetoresistance (MR)
property. Additionally, ETO is capable to perform Hall measurements to explore charge carrier
information, due to the definition of Hall potential, the voltage needs to be aligned perpendicularly
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to the current. The standard 4-wire connection for R-T and Hall measurement is shown in Figure
2.10, a maximum of two samples (two channels) can be measured at the same time. If one desires
to measure high-quality magnetic hysteresis loop, MPMS (magnetic property measurement system)
is recommended because the SQUID (superconducting quantum interference device)
magnetometer ensures accurate data acquisition with high sensitivity (< 1078 emu) to temperature

and magnetic field.
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Figure 2.9 The PPMS system from Quantum Design.
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Figure 2.10 Four-wire setup for (a) typical resistance measurement, and (b) Hall measurement.
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3. HYBRID PLASMONIC GOLD - TITANIUM NITRIDE VERTICALLY
ALIGNED NANOCOMPOSITE: A NANOSCALE PLATFORM
TOWARDS TUNABLE OPTICAL SENSING”

3.1 Overview

Plasmonic nanostructures realize optical confinement at nanometer scale with structural
tunabilities for desired applications. In this work, we present a hybrid plasmonic thin film platform:
i.e., Au nanopillar arrays grown as vertically aligned inside a TiN matrix with controllable Au
density. Compared to single phase plasmonic materials, the presented tunable hybrid nanostructure
attains optical flexibility in terms of resonant peak shifting and a change on surface plasmon
resonances (SPRs) at UV-Visible range, which is confirmed by numerical simulations. The
tailorable hybrid platform realizes gradual tuning of the optical constants and plasma frequencies,
as well as reduced losses in the near infrared regime, all with the same TiN composition. Our
results on surface enhanced Raman (SERS), photoluminescence (PL) signals and chemical sensing
by Fourier-transform infrared spectroscopy (FTIR) demonstrate enormous potential for tunable

optical-based chemical sensing applications using these designable hybrid nanostructures.

3.2 Introduction

Plasmonic effects offered by metallic nanostructures in subwavelength scale enable strong
light confinement or directional light routing that are unprecedented from their bulk
counterparts.l*?1 Applications using such phenomena include plasmonic waveguides!t?6-1271,
enhanced light trapping in photovoltaics!*® 1281 photocatalysis*?*-*! bio-medical sensing!*31-132],
and metal-dielectrics for different metamaterial designs (e.g. hyperbolic metamaterial, negative-
indexed metamaterial, etc.).[5t 102 1331351 gpecifically, taking advantage of plasmonic metallic
nanostructures, localized surface plasmon resonance (LSPR) imaging and surface enhanced
Raman scattering (SERS) overcome the detection limit of conventional spectroscopies!*®! in

biological and chemical sensing and even allow single-molecule-level detection.[**”**°] Reported

* This chapter is reprinted with permission from “Hybrid plasmonic Au-TiN vertically aligned

nanocomposites: a nanoscale platform towards tunable optical sensing” by X. Wang, et al.,
Nanoscale Adv. 2019, 1 (3), 1045-1054.
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studies include the in vivo biological embryos evolution, membrane transport detections and tumor
targeting using plasmonic nanoparticles.*” ¥ |n addition, plasmonic nanostructures coupled to
dye molecules and thin-film semiconductor layers enable enhanced light capturing or light
emitting efficiency, which is promising for solar energy conversion, light-emitting devices and
more applicable opportunities. '8 140

A key aspect in the field of plasmonic nanostructures is to manipulate light-matter
interactions for optical tunability. Such tunability, achieved by tailoring the dimension, geometry
and concentration of the metallic nanostructures, helps to meet crucial control requirements for
photonic devices, such as resonant frequency, polarization angle or propagation directions.** For
example, Lee et al. demonstrated Au and Ag nanoparticle and nanorod assemblies and tailorable
plasmonic resonance frequency and bandwidth.[**2 Other nanostructures including nanocubes,
quasi-sphere, and pyramids, have also been explored for enhanced LSPR effects at specific optical
range. *421 Considering the device applications using metallic plasmonic materials (e.g. Au, Ag,
Al, Cu), additional key aspects to be addressed are the thermal and mechanical stabilities, materials
compatibility and optical losses.[*%> 1431 To this end, new plasmonic materials such as transition
metal-nitrides (i.e. TiN, TaN, et al.) have been demonstrated as low-loss plasmonic candidates
with comparable optical properties to noble metals (i.e. Au and Ag), but more mechanically and
thermally stable.[14 116,118, 144]

Indeed, the current research direction is driven to metamaterial design, coupling plasmonic
nanoresonators with different components, either plasmonic or dielectric.[°6: 61 126.1451 Eor example,
the optical losses can be compensated by dielectric gain media for low-loss plasmonics; meanwhile,
enhanced plasmonic sensitivity (Fano-resonances) were reached at a specific frequency.!*461 As
described, hybrid plasmonic design is a straightforward approach to compensate losses from
conventional noble metals. In terms of manipulating light-matter interactions, metamaterials offer
novel functionalities such as hyperbolic transition®X, epsilon near zero (ENZ) and double negative
properties (DNG).[12611143,147-1491 Cyrrently, structures including split-ring resonatorst*>%, double-
fishnet!*3¥, and periodic nanorod/nanowire assemblies!®™®!) down to few nanometers can be
fabricated by electron beam lithography (EBL)™%, focused ion beam (FIB)™52, and/or with the
combination of self-assembling growth methods including physical vapor deposition (PVD)[56 151

and template assisted growth!*42- 153-15]

92



In this work, a novel metal-nitride plasmonic material design with tailorable
microstructures is presented as a tailorable hybrid material platform for tunable optical properties.
The self-assembled hybrid film consists of high density, well-distributed vertically aligned Au
nanopillars in the low loss titanium nitride (TiN) matrix. Both Au and TiN are plasmonic materials
with plasmonic responses in neighboring wavelength regimes. Different from the previous work
on Au - TaN system!*#4l here, we effectively controlled the Au nanopillar density, i.e. inter-spacing
of the nanopillars, and thus to tune the metasurface morphology. Such tailorable hybrid thin film
is expected to change the charge carrier distributions and optical properties effectively. Compared
to the nanopillars (nanowires) grown by solution-based or CVD-based methods, which typically
present random pillar arrangements, this self-assembled metal-nitride hybrid material platform
serves as a new route in realizing hybrid plasmonic materials with well-controlled pillar
morphology and density tuning. Taking advantage of such tunable Au-TiN hybrid plasmonic
material, potential applications as molecule sensing based on Fourier-transform infrared
spectroscopy (FTIR) measurement, enhanced Raman scattering, and enhanced photoluminescence
(PL) signal have been demonstrated.

3.3 Results and Discussion

To verify the overall 3D nature of the Au nanopillars in the TiN matrix, a set of
transmission electron microscopy (TEM) study has been conducted on both the plan-view and
cross-section TEM specimens for three different Au nanopillar densities. As shown in Figure 3.1,
the Au nanopillars are growing vertically and uniformly in the TiN matrix for all cases, following
the trend as marked (dashed lines) in the inset plan-views images (a-c). The Au-TIN
nanocomposite grown by the one step growth method provides the advantage of growing high
crystalline nanopillar assemblies with confined diameters (average diameter of 6 nm). Selected
Area Electron Diffraction (SAED) patterns are displayed as inserts in Figure 3.1 (d-f), from which
a cube-on-cube epitaxy is confirmed for both Au and TiN phases on MgO substrates. The two
phases are well separated with sharp interfaces in between. Based on the surface energy of the
phases and the substrates, Au nucleates on MgO as the Volmer-Weber (VW) island and TiN
nucleates as Stranski-Krastanov (2D + 3D) mode, respectively.[®® Such two-phase growth has

been reported previously(®® 1441,
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A schematic illustration on the vertically aligned nanocomposite (VAN) self-assembling
process is described in Figure 3.2. As evidenced from the plan-view images (a-c), the nanopillar
dimension and pillar spacing interplays with each other, and the overall volume fraction of the Au
nanopillars maintains a gradual increase with the increase of Au density, a detailed quantification
is summarized in Figure 3.3, the number per cm? as well as the diameter of the Au nanopillars are
calculated based on low magnification plan-view TEM images with an average of 80 nanopillars
being quantified.

Figure 3.1 3D microstructure of Au-TiN nanocomposites grown on MgO substrates with tailored
Au density. (a-c) Plan-view TEM images from top projections. (d-f) Cross-sectional TEM
images and their diffraction patterns (insets) from <100> zone axis.
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To verify phase distribution and lattice matching of the hybrid thin film, an Au-TiN sample
with a lower Au density has been selected for a detailed scanning TEM (STEM) study and the
results are shown in Figure 3.4. The STEM images taken under the high-angle annular dark-field
(HAADF) mode from both plan-view (3.4a) and the cross-section (3.4c) reveal a very clear
contrast between the Au nanopillars and the TiN matrix, where the contrast is proportional to ~ Z2,
i.e., the Au nanopillars show a much brighter contrast than that of TiN because of the high Z
number.

In addition, the Au nanopillars grow all the way to the top film surface with very sharp
interface and very straight pillar structure. The average pillar diameter for the selected sample is 3
nm. More interestingly, the distribution of the nanopillars follows a certain degree of ordering in-
plane (a hexagonal-close-packed-like arrangement), with an average inter-pillar spacing of 10 nm.
Such arrangement of the Au nanopillars could be preferred for well-distributed pillar spacing and
density, as well as to balance the in-plane-strain between the Au and TiN phases on the underlying
substrate. As evidenced from Figure 3.4 (d), both atomic model (inset) and the HRSTEM image
show that the AU/TIN interface transitions are relatively smooth without any obvious misfit
dislocations or strain contours, which demonstrates a nearly 1:1 lattice matching between Au and
TiN.

Step 1. Nucleation Step 2. Co-growth Step 3. Complete VAN film

TiN: matrix Au-TIN VAN

: e e TlN J ° J. .
l ﬁ . .‘-0 ﬁ

Figure 3.2 Growth mechanism of Au-TiN VAN. Stepl: Au nucleation as islanded seed layer.
Step 2: TiN and Au co-growth, TiN forms the matrix layer and Au nucleates on top of the seeds.
Step 3: Completed VAN film, with smooth surface and protruded Au nanopillars.
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Figure 3.3 Quantification. (a-c) Plan-view TEM images and their calculated density expressed by
number of nanopillars per centimeter square (#/cm?). (d-f) Quantified Au dimension bar plots,
which indicate nanopillar widening as Au density increases.
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Figure 3.4 Microstructure analysis of low-density Au-TiN VAN. (a) Plan-view STEM
image and high resolution of Au nanopillar at top projection. (b) EDS mapping plan-view
sample. (c) Cross-sectional STEM and EDS mapping. (d) Cross-sectional HRSTEM at Au/TiN
interface and the atomic model.

The overall growth orientation and film crystalline quality have been further explored by
X-ray diffraction (XRD). Figure 3.5 (a) shows the 0-20 scans of all the films grown on (001) MgO
substrates, and it is obvious that both Au and TiN phases are oriented along (00l) with a nearly
perfect lattice match (< 1% strain). Two phenomena are observed by comparing the Au-TiN
samples with various Au compositions. First, the full-width at half maximum (FWHM) value of
the TiN phase gradually increases with the increase of Au density, meanwhile (002) TiN peak is
maintained close to its bulk value (26 (002) Tin = 42.595°). On the other hand, as the Au nanopillar
density increases, the (002) Au peak shifts left, approaching its bulk value of 44.363°. These
observations suggest a strong vertical strain coupling between TiN and Au for the lower Au density
cases. The ¢ scans (Figure 3.5b) from Au, TiN and MgO (220) planes suggest an obvious cube-
on-cube relationship without any in-plane lattice rotation, which is consistent with the SAED

patterns in Figure 3.1. Such epitaxial nanocomposite thin film growth is also realized on c-cut
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sapphire substrates, as confirmed by the XRD results in Figure 3.5, with films dominated in (111)
orientations.

To explore the tunable optical properties of these Au-TiN hybrid thin films with different
Au nanopillar densities, normal incidence specular transmittance and reflectance spectra were
collected in the wavelength range from 200 nm to 850 nm. An optical model was built using the
COMSOL Wave Optics software package to retrieve the spectral responses and electric field maps
for Au-TiN nanocomposite films with varied Au densities, and, to compare with the reference
samples (pure TiN and pure Au films). Typical plasmonic resonances for pure TiN and Au are
located at 375 nm and 500 nm, respectively. By adding Au nanopillars into the TiN matrix, the
resonance peak of the nanocomposite exhibits a red shift gradually as the Au nanopillar density
increases. From Figure 3.6 (a,b), the measured transmittance spectra (Figure 3.6a) are generally in
a good agreement with the simulated results (Figure 3.6b), despite the facts that the peak separation
is less obvious and the intensity drops due to defects in the Au-TiN nanocomposites. Depolarized
reflectance spectra with 8° incidence are displayed in Figure 3.6 (c). Similarly, the resonance
experiences a red shift and the reflectance spectrum experiences an intensity reduction (above a
wavelength of ~ 450 nm) as the Au nanopillar density increases, which suggests a stronger
absorptance for Au-TiN hybrid nanostructure as compared to the pure TiN.

Surface scattering spectra and back scattering images of pure TiN and Au-TiN samples are
coupled in Figure 3.7, which indicate the metasurface are highly smooth, and appreciable specular
reflectance in the visible to infrared regime is further proved. Based on the optical measurements,
the wavelength of 440 nm is selected to map the electric field (along y direction) distributions of
metasurface with three different Au pillar densities (Figure 3.6d). The simulation has been
performed with comparable dimensions to the real structure as seen from plan-view TEM images
(the upper pane). It is noted that the increase of the Au volume fraction causes enhanced near field

interactions at metasurface and the Au/TiN interfaces.

98



40

(a) : (b) !
1(002) Mgo
36 (002) TiIN |, fi ' ‘ (220) Au
o I
El ' g (220) TiN
& 28 b (002) Aul L]
i )
> J o Au-TiN
& 2 w=0.7204. S L (low density) =y
B ferrm—— " ] [ g
; ' [
22 it i 2
= N\ ; Au-TiN =
N .
g’ 16 w = 0.7680 N E . 44476 (medium density) g (220) MgO
- - : ' —
12 i !
8 K N a4 3061 Au-TiN
w=0.9912; VN (highdensity) w \-
4 .JI.. ' ) m——— :
39 40 41 42 43 44 45 46 47 150 100 -50 0 50 100 150 200
20(%) 00
22 :
c | d -
(© 20} by ‘ (0006) AI,0, (d) (002) Au
'(111) Au h A
* -—F'J/\N;—j Pure TiN TV . o - -"L.
—_ )
E 16 : hasias aaa D 3 —— (002) TiN
& 14} : &
L.
2 12t ‘ Au-TiN 2
= i : 7]
2 m//\__w (low density) c
o 10 ! 2
-t [}
c [ £
= .l ‘
6 A= Au-TiN
! \ (high density) J J
4 frwmayee | \‘”W"
2 1 1 I: L 1 L 1 L 1 L 1 1 1 L
34 36 38 40 42 44 46 -200 -150 -100 50 0 50 100 150

2009 o)

Figure 3.5 (a) 0-26 scans of density tuned Au-TiN nanocomposites versus a pure TiN for
reference. A general widening of (002) TiN peak and continuous increase of (002) d-spacing is
observed with increase of Au density. (b) Phi scan of Au-TiN on MgO substrate, indicating a
four-fold symmetry without in-plane rotations. (c) 8-26 scans of the samples grown on (0001)
sapphire substrates, the films are oriented as (111) for better lattice match. (d) Phi scan of films
grown on sapphire, indicating a hexagonal (six-fold) symmetry of (111) Au and (111) TiN.
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Figure 3.6 Optical spectra and numerical simulations. (a) Measurement and (b) Simulated
transmittance spectra with of five samples, including a pure 80 nm Au for reference. (c)
Reflectance spectra of five samples. (d) Plan-view TEM images (upper pane) and simulated
electric field map at 440 nm of hybrid plasmonic metasurface (lower pane) with three different
Au densities, d is the diameter of Au nanopillar. Scale bar of upper pane represents 5 nm.
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Figure 3.7 Surface scattering spectra. The scattering intensity of the three samples are too low to
contribute to any reflectance signals, indicating high specular reflectance from the smooth
metasurfaces. (b) Dark-field optical imaging of three thin film samples: pure TiN, low density
Au-TiN and high density Au-TiN. The bright spots are attributed to micron-scale surface defects
or agglomerations.

The tunable optical parameters as a function of Au nanopillar density were explored by
detailed ellipsometry analysis on the films with various Au densities: 11.1 at%, 15.4 at%, 16.7 at%
and 28.6 at%, which are confirmed by the EDS composition analysis (Figure 3.8), while the film
thickness and nanopillar diameter (6 nm) are comparable. The psi and delta in 200 to 2500 nm
range with various incident angles were collected on a 200 nm Au film, pure TiN (80 nm) and Au-
TiN hybrid films (40 nm) with four different densities. A B-spline model using the commercial
CompletEase software package was applied to retrieve effective parameters of each film and
shows a desired match with experimental results (Figure 3.9e-f). The polarized light reflectance
intensities of two Au-TiN nanocomposites with high and low Au densities are shown in Figure
3.9(a-d). The resonance of the higher density Au-TiN is broadened and red shifted due to the Au
addition. Next, the optical constants were retrieved from the B-Spline model. In addition, the
dielectric constant of Au nanopillars from the bulk Au (e, film is calculated, (561

iwg(Rp —R)
w(wt +1i)(wtR +iRy)

R <R,

€Au = €pulk T
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, Where w, (13.7 X 10%5 Hz) is the plasma frequency, R (R=3 nm) is diameter of Au nanopillar,

R}, (35.7 nm) is mean free path and T (2.53 x 107* s) is the relaxation time for free electrons in
bulk Au.

11.1at% L= | 154at%

16.7 at% T T 28.6 at%

Figure 3.8 EDS mapping of critical elements from a large scale for atomic percentage
quantification of Au nanopillars in the TiN matrix. Atomic percentage of elements (Mg, O, C, Ti,
Au) are shown at top corner. Insets are SEM images which confirm smooth surfaces of the Au-
TiN/MgO samples, with quantified Au densities: (a) 11.1 at%, (b) 15.4 at%, (c) 16.7 at% and (d)

. . . . . Au at%
0, A . -
28.6 at%. Au denS|ty calculation is carried UusINg: Pay at% At Ti at%

The complex dielectric functions (e1 and €,) are plotted in Figure 3.10 (a-d) and the
corresponding refractive index (n) and extinction coefficient (k) are shown in Figure 3.9 (g,h),
respectively. Consider the Au-TiN hybrid films as homogeneous layer (Figure 3.10a,b), the overall
dielectric constant as a function of Au density is gradually tuned towards more negative, which
means higher Au density contributes to stronger plasmonic response but meanwhile maintains
lower losses (smaller k) as compared to pure Au or TiN. Such tuning is more pronounced at higher
wavelength range. Interestingly, when the dielectric constants are fitted using the anisotropic

model (Figure 3.10c,d), the separation between in-plane (ordinary) and out-of-plane (extra-
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ordinary) responses is obvious as compared to pure TiN film (isotropic). Results indicate strong
optical anisotropy in Au-TiN hybrid films. Note that the overall trend of in-plane and out-of-plane
dielectric constants follow the trends of the isotropic model, i.e., the dielectric constant decreases
as the Au density increases. The oscillations of extra-ordinary terms (Figure 3.10) can be correlated
to vertical strain coupling effect. As a comparison, the anisotropic dielectric constants using

effective medium theory (the Maxwell-Garnett (MG) method) are calculated using:

1
_ Aepyerint(1-A)erin[ETiN+5(EAu—ETiN]

€ = 1
Xy Agrin+(1-A)[eTiNn+5(Eau—ETiN)]

€22 = Agpy + (1 — A)enin,

where A is the area fraction of the Au nanopillars, which is calculated according to the atomic
percentage of Au quantified from SEM, €4, and erjy are wavelength dependent dielectric
functions of Au and TiN, respectively, &,,, €, are in-plane (ordinary) dielectric constants, while
€., 1S the out-of-plane (extraodinary) dielectric constant. A similar trend of €1 has been observed
as a function of Au density (Figure3.11).
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Figure 3.9 Angular dependent reflectance intensities for s- and p-polarized light excitations of (a-
b) low density Au-TiN, and (c-d) high-density Au-TiN. (e) ¥ and (f) A ellipsometric and fitted
parameters of pure TiN and Au-TiN nanocomposites. (g) n and (h) k of Au nanorods
(calculated), pure TiN film and four Au-TiN films with different Au densities. The extinction
coefficient at higher wavelength range indicates lower losses of Au-TiN hybrids as compared to
pure Au or TiN films.
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Figure 3.10 (a) Real and (b) imaginary part permittivity of the listed samples: Au (r = 3 nm)
nanorods (calculated), pure TiN, Au-TiN films with different Au densities (11.1 at%, 15.4 at%,
16.7 at% and 28.6 at%). (c) Ordinary (in-plane) and (d) extra-ordinary (out-of-plane) real part
dielectric constants. (e) Plasma frequency as a function of three Au densities: 11.1 at%, 16.7 at%
and 28.6 at% and (f) their carrier densities from Hall measurements. Pure TiN (gray dashed line)
carrier density is shown as reference, and the inset is the illustration of Hall experiment setup.
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Plasma frequencies retrieved from 1 are plotted as a function of Au density in Figure
3.10 (e). The shift from 5.6 x 10'* Hz (11.1 at% Au) to 7.0 x 10* Hz (28.6 at% Au) indicates
a potential increase of electron densities introduced by higher volume ratio of Au phase. Therefore,
Hall measurements were performed on three Au-TiN nanocomposites with 11.1 at%, 16.7 at% and
28.6 at% Au densities, pure TiN is measured as a reference. The measurement setup with the

contact geometry is shown in Figure 3.12 (d). The carrier density is calculated using the equation:
[-B

— -3
VH't'e (Cm )

Ne

, where Vn, |, and B are voltage, current and magnetic field applied, respectively, and t is film
thickness. The resulted charge carrier concentration is plotted in Figure 3.10 (f). It is confirmed
that increase of Au nanopillar density would increase its electron density, which induces the left

shift of plasma frequency (plotted in parallel), and enhanced plasmonic resonance.
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Figure 3.11 Anisotropic effective permittivity as a function of Au densities in Au-TiN hybrid
thin films. (a) In plane (ordinary) real part dielectric constant, (b) out-of-plane (extra-ordinary)
real part dielectric constant, (c) in plane imaginary part dielectric constant, and (d) out-of-plane

imaginary part dielectric constant. Results are calculated from effective medium theory
Maxwell-Garnett (MG) method.
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Figure 3.12 (a-c) Proposed band diagram at Au-TiN junction, and the predicted electron density
profile at nanocomposite cross-section. Bulk Au and TiN have a work function of 5.1 eV and 4.4
eV, respectively. At the metallic junction (boundaries) between Au and TiN, there could be
electron density variances that electrons accumulated at the Au side while holes at the TiN side.
Overall, the Au-TiN nanocomposites are showing enhanced charge carrier density with increased
Au nanopillar densities. (d) Experimental setup of Hall measurements.

The proposed band diagram for Au-TiN metallic junction is shown as Figure 3.12 (a-c) to
illustrate the charge carrier transfer across the Au-TiN interfaces. The work functions of bulk Au
and TiN are 5.1 eV and 4.4 eV, respectively. [*571%81 To compensate the difference in work function
and charge carrier density across the boundary, electrons move from TiN into Au when they are
in contact with each other, which results in the electrons accumulated at the Au side while holes
at the TiN side. Compared to the reference pure TiN sample, results demonstrate a systematic
enhancement on electron density as a function of Au density. Nevertheless, other factors such as
electron trapping at the nanopillar interface can also contribute to the overall enhanced charge
carrier density.

Up to this point, we have demonstrated the effective dielectric tuning offered by the
tailorable nanostructure. We believe that the optical tunability demonstrated in this Au-TiN hybrid

system comes from multiple factors. First, the well-aligned vertical Au nanopillars in TiN matrix
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platform presents very anisotropic light-matter interactions in vertical and lateral directions. This
highly anisotropic hybrid system behaves differently from any of the two phases alone. Second,
the strong interfacial coupling between the Au nanopillars and TiN matrix results in strong vertical
strain coupling, enhanced optical anisotropy, effective charge carrier injection from Au to TiN and
thus demonstrate effective tuning of optical property. Specifically, as the Au nanopillar density
increases, the TiN matrix is more compressive out-of-plane; charge carrier density increases
effectively, and therefore the hybrid system behaves more metallic optically. Further
understanding on the interfacial charge carrier transfer mechanisms by density functional theory
(DFT) calculations could be valuable for exploring the interfacial coupling between the Au
nanopillars and the TiN matrix.

As Au nanoparticles (NPs) have been demonstrated as durable and effective chemical
sensors,[**! a potential application of the hybrid Au-nitride metasurfaces is bio- and molecular-
sensing. As a demonstration, we have explored the sensitivity of selective binding efficiency of
the low and high density Au-TiN films with target analytes (—OH). Results are shown in Figure
3.13. First, the samples were washed with methanol (CHsOH) solution before the FTIR spectra
being collected, the reflection dips at near 3000 cm™ and their fingerprints (1500 ~ 500 cm™) are
present and identified as the —OH stretch. The weak dip showing at ~ 3800 cm™ belongs to the
free-standing —OH stretch. To prove the high potential of the Au nanopillars for sensing, the Au
nanopillars were blocked by functionalizing the surface with thiol bonds in a 3-Mercaptopropionic
acid (MPA) solution for 24 hours, as the Au nanopillar surface undergoes a self-assembling
reaction. As expected, the —OH stretching disappeared from the FTIR spectrum, with merely
background noise in the corresponding spectrum region. In the final step, the samples were treated
with UV light, aiming to break the thiol bonds from the functionalized surface, and the recovery
of the —OH stretching of the uncovered Au nanopillars. Within 20 mins exposure, the low density
Au-TiN spectrum recovers almost to its original intensity while the high density Au sample
recovers to ~ 50%. Therefore, the high potential for chemical sensing for the Au nanopillars at the
hybrid plasmonic surface was demonstrated.

In addition, the reliability and effectiveness of the Au-TiN hybrid films are confirmed by
comparing with the spectra from pure TiN films (Figure 3.14 a), Au colloidal nanoparticles (NPs)
and nanorods (NRs) (Figure 3.14 b) samples. While TiN is not contributing to functionalization,

it serves as a durable matrix to “stabilize” the well-distributed Au “nanoantenna” assemblies, such
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that the bonding is more effective and stronger signals are detected from the surface of the hybrid
films. It is believed that both the plasmonic effect between the closely spaced Au-Au nanopillars
and the bonding efficiency between the molecule and the Au nanopillars play the role in enhancing
the FTIR signal. As compared to solution based plasmonic nanostructures, our Au-TiN hybrid

plasmonic surfaces are mechanically strong and thermally robust and can be reused multiple times.
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Figure 3.13 Chemical sensing demonstration. Total internal reflection spectra on set (a) low
density Au-TiN film, set (b) high density Au-TiN film. Step 1: spectra after methanol treatment,
signature dips located at 3000 cm-1 correspond to the —OH stretch bonded with dangling Au at
metasurface; step 2: spectra after 24 hr functionalization with MPA solution. The signature dips
are disappeared due to the thiol bond reaction with —OH stretch; step 3: spectra of samples after

20 minutes UV exposure which serves to break the thiol bonds. The speed of this recovering

process has a dependency on Au densities.

To further understand the enhanced plasmonic response of the Au-TiN hybrid metasurfaces,
Raman spectra (Figure 3.15a) were collected for pure TiN, low and high density Au-TiN films.
Results show that the overall Raman signals are strengthened with the increased Au densities. As
stated, enhanced Raman signals in the Au-TiN hybrid systems are believed to be related to the

well-controlled Au inter-pillar spacing therefore stronger near field interactions. In addition, the
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first-order acoustic peaks (Table 3.1), namely transverse acoustic (TA), longitudinal acoustic (LA),
transverse optical (TO) and the second-order acoustic (2A) modes maintain comparable with
varied Au densities and match with reported values of TiN. (16161 This provides a strong evidence
of stable TiN stoichiometry such that the plasmonic tuning is realized by the hybrid geometry

instead of a metal-semiconductor transition of TiNx.
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Figure 3.14 Total internal reflection FTIR spectra from reference samples. Following the similar

procedure, the samples were washed with methanol before collecting the spectra. (a) Spectra of

pure TiN films from the first two steps, showing no interaction with —OH stretch. (b) Spectra of

Au colloidal nanoparticles (NPs) and nanorods (NPs) with diameter of 10 nm. Both shows the —
OH stretching at ~ 2965 cm™.

Table 3.1 Peak position of first-order acoustic modes from Raman measurements

Au at% TA LA 2A TO

0 232.31194 + 311.25791 + 458.74409 + 579.29365 +
0.86804 0.42652 1.96543 2.74366

5 232.50029 + 31312214+ | 4616699 +2.35424 |  576.41751 +
1.27455 0.58209 2.81994

20 226.48521 + 311.70881 + 475.33719 + 505.83984 +
3.64098 2.29083 8.10779 8.59915

In addition, the ability of plasmonic Au-TiN nanostructures to modify PL from molecules

is important for potential fluorescence sensing implementation. (1621641 To this end, a pure TiN and
an Au-TiN sample were spin-coated with a fluorescent conjugated polymer thin film (~ 10 nm),
followed by PL imaging and spectroscopy. A fluorescent thin film on glass sample was also
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measured as a reference. Detailed procedures are described in additional information. The PL
emission spectra of the three samples upon a 365 nm laser excitation are shown in Figure 3.15
(c,d). Both plasmonic films exhibited a 10 nm blue shift as well as a sharper response (smaller
FWHM) of emission peaks, as compared to glass. Meanwhile, there is an obvious fluorescence
quenching attributed to LSPRs (enhanced carrier densities of the Au-TiN). This can be visualized
from the PL images as shown in Figure 3.15 (b) whereby the plasmonic films result in weaker
fluorescence from the conjugated polymer layer. On the other hand, comparing the two plasmonic
films, there is a major PL enhancement by the Au-TiN hybrid compared to the TiN film alone,
suggesting a plasmon-enhanced contribution to the fluorescence due to the presence of the Au
nanopillars in TiN. 83 The exploration of plasmonic metasurfaces and their functionalities is a
first-step demonstration, more explicit studies incorporating such metasurfaces for nanophotonic

device are under investigation.
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Figure 3.15 (a) Raman spectra of pure TiN, low and high density Au-TiN thin films.
Enhancement on SERS signals shown as overall increase of spectrum intensity. First-order
transverse acoustic (TA), longitudinal acoustic (LA), transverse optical (TO) and the second-
order acoustic (2A) modes maintain comparable in Au-TiN nanocomposites and match with
reported values of TiN, indicating a 1:1 ration of TiN while introducing Au phase. (b)
Fluorescence (PL) images and (c,d) PL intensities and their normalized spectra excited at 365 nm
for three samples: a reference glass, a pure TiN and an Au-TiN samples with spin-coated
fluorescent conjugated polymer thin film (~ 10 nm).
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3.4 Conclusion

In this work, a two-phase Au-TiN hybrid plasmonic nanostructure with tailored Au
nanopillar density and tunable optical properties has been demonstrated. Both Au and TiN phases
are grown epitaxially with high crystalline quality and near perfect stoichiometry with no obvious
interdiffusion in between. The addition of tailorable Au phase enables optical tunability and
enhanced anisotropy, including the plasmonic red shift and systematic tuning of the complex
dielectric constants (e1 and €2) in a broad wavelength range from 210 nm to 2500 nm. Also, the
plasmon frequency is effectively tuned as the Au density varies, which correlates to its internal
carrier density variation of the metallic nanostructures. As compared to colloidal Au NPs or NRs,
our demonstration on the high chemical sensitivity and plasmon enhanced properties of the
nanocomposite structures based on the FTIR, Raman and PL measurements suggest the fascinating
potentials of Au-TiN hybrid thin film as robust and reusable functional SERS substrates for

sensing and nanophotonic devices.

3.5 Additional Information

Gold nanoparticles were prepared by the citrate reduction method, using gold chloride
trihydrate (HAuUCls-3H20, >99.9%), and trisodium citrate dihydrate (USP testing specifications)
at a molar ratio of 1:3.5; Au NRs were purchased from Nanopartz. The samples were submerged
in 50 mM 3-Mercaptopropionic acid (Sigma Aldrich) ethanolic solution for 24 hours at room
temperature; after incubation, samples were washed with ethanol and DI water to remove any
unreacted MPA. The successful Au-MPA self-assembling was demonstrated by irradiating the
sample at a specific wavelength of 365 nm via a UV lamp UVGL-25, in order to break specifically
the Au-thiol bonds formed. The functional group present before and after self-assembly were
confirmed via ATR-FTIR spectroscopy using a Spectrum 100 FTIR Spectrometer (Perkin Elmer,
Waltham, MA).

Fluorescent thin films were coated on TiN and Au-TiN surface before PL measurements.
A fluorescent conjugated polymer poly (9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) was
dissolved in chloroform to a concentration of 4.2 mg/mL (6.3 mg of F8BT was dissolved in 1.5
mL of chloroform). The solution was heated in a water bath at 45 °C and simultaneously stirred at

5000 rpm for 15 min and then sonicated for 15 min. Finally, 50 pL of the F8BT solution was
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dynamically spin coated onto the samples at a spin speed of 5000 rpm for 60 seconds. The same
spin coating conditions were also used to coat a cleaned glass substrate with F8BT. Prior to spin
coating, the glass substrate was cleaned in an ultrasonic bath containing detergent (0.5 wt%;
Sparkleen, Fischer Scientific) for 10 min., and, subsequently, in a 50:50 solution of hydrochloric
acid and ethanol for 10 min. The substrate was triple rinsed in ultrapure water (Mili-Q) after each
bath cleaning step. The bright-field/dark-field imaging was performed on an inverted microscope
(Axio Vert.Al, Carl Zeiss Microscopy, LLC.) coupled to an imaging spectrometer (Shamrock
SR303i-A, Andor Technology Ltd.). Photoluminescence imaging and spectroscopy were carried
out using an excitation source (X-Cite® 120Q, Excelitas Technologies Corp.) combined with a

365 nm excitation filter and a 397 nm long pass filter.
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4. SELF-ASSEMBLED SILVER - TITANIUM NITRIDE HYBRID PLASMONIC
METAMATERIAL: TAILORABLE TILTED NANOPILLAR AND OPTICAL
PROPERTIES'

4.1 Overview

Key challenges limiting the adoption of metallic plasmonic nanostructures for practical
devices include structural stability and the ease of large-scale fabrication. Overcoming these issues
may require novel metamaterial fabrication with potentials for improved durability under extreme
conditions. To this end, we report a self-assembled growth of a hybrid plasmonic metamaterial in
thin-film form, with epitaxial Ag nanopillars embedded in TiN, a mechanically strong and
chemically inert matrix. Our key achievement lies in a successful control of tilt angle of the Ag
nanopillars (from 0° to 50°), which is attributed to the interplay between the growth kinetics and
thermodynamics during the deposition. Such an anisotropic nature offered by the tilted nanopillars
is crucial to achieving broadband, asymmetric optical selectivity. Optical spectra coupled with
numerical simulations demonstrate strong plasmonic resonance, as well as angular selectivity in a
broad UV-visible to near-infrared regime. The nanostructured metamaterial in this work, which
consists of highly conductive metallic nanopillars in a durable nitride matrix have potential to serve
as a novel hybrid material platform for highly tailorable nanoscale metamaterial designs, suitable

for high temperature optical applications.

4.2 Introduction

Metamaterials as plasmonic nano-resonators with novel functionalities are attractive for
various device applications including nano-photonic circuits, bio-medical sensing, plasmon-
enhanced photocatalysis and photovoltaics.[® 129 131, 135, 151-152,165-172] Throygh tailoring material
or/fand geometrical parameters of such nanostructured building blocks, light-matter interactions
can be manipulated for selective responses. From geometrical perspective, nanopillar or nanowire
become favorable candidates owing to their three-dimensional tunability and optical anisotropy,

which functions as “nanoantennas” for highly sensitive energy harvesting, photodetection, or light

T This chapter is reprinted with permission from “Self-Assembled Ag—TiN Hybrid Plasmonic
Metamaterial: Tailorable Tilted Nanopillar and Optical Properties” by X. Wang, et al., Adv. Opt.
Mater. 2018, 7 (3), 1801180.
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selectivity in terms of angular, frequency, or polarization.[*4%: 1731751 From the material perspective,
metal-based plasmonic and optical nanostructures (gold (Au), silver (Ag), aluminum (Al) and
copper (Cu)) have drawn a great deal of attention because of their strong surface-enhanced Raman
scattering (SERS) and surface plasmon modes (SPs) which range from visible to near-infrared
(Vis-NIR) [132. 142, 170, 176-177] \/griable patterned nano-resonators (e.g. nanoprisms, nanorods,
nanohole arrays or single nanoparticles) has been demonstrated for improved resolution and
signal-to-noise ratios for localized surface plasmon resonance (LSPR) spectroscopy. [t 138 178-181]

In parallel, challenges remain in the plasmonic metamaterials, namely long-term durability
and ease of fabrication. On one hand, metals such as Ag, Al and Cu experience poor thermal
stability and fast chemical reactions upon thermal fluctuations. Furthermore, potential inter-
diffusion at metal-matrix (i.e. oxides, semiconductor) interface deteriorates device sensitivity at
high temperatures.[!48 17 1821 One effective approach is the design of hybrid plasmonic
nanostructures such that the unstable phase can be embedded or covered with a durable material.
Examples such as Ag/Au core-shell nanoparticles, Ag/AgS2 nanoprisms or Ag/graphene fishnet
hybrids have been designed to enhance the overall stability and signal-to-noise ratios of SERS
signals.[148 179, 183-185] O the other hand, existing metamaterial fabrication techniques such as e-
beam lithography (EBL) or focused ion-beam (FIB) techniques are time consuming for nanoscale
geometries. Beam damage and limited patterning scale are also concerns to the fabrication of high
quality and large-scale photonic devices. Alternative methods such as anodized alumina template
and seeded growth are capable of producing epitaxial nanopillars/nanoparticles, but have
limitations in material and morphology selections.[°6 151 186-187] Recent demonstrations on the two-
phase nanocomposite growth using physical vapor deposition techniques open up more
possibilities in fabricating high quality, large scale metamaterials.[!

In this work, we propose a novel nanoscale metamaterial system that composes of tilted
Ag nanopillars in a titanium nitride (TiN) matrix, grown as hybrid thin film form. The three-
dimensional Ag-TiN framework is illustrated in Figure 4.1. Here, we highlight the structural
tunability in terms of pillar tilting angle, which can be tailored by precise growth control. Different
from oblique angle deposition which produces mostly single-phase tilted nanorods, 152 1881891 gy
method achieves a two-phase self-assembly with high epitaxial quality and high density nanopillar
assemblies approaching deep subwavelength scale (<10 nm), which is very challenging for the

current fabrication techniques. Such tilted geometry presents enormous opportunities in achieving
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optical anisotropy and angular selectivity. In addition, compare to patterned metallic nanostructure
or metasurfaces,*5> 182 1871 oyr robust TiN serves as a barrier against diffusion and surface
chemical reaction for Ag, and provides overall mechanical integrity. Detailed studies of the
physical properties have been performed, which include specular reflectance and dielectric
measurements from ultra-violet (UV) to infrared (IR) region, thermal and mechanical tests, along
with a complete microstructural analysis to correlate the optical responses with the tiled Ag

nanopillar geometries.

Tilted Ag Nanopillar Framework

10 L &

W

0° tilted Ag 25° tilted Ag 507 tilted Ag

Figure 4.1 Schematic illustration of Ag-nitride (TiN) hybrid plasmonic metamaterial thin film.
Ag nanopillars with subwavelength scale are tailored in terms of their tilting angles (lower pane).
The hybrid plasmonic configuration brings new functionalities such as optical anisotropy and
angular selectivity.

4.3 Results and Discussion

A set of Ag-TiN hybrid thin films were deposited following the structure designs as
illustrated in Figure 4.1, where the embedded Ag nanopillars are tilted (1) 0°, (11) 25° and (111) 50°,
respectively. Such tilting is achieved by a precision growth control technique discussed below. To
confirm the tilting pillars and the overall film morphology, plan-view TEM images are presented
in Figure 4.2 (a-c) for all three samples. Upon increasing the tilt angle from 0° to 50°, the top

projections of Ag nanopillar assemblies change from round to elongated shapes. With comparable
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Ag density controlled for all samples, the metasurface affected by Ag tilting geometries could

effectively change the surface plasmonic resonances (SPRs), to be discussed in later sections. The

corresponding cross-sectional STEM images of different tilting configurations are shown in Figure

4.2 (d-f), in which distinct Ag nanopillars are clearly identified with a uniform distribution and tilt

angle for each case. Selected Area Electron Diffraction (SAED) patterns taken from the <100>

zone axis (inset images) confirms high-quality epitaxy, as well as a cube-on-cube matching of (002)
atomic planes of Ag and TiN on magnesium oxide (MgO) substrates.

Figure 4.2 Three-dimensional morphology of epitaxial Ag-TiN hybrid thin films with different
nanopillar tilting geometries. (a-c) Plan-view TEM images of 0° tilted, 25° tilted and 50° tilted
Ag. (d-f) Cross-sectional STEM images corresponding to each geometry. Insets are SAED
patterns taken at <100> zone axis, as well as EDS mapping of two extreme tilting angles. Ag:
red, Ti: green.
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Energy-dispersive X-ray spectroscopy (EDS) mappings of Ti (green) and Ag (red) are
shown as insets in Figure 4.2 (d,f), which clearly confirm the growth of Ag nanopillars in a TiN
matrix with very clean interfaces and without obvious intermixing. Based on the (S)TEM results,
detailed quantifications including nanopillar dimensions and tilting angles are being correlated to
three deposition rates. Results indicate that lower deposition rate increases the tilting angle and
broadens the nanopillar dimension slightly, meanwhile the nanopillar lengths remain comparable
even though the overall film thickness is reduced.

In parallel, X-ray diffraction (XRD) was collected to confirm the film crystallinity from a
large area. The 0-20 scans of three hybrid films and a pure TiN film are shown in Figure 4.3. The
growth orientation is identified as (002)ag || (002)7in || (002)mgo for the Ag-TiN hybrid films. Peak
positions are identified as: 20in(goz2) = 42.60°,20g(002) = 44.283", 26pMg0(002)= 42.916°, Which
match well with all the peak positions of the bulk counterparts. Close lattice matching between
MgO (amgo = 0.421 nm) substrate and TiN (arjy = 0.424 nm) provides a desired epitaxial
template for the growth of Ag nanopillars, evidenced by the dominated Ag (0010) peaks without
any other orientations. Compare to pure TiN, the two phase heteroepitaxial Ag-TiN results in a
slightly broadened (002) TiN peak, which could be related to the vertical coupling at Ag/TiN
interface or minor variations on TiN stoichiometry at the interfaces. Overall, the films maintain
high quality and very smooth surface as seen from the satellite peaks of (002) TiN. A phi (¢) scan
of Ag-TiN hybrid film (Figure 4.3b) demonstrates a four-fold symmetry of the film, and excellent
in-plane alignment, with cube-on-cube matching for all the phases. Successful tilted growth of Ag-
TiN hybrid film is also achieved on c-cut sapphire substrate, with the growth orientation as (111)ag
|| (111)7in || (0001)sapphire based on XRD (Figure 4.3c). The corresponding STEM images (Figure
4.3d) demonstrate well-ordered nanopillar assembly achieved on sapphire as compared to films

grown on MgO substrate.
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Figure 4.3 (a) XRD 6-26 scan of pure TiN and three Ag-TiN hybrid films grown on MgO
substrate. Ag nanopillar is grown as (00l). Satellite peaks of TiN indicate high film quality. (b)
XRD phi scan at (220) plane. The four-fold geometry demonstrates desired in-plane matching of
Ag, TiN and MgO substrate as (001). (c) XRD 6-26 scan of Ag-TiN grown on c-cut sapphire
substrate. (d) EDS mapping taken from <1100> zone axis reveals tilted Ag nanopillars, which
proves a repeatable tilting geometry by controlling the deposition rate. Note that films grown on
sapphire is orientated as (111) with lowest surface energy, therefore, the tilting geometry would
be stable under different growth rates.

Both (S)TEM and XRD results confirm the preferred growth orientation of (002) Ag
nanopillars. To explore the growth mechanism for the tilted nanopillars, high resolution STEM
was performed on the 50° tilted Ag-TiN/MgO hybrid film from three dimensions, as illustrated in
Figure 4.4 (top center). Cross-sectional STEM images taken from the <100> zone axis are shown
in Figure 4.4 (a-b). The Ag nanopillars growth experiences two steps: the initial nucleation marked
in the yellow box (Figure 4.4a) and the subsequent tilted growth.
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Figure 4.4 3D STEM images of 50° Ag-TiN hybrid thin film. Schematic illustration is shown at
top center showing three faces (100), (010) and (001). (a) Cross-sectional STEM and its (b) high
magnification image taken at <100> zone axis, (100) face. (c-d) IFFT filtered image both in-
plane and out-of-plane with edge dislocations marked at Ag/TiN interface. (¢) HRSTEM image
of plan-view ((001) face) nanopillar. (f) Cross-sectional HRSTEM image taken from <010> zone
axis, showing projection of one tilted nanopillar from [010] direction.

For the first few atomic layers, Ag adatoms stack vertically on top of each other. After the
initial nucleation, the Ag adatoms continuously shift to the left while maintaining the (002) atomic
stacking along the c-axis, resulting in the tilted nanopillar morphology. Inversed Fourier
Transformed images (IFFT) (Figure 4.4c-d) of Ag/TiN phase boundary indicate strained interface
with few edge dislocations along in-plane and out-of-plane directions, which is also proven by the
atomic resolution Ag/TiN from the top projection (Figure 4.4e). When viewed from the orthogonal
<010> zone axis (Figure 4.4f), the nanopillars appear to be mostly vertically aligned. Minor
contrast variations across the length of the Ag nanopillar indicate the “vertical pillar” is tilted
inward, which is in the projection of [010] as illustrated. Therefore, the self-assembled 50° Ag

nanopillar assembly is demonstrated from a three-dimensional perspective.
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The underlying mechanism of this self-assembled tilting geometry is attributed to the
competition between growth kinetics and thermodynamics. On one hand, high kinetic energy of
PLD method allows fast thin-film deposition and facilitates the Ag nanopillars to grow vertically
along the primary growth direction. With a nearly-perfect lattice matching between TiN and MgO,
Ag prefers to grow as epitaxial (001). Such pillar-in-matrix nanostructures are realized by the
difference in surface energies, i.e., Ag has higher surface energy and thus nucleates in the Volmer-
Weber (VW) island growth mode, and TiN nucleates as Stranski-Krastanov (2D + 3D) mode, both
on oxides.®® Under a high growth rate (upper pane of Figure 4.5), the Ag and TiN adatoms grow
and nucleate effectively as vertical columns with limited time for adatoms diffusion on the
substrate surface, leading to vertically aligned nanopillars. Thus, Ag nucleus appears fine and
densely packed as observed from Figure 4.2 (a).

On the other hand, when the growth rate reduces (lower pane of Figure 4.5), the adatoms
diffusion along the lateral direction is enabled by a longer resting time, searching for a
thermodynamically favorable state of growth; thus, larger nuclei and lateral tilting of the pillars
become possible. Note that the growth of the hybrid Ag-TiN film is intentionally started from TiN
to minimize strains at initial growth stage, which is the reason why a very thin layer of TiN is
formed at the interface. The thickness of this layer is affected by growth rate as well, that under
low rate this TiN layer tends to grow thicker before the Ag adatoms diffuse and agglomerate until
stable nucleus is formed. After the nucleation process, the TiN growth is suppressed by tilted
growth of Ag, leading to a thinner film as compared to the fast deposition rate. Comparing the
surface energies of different Ag crystallographic planes, (111) is the lowest among (100), (110)
and (111).[*% This low-energy plane has the tendency to be exposed to minimize surface energy
for low growth rates, which in turn results in tilted growth that remains stacked in the [001]
orientation. While the overall kinetic energy is largely determined by the laser photons, the degree
of tilting is primarily controlled by fine tuning of deposition rate parameters. Compared with 0°
and 25° tilting geometry shown in Figure 4.2, the 50° tilting reaches to a relative thermodynamic
stable state. Note that the inhomogeneity in the hybrid materials (i.e. nanopillar diameter, nucleus
density) is inevitable when tailoring the tilting angle parameters. In this study, the optical property
is mainly focused on the angular dependent (anisotropic) light-matter interactions such that the

dimension effect can be minimized.
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Figure 4.5 Growth mechanism of Ag-TiN hybrid thin films on MgO substrate. Tilting of Ag
nanopillar is controlled by tuning the deposition rate. Upper pane: fast rate deposition. Adatoms
diffusion is limited, Ag nucleates are small. High Kinetic energy dominates the growth, Ag
growth is suppressed (green arrow), leading to straight thin nanopillars. Lower pane: Low
deposition rate. More adatoms diffusion (longer resting time) and broadened the Ag dimension
(green arrow indicates smaller suppression), exposure of low-energy facets and tilted nanopillar
growth. Tilted nanopillar growth is more thermodynamically favorable.

Optical measurements on Ag-TiN hybrid thin films demonstrate a variable spectrum
response by tailoring the Ag nanopillar geometry. Optical reflectance and transmittance spectra of
pure TiN, 0° tilted and 50° tilted Ag-TiN thin films samples were collected under a normal incident
depolarized light. The absorptance spectrum is retrieved from reflectance as A(A) = 1 — R(Q),
since transmittance is negligible, and a Lorentz function is applied to split the peaks. The results
are shown in Figure 4.6. Pure TiN film (85 nm) (grey curve) exhibits plasmonic behavior, with an
absorptance peak located at 374 nm. For Ag-TiN hybrid structures (blue and orange curves), two

separate peaks are observed. To correlate the peak positions of the two phases, COMSOL
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Multiphysics Wave Optics Module was applied to simulate optical spectra and the corresponding
electric field map. Parameters such as film thickness, pillar dimension as well as the inter-pillar
distance are comparable to (S)TEM results. In order to identify peak positions, pure Ag and TiN
spectra are simulated individually, from which it is confirmed that the left (~ 350 nm) and right (~
374 nm) resonance peak (Figure 4.6a) belongs to Ag and TiN phase, respectively. A careful
comparison on peak positions reveals a red shift (40 nm) of TiN resonance, which is related to a
minor change in TiN stoichiometry or defects states at Ag/TiN interface. Variations of Ag
resonance peaks position (330 nm ~ 350 nm) is owing to the change of nanopillar aspect ratio,
while intensity variation is caused by light propagation direction with respect to nanopillar tilting
direction. It can be explained by stronger electron oscillations at the resonant frequency when the
incident light propagates into the vertically aligned nanopillar, or LSPR at the Ag/TiN interfaces.
Compare to pure TiN, Ag-TiN hybrid film presents a broadened absorptance (Figure 4.6a), such
increase of linewidths lies in the superposition of two-phase plasmonic resonances, which implies
enhanced electron oscillation and stronger near-field coupling upon electromagnetic field
excitation, or it could be contributed by the variations in material composition, interfacial strains
and degree of ordering of nanopillars between simulation and experiments. A general enhancement
of the baseline intensity results from scattering at interfaces or defects.

Next, the field enhancement maps are retrieved close to the resonant frequencies of two
phases and displayed in Figure 4.6 (b). At 350 nm, electrical field of y-polarization (Ey) is
dominated by Ag nanopillars, while the TiN excitation is maximized at 420 nm. Additionally, the
0° tilted Ag nanopillar reveals more centrosymmetric electric field distribution, while it becomes
more anisotropic when the nanopillar is tilted. Such field distribution inside tilted geometries
indicates potential angular selectivity when the light is propagating along different directions. The
non-centrosymmetric or anisotropic nature of this nanostructure is further proved by the second
harmonic generation (SHG) (Figure 4.6c). The polar plot indicates a transition from two-fold
rotational symmetry at p-out (0°) into a four-fold symmetry at s-out (90°) with decreased SHG
intensity. Such non-centrosymmetry is inherently contributed by the lattice strain, since both TiN
and the tilted Ag undergo lattice distortion during thin film growth, which breaks the

centrosymmetry from their bulk counterparts. 1]
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Figure 4.6 (a) Absorptance spectra of pure TiN, 0° tilted Ag-TiN and 50° tilted Ag-TiN hybrid
thin films. Two peaks observed at 330 nm ~ 350 nm and 374 nm correspond to Ag SPR and TiN
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hybrid films close to resonant frequencies (350 nm and 420 nm). (¢) SHG of 50° tilted Ag-TiN
hybrid film, collected from p- and s- output polarizations, inset is the polar plot of SH intensity.
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To demonstrate potential angular selectivity (anisotropy) over a wide spectral range,
detailed ellipsometry and Fourier Transform Infrared (FTIR) spectroscopy measurements have
been performed. Non-polarized angular reflectance at 210 nm ~ 2500 nm range of 0° Ag-TiN and
50° tilted Ag-TiN thin films with thickness of 45 nm, are retrieved from ellipsometry data and
summarized in Figure 4.7. Since the tilt of Ag nanopillars breaks the symmetry along the normal
incidence, it is important to differentiate incident beams with respect to the direction of nanopillars.
For the sake of convenience, we use the following convention: (1) When the light propagates along

tilted nanopillars (or [010] direction), as shown in Figure 4.7 (a), the incident angles are positive
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(30° ~ 70°); (2) when light propagates in the opposite direction ([010] direction), as shown in
Figure 4.7 (b), the incident angles are negative (—30° ~ — 70°). For positive angles of incidence,
the overall reflectance drops with increased incident angles due to the enhanced localized
plasmonic resonance along the nanopillar interface, reaching a more pronounced dip (~ 10%) at
400 nm. For negative angles of incidence, however, the reflection is stronger throughout the
spectrum range, while the dropped reflectance at higher angles (a« < —60°) could be caused by
internal reflection as light propagates inside the film.

The above explanation is supported by the simulated Ey maps (Figure 4.7e), where obvious
interface resonance is observed at positive angle excitations (along nanopillar), while enhanced
reflectance from Ag nanopillar and metasurface is observed at negative angle excitations. As a
comparison, the reflectance from two propagating directions show similar trend in 0° Ag-TiN film
(Figure 4.7c-d) with centrosymmetric distribution of electric field, it is certified that the Ag-TiN

hybrid film exhibits strong optical anisotropy that is sensitive to the direction of incoming light.
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In addition, the effective refractive index and permittivity of the 50° tilted Ag-TiN and a
pure TiN are fitted using a B-Spline model, shown in Figure 4.8. The slight decrease in the
extinction coefficient indicates lower losses in this wavelength range for the Ag-TiN hybrid sample.
Besides, the hybrid films show a pronounced dielectric tuning towards the infrared regime, as well
as a plasma frequency shift, supported by the temperature dependent resistivity (R-T) via the

electrical transport property measurement (Figure 4.9).
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Figure 4.8 (a) Fitted n and (b) k of pure TiN and 50° tilted Ag-TiN hybrid film. (c-d) Fitted
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Figure 4.9 Electrical transport properties of pure TiN and 0° tilted Ag-TiN hybrid film. Both

films show metallic behavior with increased electron concentrations at elevated temperatures.
With addition of Ag phase, the hybrid Ag-TiN film exhibits enhanced conductivity.

In the longer wavelength regime (2 um to 10 um), specular reflectance of the 50° Ag-TiN
film was measured by FTIR. Here, the propagation directions of light follow the convention of the
sign of angles as described above, where incident angles are set to be a = 30°~70°and a =

—30° ~ — 70° with respect to the pillar geometry. To visualize the angular dependent reflectance,
spectra along y-z plane are plotted together with polar plots of reflectance at four arbitrary
wavelengths (A = 2, 3,5, 8 um), as shown in Figure 4.10 (c). It is noted that the asymmetry of the
polar plot becomes more pronounced towards short-wavelength IR. The reflectance reaches its
maximum around a = —30° throughout the spectrum (red arrows). Such trend is observed at the
visible range as well (Figure 4.10b). Combining the illustration, the angular selectivity or
anisotropic behavior of the hybrid film is dominated by tilted nanopillar especially at lower
incident angles and shorter wavelengths (2 um ~ 5 um). It is noted that the angular selectivity in
this work is modest, but much higher selectivity is expected with improved periodicity and
ordering of the nanopillars which are currently under investigation. Highly angular-selective
hybrid films are expected to find promising applications as functional nanoantennas, sensors, and

related applications.
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Figure 4.10 Room temperature specular reflectance of 50° tilted Ag-TiN hybrid film. FTIR
reflectance spectra grouped by incident light propagating (a) along nanopillar tilting direction
([010]) and (b) backside of nanopillar ([010]), inset images show incident light direction from

the cross-sectional view of unit cell. (c) Polar plot showing reflectance intensities versus incident
angles at four wavelengths: 2 um (orange), 3 um (green), 5 um (blue) and 8 pum (red).

Metamaterial stability is critical for device applications. Here, a highly stable hybrid
nanostructure is achieved by applying TiN as the matrix to encapsulate Ag nanopillars. To test the
thermal stability, an as-deposited Ag-TiN sample (grown on MgO) was annealed at 500 °C for one
hour under vacuum, followed by ex-situ optical and XRD measurements as shown in Figure 4.11
(a-b). Neither peak-shifting nor peak-broadening has been observed, which indicates excellent
phase stability after heat treatment. Furthermore, thermal emissivity measurements provide more
evidence of high-temperature stability at the infrared range. The measurement was performed in a
high-vacuum chamber coupled with an FTIR spectrometer!®2. Three spectra collected at the
sample (50° Ag-TiN grown on sapphire) temperatures of 432 °C, 471 °C and 519 °C are shown in
Figure 4.11 (c). Results demonstrate very stable emissivity within the temperature range, while the
spectrum differs from that of the room-temperature one caused by the incident angles (within
+32°). The nanopillars maintain their sharpness at sub-micron sized interfaces without any
interdiffusion or damage after the high-temperature measurements, as indicated in cross-sectional
STEM images shown in Figure 4.11 (d).

128



1.0
(a) Exeel : (b) Ex-situ test:
x-itu test: A Ag-TiN 500°C 1hr Vacuum Annealing
Ag-TiN 500°C 1hr Vacuum Annealing |

g o8| = TiN (002) - before annealing

8 | before annealing 5 avA :

] | — — after annealing e B & = : Ag (002)

= _ - g : :

06! - E= /

&) \ P @ : \\J\M

3 7 ) .

2 o4t p, §’

w \ /

/
\ 7/
02t A ’
N -
300 400 500 600 700 800 38 40 42 44 46 48
Wavelength (nm) 20(9
(c) % (d) Microstructure after heating
—_— - O —
Tee =432°C <1100> zone

0 Tee =471°C

—— Tee =519°C

<

g N Y
N e \‘t ELN
50 nm

0.30 WS

0.25F

Emittance

<1120> zone

0.20F

N,
0.15} \v..\'(\ N

20nm  sapphire

1 1 1 I 1

2 3 4 5 6 7 8 9 10
Wavelength (um)
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To test the mechanical stability, a set of nanoindentation experiments was performed on
thick TiN (1 pm) and Ag-TiN (600 nm) hybrid films grown on MgO. TiN is known as a refractory
coating material with superior hardness (Hjy = 23 — 25 GPa) compares to relatively soft noble
metals (Hy, = 188 ~ 216 MPa,Hpg, = 250 MPa). Figure 4.12 displays the typical loading-
unloading plots on indent distance (h.) versus hardness (H) and Elastic Modulus (E,). Surprisingly,
the averaged H and E, values for Ag-TiN hybrid film (H = 32 GPa,Er = 337 GPa) are
comparable to pure TiN film (H = 34 GPa, E. = 335 GPa) without obvious softening induced
by the Ag nanopillars. As a comparison to metallic nanostructures or metasurfaces, [148: 165 1771 gy

hybrid thin film metamaterial is durable to thermal vibration, chemical reaction or mechanical

129



deformation, which plays an important role in maintaining device performance in terms of signal-

to-noise ratio or specular sensitivity. More interestingly, this metal-nitride hybrid platform

provides enormous opportunities for realizing other nanoscale metal plasmonic structures in which

thermal stability and long-term durability could be enhanced significantly.
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Figure 4.12 Nano-indentation plots on thick TiN and Ag-TiN hybrid films on MgO. Results are
retrieved from a set of loading-unloading cycles with dependence of indentation distance. The
indent depth is controlled within 12% of film thickness to avoid substrate effect. Hardness data
sets of (a) pure TiN bulk film and (b) Ag-TiN hybrid film. Elastic modulus of (c) pure TiN and

(d) Ag-TiN hybrid film,

4.4 Conclusion

In this work, self-assembled Ag-TiN nanoscale hybrid plasmonic thin films are

demonstrated with tailorable Ag nanopillar tilting geometries and anisotropic optical properties.

Distinguished nanopillars with high epitaxial quality are confirmed by XRD and (S)TEM studies.
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Tilting of Ag nanopillars is effectively controlled by film growth rate (or adatom flux), i.e.,
decreased deposition rate facilitates in-plane adatoms diffusion and leads to thermodynamically
favored tilted nanopillar growth. The Ag-TiN hybrid material shows strong absorption in the
visible regime, with contributions from both Ag and TiN SPRs phases and can be tuned by varying
the tilting geometry. Tilted Ag nanopillars offer advantages such as enhanced electromagnetic
(EM) interactions at nanopillar interfaces, strong anisotropic interactions with light and tunable
dielectric constants, and obvious asymmetric angular selectivity based on the broadband
reflectance data in the UV to mid-infrared regime. Combined with high thermal stability and
enhanced mechanical integrity, such plasmonic metal-nitride hybrid nanostructures with structural
and optical tunability present a promising and unique platform for novel nanoscale metamaterial
design incorporating tailored angular and spectral selectivity, along with superior long-term

durability.

45 Additional Information

Second harmonic generations (SHGs) were measured on an amplified Ti : sapphire laser
system at room temperature with central wavelength of 780 nm, laser impinging power of 10 mW
and pulse duration of ~ 70 fs. The polarization of the incident light was controlled by a half-wave
plate and the SHG signal in the reflection from the sample with an angle of incidence at 45° was
measured while with output polarization is fixed at either 0° (p-out) or 90° (s-out).

Specular reflectance (2 um ~ 10 um) at various angles of incidence were measured using
Thermo Fisher Nexus 670 Fourier Transform Infrared (FTIR) spectrometer and a specular
reflectance accessory (VeeMax Il, PIKE Technologies, Inc.). The reference for specular
reflectance measurement is a 200 nm Au evaporated on glass slide with Ti adhesion layer. High-
temperature emissivity is measured by a high vacuum chamber coupled with an FTIR spectrometer
with a liquid nitrogen cooled mercury cadmium telluride (MCT) detector and an XT-KBr beam
splitter (Thermo Fisher Nexus 670). Details of high-temperature emissivity measurement can be
found elsewhere.[19?]

Nano-indentation experiment was performed on a Bruker Hysitron T1 Premier instrument.
A set of loading-unloading cycles were applied with changes on indent distance, which is

controlled within 12% of film thickness to avoid substrate effect.
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COMSOL Multiphysics Wave Optics Module with frequency domain is applied for optical
simulation. Optical constant for Ag is taken from Rakic,**! while refractive index for TiN is
retrieved from ellipsometry measurements. The simulated geometry is based on the cross-sectional
STEM images, including the film thickness, Ag tilting angles, nanopillar dimension and the inter-
pillar distance. The unit cell of hybrid film is set as one pillar in matrix with periodic boundaries,
resulting in a perfect ordering of pillar-in-matrix geometry. A plane wave source with depolarized
light of the electric field was applied. Angular dependent reflectivity (R%) is simulated with
changes of incident angle (o) from 30° to 60°.
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5. ALUMINUM NITRIDE-BASED HYBRID THIN FILMS WITH SELF-ASSEMBLED
PLASMONIC GOLD AND SILVER NANOINCLUSIONS*

5.1 Overview

Aluminum nitride (AIN)-based two-phase nanocomposite thin films with plasmonic Au
and Ag nanoinclusions have been demonstrated using a one-step thin film growth method. Such
AIN-based nanocomposites, while maintaining their wide bandgap semiconductor behavior,
present tunable optical properties such as bandgap, plasmonic resonance, and complex dielectric
function. Depending on growth atmosphere, the metallic nanoinclusions self-organized into
different geometries, such as nano-dendrites, nano-disks, and nanoparticles, providing enhanced
optical anisotropy in-plane and out-of-plane. The infrared transmission measurements demonstrate
the signature peaks of AIN as well as a broad transmission window attributed to the plasmonic
nanoinclusions. This unique AIN-metal hybrid thin film platform provides a route to modulate the
optical response of wide bandgap I11-V nitride semiconductors towards infrared sensing or all

optical based integrated circuits.

5.2 Introduction

Plasmonic nanostructure is known by its outstanding properties in manipulating light-
matter interactions, owing to the surface plasmon polaritons (SPRs) and localized surface plasmon
resonance (LSPRs). The famous example of Lycurgus cup™ with Au nanoparticle color centers
is known for centuries, opens the route for artificial (meta)material designs in combining metallic
nanostructures in different material media for multi-functionalities. With a pronounced difference
in electromagnetic parameters, metal-dielectric combination at nanoscale is of great interest. It
induces SPR that have various applications, including photovoltaic and photocatalytic devices***,
bio-medical sensing!**Y, integrated nanophotonic circuitsi*?l, etc. From materials science

perspective, the metal-dielectric metamaterial can be termed nanocomposite, namely two- or

I This chapter is reprinted with permission from “AlIN-based hybrid thin films with self-
assembled plasmonic Au and Ag nanoinclusions” by X. Wang, et al., Appl. Phys. Lett. 2019, 114
(2), 5.
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multi-phase materials that are physically or/and chemically fabricated into a whole unit. Limited
success has been made in the areas of metal-oxide hybrid thin film systems.[195-1%I

Wide bandgap semiconductors, especially the I11-V nitride family including GaN, AIN,
and their alloys, have been widely explored for optoelectronic devices such as solid state lasers,
solid state lighting, and photovoltaics, as well as high power electronics.[**”-1%1 On the other hand,
research directions on exploring new materials towards future all optical based integrated circuits
excite the community in searching for various materials with a wide range of optical tunabilities.
An effective approach is to combine the plasmonic nanostructure designs with the nitride based
dielectric materials to achieve such tunability. Very recently an initial demonstration of the
epitaxial growth of vertically aligned nanocomposite of metal-transition metal nitrides, such as
Au-TaN or Ag-TiNE44 2000 has suggested the possibilities of integrating such dissimilar materials
together in a hybrid material form. However, such integration focused on two plasmonic systems
with limited tunabilities of dielectric function. It is expected that incorporating metallic
nanoinclusions into dielectric 111-V nitride systems could present a large range of optical
tunabilities, especially the complex dielectric functions in a wide optical range. However, such
demonstration is very challenging and has not yet been realized, largely due to the complexity in
different growth conditions of metal and the I11-V nitrides as well as their lattice compatibility, as
plasmonic metals are mostly in FCC structures while 111-V nitrides are Wurtzite (hexagonal close
packed).

In this work, we demonstrate the possibility of incorporating plasmonic Au and Ag
nanoinclusions in 11-V nitrides with various geometries. As a model system, we selected AIN as
the matrix material for this demonstration. AIN presents a wide bandgap of ~ 6 eV and has been
widely incorporated in I11-V-based optoelectronic devices as effective buffer for GaN growth, and
alloy components for bandgap tuning.!*24 2012021 AIN has also shown piezoelectric properties for
MEMSI[% microwave (GHz) filters, 204 [295] a5 well as other optical capabilities?%2°7l, These
unique properties make AIN an ideal candidate for optoelectronic based applications as compared
to most oxides. By careful control of the growth conditions, the Au and Ag nanoinclusions in AIN
present various geometries and offer pronounced tunabilities in bandgap, optical absorption,
dielectric function and anisotropy, as well as plasmon resonance at the mid-infrared range.
Furthermore, such hybrid systems can also be integrated on Si substrates for the FTIR

measurements demonstrated in this work.
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5.3 Results and Discussion

To identify the growth orientation and crystalline quality of metal-AIN hybrid thin films,
the as-grown AIN/sapphire, Au-AlN/sapphire and Ag-AlN/sapphire thin film samples were
characterized using XRD. The 06-20 scans from 32 ~ 45° were collected and displayed separately
in Figure 5.1. Pure AIN (5.1a) grown on c-cut sapphire exhibits a strong (0002) h-AIN peak at
35.735°, which is close to other literature reports.[?°! On the other hand, multiple peaks have been
observed in the nanocomposite samples (5.1b, ¢), where (111) Au at 38.220°, (111) Ag at 38.117°
and a weak (002) Ag at 44.334° are identified. Such strong and sharp metal peaks indicate good
crystallinity as well as clear phase separation of the metallic phase. Meanwhile, the (0002) AIN
growth is suppressed as seen from a broader (0002) AIN peak and an additional peak at 40.41° in
the Au-AIN nanocomposite film. The (0002) AIN position remains almost identical in three
samples (~ 35.7°), which indicates the interfacial strain between AIN and sapphire substrate is
unaffected by introducing secondary phase, and the (0002) AIN is expected to dominate the initial
thin film growth.
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Figure 5.1 XRD 6-26 scans of vacuum grown films: (a) AIN (b) Au-AIN and (c) Ag-AIN on c-
cut sapphire substrate. HAADF-STEM images (left) and corresponding SAED patterns of (d)
AIN on sapphire, (e) Au-AIN on sapphire and (f) Ag-AIN on sapphire. Samples were viewed

from <1100> zone axis.

The microstructures were further explored using Scanning Transmission Electron
Microscopy (STEM), the STEM images are coupled with selected area diffraction patterns
(SAEDs) from the <1100> zone axis. Pure AIN film, in Figure 5.1 (d), shows a columnar growth
as typically seen in AIN with a sharp film-substrate interface. As expected, Au-AIN (Figure 5.1e)
and Ag-AIN (Figure 5.1f) are self-assembled into two phases. Clear diffraction patterns (DPs)
indicate the high epitaxial quality of the films. Interestingly, their morphologies are vastly different.
With the same metal density, the Au nanoinclusions are dendritic-like nanostructure (as illustrated
in Figure 5.1e) which is very fine and dispersed; While Ag adatoms agglomerated into ‘“nano-disks”
with sharp boundaries. Careful comparisons of the STEM images indicate that at the initial (~ 15

nm) growth stage, both Au and Ag appear as very fine particles with well-ordered arrangement
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within AIN. These particles are grown as seeds to direct the self-assembling process and phase
separation in the later growth stage. Refer to the XRD results, there is about 14.25% interfacial
strain between (0002) AIN (26 = 35.735°) and (0006) sapphire (20 = 41.672°), which means the
initial AIN layer could be highly strained. Therefore, it is possible that the well-ordered Au (AgQ)
nanoinclusions serve to compensate the large strain between AIN and sapphire substrate in the
initial growth stage. Once the films reach their critical thickness, a self-organized growth of the
metallic phases, either as dendritic-like or disk-like nanostructures, start in the second stage. In the
second stage, the morphologies are largely resulted from the different surface energies between
the metal and AIN and the growth kinetics. The surface morphology of the two nanocomposites
were further examined using scanning electron microscopy (SEM). As seen from Figure 5.2, the
Au and Ag are agglomerated with uniform distribution on the top surface, which could be
important for potential applications such as light harvesting or enhanced Raman sensing. Beside
the films grown in vacuum, we explored the nanocomposite growth in the backpressure of N2 (50
mtorr) for both Au-AIN and Ag-AIN on sapphire. The TEM and EDS results are displayed in
Figure 5.3. Under N2 atmosphere, both Au and Ag self-organize into much more confined
nanoparticles (NPs). These results suggest the growth morphologies are largely controlled by the
growth Kinetics during the deposition.
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Figure 5.2 (a) SEM of Au-AIN (Vac) sample viewing from top, showing the saturation of Au
particles at top surface. (b) EDX mapping of Au. (c) EDX spectrum of critical elements,
including Al, O, N, and Au. (d) SEM of Ag-AIN (Vac) sample viewing from top, showing
similarly the Ag saturation. (e) EDX mapping of Ag. (f) EDX spectrum of critical elements: O,
Al, N, Ag. The quantified Au (Ag) atomic fraction is approximately 8.35 at% (4.65 at% for Ag),
note that substrate (Al203) signals could contribute to errors.

Self-organized Au and Ag nanoinclusions acting as plasmonic resonators inside AIN are
expected to tune the overall physical properties. A set of optical transmittance (T%) and reflectance
(R%) measurements from 200 nm ~ 1500 nm was performed on all five samples: AIN, Au-AIN
(Vacuum), Ag-AIN (Vacuum), Au-AIN (N2) and Ag-AIN (N2). Compared to pure AIN (Figure
5.4a), the attenuated transmittance (~ 30%) intensities of the nanocomposite films are contributed
to the strong absorption at resonance frequency and enhanced reflectance intensities (~ 35%) of
the metallic phases. Specifically, plasmonic resonance is estimated from the absorbance spectra
(A=1-R-T) (Figure 5.4c), with Au at 352 nm and Ag at 445 nm, the variations of the resonance
are mainly affected by the nanoinclusion morphology, and are overall in consistent with other
reported values?®l. According to the T% spectra (Figure 5.4 a), Tauc plot was applied to retrieve
the bandgaps of three samples, and (ahv)? as a function of photon energy is plotted in Figure 5.4
(b). From the Tauc plot, bandgap tuning is effectively achieved through adding the metallic
nanoinclusions. The bandgap of AIN thin film is 5.36 ~ 5.48 eV, while Au-AIN and Ag-AIN are
both reduced to 4.63 ~ 4.72 eV and 4.76 ~ 4.85 eV, respectively. Such optical tuning is possibly

related to the change of charge carrier density in the systems because of the metallic nanoinclusions.
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Electrical transport measurements were conducted on the samples in a temperature range from 3K
to 390 K. Figure 5.4 (d) shows the resistivity versus temperature (3 K ~ 390 K) plot. Both Au-AIN
and Ag-AIN films show obvious semiconductor behavior but with much enhanced conductivity
(AIN, not shown here, is out of range in the transport measurement). The optical properties of the
nanocomposites grown in N2 are shown in Figure 5.7 (a), where more ordered nanoparticles exhibit
pronounced plasmonic resonance, namely, the 440 nm of Ag NPs and 540 nm of Au NPs that are
consistent with reported studies.?® Note that variations of T% of films grown in different
environment are owing to the geometry and dimension of nano-inclusions. For example, the
dendritic Au as compared to Au NPs are rather dispersed, such that the plasmonic resonance is

blue shifted and the overall extinction is higher.

Figure 5.3 (a) TEM image of Au-AIN nanocomposite grown in 50 mtorr N2, insets are high
resolution image of Au nanoparticle, and selected area electron diffraction (SAED) patterns of
the film. (b) EDX mapping of Au-AlIN (N2) sample, inset is corresponding STEM image with Au
NPs marked out in yellow circles. Elements including Au and Al are mapped in red and green,
respectively. (¢) TEM image of Ag-AIN (N2) sample, inset is HRTEM image of Ag nanoparticle.
(d) EDX mapping of Ag-AIN (N2).
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Figure 5.4 (a) Transmittance spectra of pure AIN, Au-AIN and Ag-AIN films grown in vacuum
condition. (b) Tauc plot of the bandgap. (c) Absorptance spectra of the two nanocomposites,
calculated from A =1 - R —T. (d) Resistivity versus temperature curves of Au-AIN and Ag-AIN
films, note that pure AIN resistivity is out of range.
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Figure 5.5 Optical parameters of €1 of Au-AIN and Ag-AIN films grown in vacuum. (a)
Anisotropic g; of Au-AlIN, and (b) corresponding €, values. (c) Anisotropic €; of Ag-AlIN, and
(d) corresponding €, values, inset images illustrate in-plane (//) and out-of-plane (L) direction
with respect to the Au and Ag geometries.

Ellipsometry parameters (W,A) in a broad spectral range (210 nm ~ 2500 nm) were
collected to retrieve effective optical parameters. The addition of secondary phase breaks the
overall symmetry of the hybrid films, the fitting models were treated as anisotropic models such
that the in-plane (ordinary) and out-of-plane (extra-ordinary) parameters can be specified (Figure
5.5). Comparing the anisotropic dielectric constants in the two films with Au and Ag
nanoinclusions, we observe a significant difference between the ordinary (//) and extraordinary (L)
values. Specifically, the nano-dendritic Au-AIN one with out-of-plane Au nanoinclusions induces
more optical oscillations in the perpendicular direction, represented by much larger 11 value
(Figure 5.5a,b). On the other hand, Ag-AIN with Ag nano-disks exhibits stronger metallic property
in-plane as seen from its lower 1/ and larger &2/ values (Figure 5.5c,d). The isotropic optical
parameters of pure AIN and nanocomposite films are displayed in Figure 5.6. Again, with
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plasmonic metallic nanoinclusions, the films are still semiconducting (e, > 0) in the measured
spectrum range, but with much broader range of dielectric tuning as a function of the wavelength
(Figure 5.6b). The decreased real part of the dielectric constants () at lower wavelength range
(300 nm ~ 1200 nm) is mainly affected by the metallic nanoinclusions while the films behave more
dielectric at near infrared regime (NIR). Detailed ellipsometric parameters and fitted optical
constants of Au-AIN (N2) and Ag-AIN (N2) are shown in Figure 5.7.
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Figure 5.6 Ellipsometry fitted (a) real part dielectric constant and (b) imaginary part of Ag-AIN
(Vac) and Au-AIN (Vac) films. (c, d) Raw and fitted ellipsometric parameters (W,A) of the
vacuum grown Ag-AIN (Vac) to show the accuracy of data fitting.
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Figure 5.7 Optical properties of Ag-AIN and Au-AlIN films grown in N2. (a) Transmittance
spectra with inset STEM image showing the Au nanoparticles being embedded in nanocrystalline
AIN matrix. (b-d) Fitted dielectric constant, effective refractive index of Ag-AIN (N2) and Au-
AIN (N2) films.

Infrared (IR) properties of metal-AIN hybrid films (vacuum grown) were further
investigated using FTIR. The measurement was conducted using a transmission setup with a built-
in polarizer (s-pol and p-pol). Here, the two edges of the thin film samples were polished to wedge
angles (45°) to allow multiple bounces in the film, such that light-matter interactions would be
strong for enhanced signal. As illustrated in Figure 5.8 (insets), the number of bounces inside film
is calculated using:

N=I[~+t
where | is the width of polished sample, and t is film thickness. For more accurate comparison, we
controlled the number of bounces of all the measured samples (N ~ 6), and the resulted spectra in

Figure 5.8 are calculated from:

143



p—-pol s—pol

_ sample . sample
— ..p-pol * .s—pol
background background

(a) Multipath p-pol/s-pol
P
- @’ Film
s o
- Pr Sunas” M
3
&L
0]
3]
=
£ \N N\
E Q ‘—\f—\i’ o
) 2 SN z
c B 5 Z . Z <
0 © 2 s ©
© 4
= 3 S8 2 zZ
=) & 8 © <
—— AIN/(111) Si o
i Au - AIN/(111) Si ~
i 1 " 1 " 1 i 1 " 1 " 1 " 1 i 1 i 1 " 1
1150 1100 1050 1000 950 900 850 800 750 700
Wavenumber (cm™)
(b) ‘
30} Multipath p-pol/s-pol Au: 2692.18
P
@’ Film
= BEL.LS Nrate” \ 28
5 ) ° R, < Ag: 2202.34
© . :
o 20} A
o
=
g 15} Au-AIN (Vacuum)
7
c 10f
©
—
= " Ag-AIN (Vacuum)
_______ AIN (baseline)
N

8000 7000 6000 5000 _ 4000 3000 2000

Wavenumber (cm™)
Figure 5.8 (a) Mid-IR transmittance spectra of AIN/Si and Au-AIN/Si samples grown in vacuum,
inset is the illustration of optical path through the sample. (b) Transmittance spectra in the near-

IR range of Au-AlN/sapphire and Ag-AlN/sapphire, AIN spectrum is applied as baseline. Note
that the transmittance is taken from ratio of p-pol intensity/s-pol intensity.
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The mid-IR spectra were collected for films grown on (111) Si substrates due to the wide
transparency range of Si (1.2 um ~ 15 pum). Transmittance spectra of AIN/Si and Au-AIN/Si
samples are shown in Figure 5.8 (a). The strong dip at ~ 733.31 cm™ is assigned to E1 (TO) mode
of AIN (active phonon mode), and a wider dip at 906.88 cm™ (AIN/Si) and 888.56 (Au-AIN/Si)
corresponds to the A1 (LO) mode of AIN, namely the longitudinal optic phonons.?°l Note that a
minor shift (~18 cm™) is related to the Au addition. A weak dip at ~ 819.61 cm™ corresponding to
E1 (LO) mode is caused by cubic-AIN phase, and another defect at ~ 1106 cm™ belongs to a very
thin amorphous SiOz layer on (111) Si substrate. Next, the spectra at near IR were collected of
films grown on c-cut sapphire. In this regime, we are more interested to observe any signatures
from the plasmonic counterparts. Therefore, the pure AIN spectrum is applied as background for
the Au-AIN and Ag-AIN nanocomposite films. Figure 5.8 (b) shows the spectra after baseline
correction, where a pronounced transmission window is observed, with peak positions at 2692.18
cm? for Au, and 2202.34 cm™ for Ag. The sharper resonance of Ag is possibly due to a more
confined geometry (nano-disks) as compared to relatively dispersed Au nanostructures. This
infrared transmission window is correlated with accumulative scattering effect and/or the higher
order surface plasmon polaritons (SPP) modes from the dispersed Au (Ag) nanoinclusions.?!
Such unique properties demonstrate tuneable IR resonance, and can be further explored for

potential sensing applications.

5.4 Conclusion

In this work, a two-phase plasmonic metamaterial system of metal-AIN with plasmonic Au
and Ag nanoinclusions have been demonstrated. Different nanoscale morphologies including
dendritic-like Au and disk-like Ag have been formed under high vacuum growth, while under Nz,
uniform nanoparticles are self-organized in AIN. Based on the hybrid film geometries, optical
spectra, coupled with electrical transport (R-T) measurements, demonstrate effective bandgap
tuning, a change of electronic states, as well as enhanced absorption attributed to plasmonic color-
centers. The two-phase nanocomposites exhibit obvious optical anisotropy in terms of effective
dielectric constants, while maintaining their semiconductor nature. We further tested the IR
transmission property and identified the (LO), (TO) AIN signature peaks (dips) in both pure AIN
and Au-AlIN films. In addition, plasmonic inclusions enable a broad transmission window in the

mid IR range of the nanocomposites. This initial demonstration of plasmonic nanoinclusions in
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I11-V nitrides presents a unique platform for designing metal-semiconductor metamaterials for

optoelectronics and all optical-based integrated circuits on sapphire or Si substrates.

5.5 Additional Information

Fourier transform infrared spectroscopy (FTIR) spectra were measured (using a Nicolet
8700 FT-IR Spectrometer, Fisher Scientific) at room temperature, with an input polarizer fixed at
either 0° (p-pol) or 90° (s-pol). High sensitivity mercury cadmium telluride (MCT) detector and
Indium Antimonide (InSb) detector were used for mid-IR and near-IR range, respectively. The
FTIR samples were prepared by mechanical polishing with sample mounted on a 45° sample

holder for wedge angle.
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6. THREE-DIMENSIONAL TRILAYER HYBRID METAMATERIALS WITH
TUNABLE GOLD NANOSTRUCTURES AND OPTICAL PROPERTIES?®

6.1 Overview

Engineering plasmonic nanostructures from three dimensions is very attractive towards
controllable and tunable nanophotonic components and devices. Here, complex trilayer Au-based
heterostructures composed of a dielectric spacer sandwiched by two hybrid Au-TiN
nanoplasmonic claddings, are offering a broad range of structural and property tunability. As the
spacer changes from a pure insulating BaTiOs to a semi-conductive Au-BaTiOgs, the dimension of
the vertically aligned Au nanorod arrays are tailored. Such variation on the dimension of the Au
nanostructures is attributed to the surface energy and strain evolved in the spacer layer. Optical
properties and the change of surface plasmon resonances are demonstrated by the transmittance
and specular reflectance. Numerical simulations suggest a gap plasmon induced field enhancement,
where the field distribution is strongly affected by the tailored Au nanorods as either separated or
channeled. The retrieved uniaxial dielectric tensors suggest a tunable hyperbolic property which
is affected by the difference in spacer geometries. The complex 3D hybrid plasmonic
heterostructures present potential design opportunities in tunable metamaterials towards light

harvesting, sensing and nanophotonic devices.

6.2 Introduction

Artificially patterned plasmonic morphologies present enormous opportunities in
controlling light-matter interactions and tunable optical properties beyond natural materials.: 133
135, 1451 Such nanostructures as metamaterials can be implemented for next-generation
nanophotonic devices yielding effective light trapping, electro-optical modulators and ultrafast
switching,[t8 26, 125, 172, 212-215] aking advantages of fundamental localized surface plasmon
resonance (LSPR) and the surface enhanced Raman scattering (SERS) effects. While with
significant progress being demonstrated in the field, there are still challenges that have hindered

their practical applications.[** These include building the metasurface into three-dimensions, or

§ This chapter is reprinted with permission from “Three-dimensional hybrid heterostructure with tunable Au nanorods
and optical properties” by X. Wang, et al., under review.

147



incorporating multiple material components with reduced losses. The ultimate solutions rely on
developing better fabrication methods and a wise choice of materials.

Hyperbolic metamaterial (HMM) is defined as extreme anisotropic media by hybridizing
metals and dielectrics in nanoscale.l*” 1 2161 Two representative geometries, wire HMM and
multilayer HMM have been demonstrated, offering a wide choice of material combinations and
geometrical tunabilities.B 49501 Specifically, metallic phase itself covers a wide range of
resonance frequencies from ultraviolet to near-infrared.[®* 217-2181 However, the availability of
dielectric component depends on specific geometry and fabrication methods. Wire HMMs
produced by anodized alumina template provide an easy approach to achieve hybridized media
with ordered vertical nanowire arrays in dielectric Al2Os. On the other hand, multilayer HMM is
easier to grow. Dielectrics such as nitrides, carbides and fluorides can be achieved.?*®! Adding
structural complexity provided by lithography and patterning brings additional functionalities and
novel phenomena including enhanced anisotropy, negative refraction, stronger nonlinearity and
spontaneous emission. For example, e-beam or ion-beam patterning on top of the multilayer HMM
creates a unique “fishnet” nanostructure, which has been demonstrated as negative refraction
metamaterial (NIM) achievable in multiple material systems.[*® 521 Another approach is to modify
the structure by replacing metals with low-loss plasmonic candidates such as graphene, doped
oxides or transition metal nitrides.[% 104 114]

Different from the abovementioned top-down approaches, bottom-up deposition
techniques provide alternative approaches in realizing epitaxial heterostructures, with extra
benefits such as large-scale surface coverage, flexible control of layer thickness, and easy-access
to on-chip integration.[®*! For example, pulsed laser deposition (PLD) has been used to grow oxide-
metal vertically aligned nanocomposite (VAN) films with metallic plasmonic
nanorods/nanopillars embedded in a matrix phase.® % 21°1 Sych platform provides unique design
flexibilities including the layer thickness, the aspect ratio, tilting angles, packing density of
nanorods, as well as a broad range of material candidates (i.e. metal, oxides, nitrides).[® 61-62.81]
Recent demonstrations have shown its early success in building complex geometries in 3D.[?20

Coupling the multilayer HMM and the VAN geometries, in this study, trilayer hybrid
heterostructures with 3D complex geometrical designs and tailorable optical properties are
proposed. As illustrated in Figure 6.1, the trilayer structures are composed of a hybrid Au-TiN

VAN as thin metallic claddings, and a dielectric spacer in two forms, i.e., pure BTO (BaTiOs) (left
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panel) or hybrid Au-BTO VAN (right panel). Previous works have demonstrated the low-loss
plasmonic properties of Au-TiN VAN as a robust hybrid platform beyond pure Au, and the tunable
Au dimension by controlling deposition parameters.t®> 2211 Here, BTO is selected as the dielectric
oxide because of its structural compatibility and unique functionalities, such as: 1) desirable
insulating property to enable a gap plasmon induced field enhancement,*36: 2222241 2 staple
stoichiometry to accommodate the growth with nitride-metal under reduced O2 pressure, 3) close
lattice match with Au and can be co-grown as VAN structure.[6: 2211 By adjusting the 20-nm
dielectric spacer from pure BTO to the hybrid Au-BTO VAN, tailorable Au nanorod dimensions
are expected and the growth mechanisms in both cases are compared and discussed. Thorough
optical property characterizations including plasmonic, complex dielectric function and optical
anisotropy are measured and compared for both cases to evaluate the effectiveness of the 3D

metamaterial designs.

Metal - Nitride Metal - Nitride

4 e
Oxide Metal - Oxide
4 &

Metal - Nitride Metal - Nitride

Figure 6.1 Illustrations of the trilayer film composed of metal-nitride nanocomposite claddings
with a pure oxide spacer (left) and a metal-oxide nanocomposite spacer (right). Color represents
different material, red: Au, yellow: TiN, blue: BaTiO3, grey: MgO.

6.3 Results and Discussion

Two sets of trilayer films were deposited for investigation, including (1) Au-TiN/BTO/Au-
TiN and (2) Au-TiN/Au-BTO/Au-TiN on single-crystalline MgO. X-ray diffraction (XRD) 8-26
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scans collected from a large surface area are shown in Figure 6.2 (a-1,b-1), where the films all
exhibit high epitaxial quality. The Au (002) and BTO (002) peaks are well coupled and not
discernible at 44.70°, their bulk lattice parameters indicate a merely 1.012% out-of-plane strain.
However, the interface between TiN (002) and BTO (002) is highly strained with a lattice
mismatch of 5.077%. Phi (¢) scan at (220) plane (Figure 6.3) suggests a four-fold symmetry of

the trilayer stack without in-plane rotations.
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Figure 6.2 Left: Au-TiN/BTO/Au-TiN film grown on MgO. (a-1) XRD 6-26 scan. (a-2) SAED
patterns at <001> zone axis, (a-3) cross-sectional STEM micrograph and (a-4) corresponding
EDX mapping, Au: red, Ti: green, Mg: cyan. Plan-view (a-5) STEM and (a-6) EDX mapping of
Au and Ti. Right: Au-TiN/Au-BTO/Au-TiN film grown on MgO. (b-1) XRD 6-28 scan. (b-2)
SAED patterns at <001> zone axis. (b-3) Cross-sectional STEM micrograph and (b-4) EDX
mapping. Plan-view (b-5) STEM image and (b-6) EDX mapping of Au and Ti.

The scanning transmission electron microscopy (STEM) micrographs revealing the 3D
morphology of the samples are displayed in the bottom pane of Figure 6.2. Trilayer film composed

of Au-TiN cladding with pure BTO spacer and Au-BTO spacer grown on MgO crystals are
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displayed in the left and right panel, respectively. For the Au-TiN/BTO/Au-TiN stack, selected
area electron diffraction (SAED) patterns from <001> zone axis in Figure 6.2 (a-2) indicate high
epitaxial quality of a cubic structure with four-fold symmetry. The cross-sectional STEM
micrograph and energy-dispersive X-ray spectroscopy (EDX) mapping are displayed in Figure 6.2
(a-3,4), respectively. Distinct boundaries at Au/TiN, TiN/BTO and TiN/MgO interface are
identified, with vertically aligned Au nanopillar arrays well-distributed in the TiN matrix.
Interestingly, the dimension of Au nanopillar is much wider in the bottom cladding than that in the
top cladding layer, as marked by the yellow arrows in Figure 6.2 (a-3). Such widening effect was
further explored by gradually stacking the film into five layers, as shown in Figure 6.4. From
previous demonstrations,® the diameter of Au nanopillar was mostly limited to a maximum of 8
nm in a single-layer Au-TiN film. Here, the diameter has been successfully tailored to 20 nm when
a dielectric spacer is introduced in between the Au-TiN cladding layers. The plan-view STEM
micrograph coupled with EDX mapping are shown in Figure 6.2 (a-5,6). As marked by the yellow
arrows, two sets of Au nanopillar arrays with diameter of 5 nm (bottom cladding) and 10 nm (top

cladding) are observed, respectively.
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Figure 6.3 (a,b) XRD ¢ scan at (220) plane of Au-TiN/BTO/Au-TiN film grown on MgO
substrate. XRD 0-26 scan of (¢) Au-TiN/thick BTO/Au-TiN film grown on Si substrate, and (d)
Au-TiN/thick Au-BTO/Au-TIN film grown on Si substrate.
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Figure 6.4 Cross-sectional STEM micrographs of (a) four-layer stack and (b) five-layer stack.
(c,d) Corresponding cross-sectional EDX mapping. The Au nanopillar array in the hybrid Au-
TiN cladding shows a gradual increase from 5 nm (1st layer) to approximately 20 nm (5" layer),
as marked by the yellow arrows.

On the right panel, the Au-TiN/Au-BTO/Au-TiN trilayer also exhibits high epitaxial
quality as seen from the sharp SAED patterns in Figure 6.2 (b-2). The Au nanopillar in BTO matrix
owns an average diameter of 20 nm (yellow arrows), which is much wider than Au grown in TiN
matrix. However, the diameter at top cladding remains unaffected and maintained consistently at
5 nm as confirmed by the cross-sectional STEM micrograph and EDX mapping in Figure 6.2 (b-
3,4). The corresponding plan-view images shown in Figure 6.2 (b-5,6) also confirm the existence
of the two sets of Au nanopillars, i.e., one set of 5 nm ones being uniformly distributed in the
claddings, and another set of 20 nm ones with a hexagonal-like periodicity (marked by dashed
lines).

To understand the mechanism of the tunable Au dimension, the plan-view images of the
Au-TiN/Au-BTO/Au-TiN trilayer were further explored. According to Figure 6.5 (a,b), each large
Au nanopillar in the spacer layer was found to be adjacent to an average of four smaller ones in
the claddings. It is attributed to that Au adatoms at the top layer nucleate preferably close to
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themselves with lower surface energy and better adatom nucleation. Figure 6.5 (c) shows the high-
resolution STEM micrograph specifically at the Au/BTO boundary. Atomic sharp stacking of Au
{002} is visualized, matching well with the surrounding BTO matrix. Such a desired matching

condition is confirmed by the Fast Fourier Transform (FFT) processed images in Figure 6.5 (d,e),
showing the atomic stacking along [100] and [010] respectively. Except a half-plane %d(loo)

shifting (shaded red box), the interface between Au and BTO is nearly coherent without obvious

misfit dislocations. An atomic model (Figure 6.5f) is generated based on the area marked by the

|

yellow box Figure 6.5(c).
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Figure 6.5 Plan-view high resolution microstructure of trilayer with Au-BTO spacer. (a,b) STEM
micrographs at Au interface. Scale bar represents 5 nm. (c) High-resolution plan-view STEM
image. IFFT filtered images along (d) [100] and (e) [010] directions. (f) Atomic model built at

AU/BTO interface corresponding to the yellow box of (c).
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Overall, the two different spacers result in the geometrical variation of the trilayer
nanostructures, which can be attributed to the different surface energy and strain energy of the two
different spacers. Figure S3 presents the EDX mapping and 2D schematics for the two cases with
either the pure BTO spacer or the Au-BTO spacer. For the pure BTO spacer case, it is noted that
the Au nanorod dimension from the first to the third layer is nearly doubled (i.e. d, 2d,
approximately). The tailored Au dimensions can be attributed to the inherit variations of surface
energies and lattice mismatch strain between the first Au-TiN layer nucleate on MgO and the
second Au-TiN layer nucleate on BTO. For the Au-BTO spacer, the Au nanorod in the spacer
layer is about 4 times of the Au nanorod in the Au-TiN layers. Besides a desired lattice matching,
this broadening effect is attributed to the lower surface energy of BTO phase presents a 2D growth
mode that limits the Au nucleation sites and allow the agglomeration. It is interesting to note that
when Au-TiN nucleate on top of Au-BTO, the size of Au is comparable to the first cladding layer.
This is because both Au and TiN favor to rest on Au (more metallic) instead of BTO due to the
minimization of surface energy, which results in a competitive growth that narrows down the
nucleus size. In addition, the different interface energy and strain energy also play a role in
affecting the overall morphology of the Au nanorods. The Au nanorods in TiN matrix are very
straight while the Au in BTO are more faceted and curved.

Taking advantage of the tailored Au nanorod arrays, the as-deposited trilayer films were
expected to show tunable plasmonic properties. Numerical simulations based on COMSOL Wave
Optics Module were performed to predict the optical performance. Figure 6.7 displays the
unpolarized optical spectra (0° incidence) and the electric field distribution for Au-TiN/BTO/Au-
TiN (Figure 6.7a) and Au-TiN/Au-BTO/Au-TiN (Figure 6.7b) trilayer, respectively. The accuracy
of the simulation was confirmed by comparing with the measured transmittance (T) spectra shown
in Figure 6.7(c,d). Three wavelengths (400 nm, 600 nm and 800 nm) were selected to retrieve the
2D electric field maps, where each set of maps is displayed at same intensity scale (a-1 and b-1).
As a comparison, both films exhibit the strongest field intensity at 600 nm dominated by the
excitation of the LSPR mode of Au nanorods at Au/BTO interface. However, the overall field
intensity is much higher at the Au-BTO/Au-BTO/Au-TIN trilayer, where the field enhancement
becomes highly confined at the vertical boundary of Au in the 20 nm dielectric spacer due to the
strong LSP mode at the Au/BTO interface.??] It is also inferred that the strong surface plasmon

mode of Au-TiN claddings allows an intense field enhancement at the spacer layer, such field
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excitation provides valuable insights to the study of spontaneous emission and sensing

applications.[226]

d
MgO substrate

(b) =d

(e) On MgO

Figure 6.6 (a,b) EDX mapping of Au, d is the diameter of nanopillars, d =5 nm. (c,d) 2D
illustrations of the two trilayer films. 3D illustration of the Au nucleation on (e) MgO substrate,
on (f) strained BTO layer and on (g) strained Au-BTO layer. Colors represent different adatoms.

TiN: yellow, Au: red, BTO: blue, MgO: grey.
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Figure 6.7 Simulated transmittance spectrum of Au-TiN/BTO/Au-TiN film. (a-1) 2D electric-
field maps at 400 nm, 600 nm and 800 nm. (b) Simulated transmittance spectrum of Au-TiN/Au-
BTO/Au-TiN film and (b-1) corresponding 2D E-field maps. (c,d) Measured transmittance
spectrum of two trilayer films.

Next, polarized light reflectance (R) at incident angles ranging from 55° to 75° were
collected. Figure 6.8 displays two sets of measurements (solid lines) coupled with corresponding
fitted spectra (dashed lines) retrieved from a uniaxial model. Original ellipsometry measured and
fitted amplitude W and phase difference A values are displayed in Figure S6.9. Retrieving
dielectric function of single-layer VAN such as Au-BTO has been previously reported using
effective medium theory,[® 2271 here, in order to compare the overall optical properties of the
complex heterostructures, the optical model is simplified where the trilayer stack is treated as one
homogeneous layer. Accordingly, any 2" or 3" order oscillations from the embedded interfaces
are neglected accordingly. From Figure 6.8, the model exhibits a reasonable match in general, the
small variances observed at s-polarized reflectance are potentially caused by internal reflections
or scattering. The overall reflectance intensity and the trend are comparable between two different
trilayer samples. The dip at around 490 nm represent the strong surface plasmon resonance (SPR)

caused by the plasmonic TiN surface, while small variations or oscillations as marked by the red
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arrows close to 600 nm correspond to the LSPs of Au nanorods with different geometry. These
features are comparable to those observed in transmittance spectra as shown in Figure 6.7. The
overall reflectance intensity of s-polarization (Figure 6.8b,e) is higher than that of the p-
polarization (c,f), owing to a more significant in-plane light interaction. The p-polarization shows
a change of reflectance at high angles (75°) which is potentially driven by a hyperbolic nature of
the trilayer with alternative metallic and dielectric components.[??l

Further, the dielectric constants in ordinary (¢** = €¥¥ = £°) and extra-ordinary (e%* = £°°)
directions are retrieved and shown in Figure 6.9. While both films exhibit similar losses from their
imaginary part (g,), the separation between the two orthogonal tensors of real part (e;) indicates
strong optical anisotropy in both trilayer films, where the in-plane behaves more metallic (€ < 0)
and out-of-plane behaves more dielectric (¢5° > 0). As marked by grey arrows in Figure 6.9(a,b),
the ordinary terms of real part (¢; ) exhibit a change of epsilon near zero (ENZ) point from 670
nm for Au-TiN/BTO/Au-TiN film to 787 nm for Au-TiN/Au-BTO/Au-TiN film, potentially owing
to the variances of charge carrier concentration and the electric field distribution. Such tuning of
ENZ property can be utilized potentially for direct SPP excitation towards enhanced plasmonic
sensing, magneto-optical coupling, optical switching, etc.[?2%-231 As a result, hyperbolic dispersion
of type 1l (€9 <0, €f° > 0) is generated in both trilayer films, their k-space hyperboloid
topologies at selected wavelength (1 um) are different as indicated by the inset images in Figure
6.9 (a,c). Previous studies of Au-BTO VANSs have demonstrated a type | hyperbolic property with
strong dispersion variations at vertical interface. Here, the planar interface is playing a dominant
role such that the overall trend of hyperbolic property follows common metal-insulator-metal
(MIM) hyperbolic metamaterials. 22!
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Figure 6.8 (a,d) Schematic illustrations on the real samples and models applied for data fitting of
two trilayer films. (b) S-polarized and (c) p-polarized angular dependent reflectance, measured
(solid lines) and fitted spectra (dashed lines) for trilayer film with BTO spacer. (b) S-polarized

and (c) p-polarized angular dependent reflectance, measured (solid lines) and fitted spectra
(dashed lines) for the trilayer film with Au-BTO spacer.
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Aside from the geometrical tuning, the thin film technique offers additional benefits
including flexibility of interlayer thickness and the on-chip fabrication and integration. As a
demonstration, trilayer films with thick spacer layers (60 nm) were successfully deposited on (001)
Si substrates with epitaxial film quality and very similar Au nanorod geometries (Figure S6.11) as
those on MgO substrates. Corresponding optical properties of these thicker trilayers are shown in
Figure S6.12. Potential applications using these 3D hybrid metamaterials for Si-based photonic
devices are worth to explore in future studies. 5% 23223 Here, the hybrid Au-TiN as cladding is
unique in terms of its highly durable plasmonic property and geometrical tunability as reported by

related studies.[6% 102 234-235]

Figure 6.11 (a) Cross-sectional STEM mlcrograph of Au-TiN/BTO/Au-TiN film grown on Si
(001), (b) HRTEM image of the top cladding. (c) SAED patterns corresponding to a large sample
area. (d) Cross-sectional STEM micrograph and (e) HRTEM image at BTO/Au interface. (f,g)
EDX mapping.
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Figure 6.12 (a,b) P- and s-polarized reflectance spectra of Au-

film measured at four (45° to 75° with 10° interval) incident angles.
reflectance of the Au-TiN/thick Au-BTO/Au-TIN film. (e) Multi

transmittance comparing trilayers with thick spacers. The depolarized transmission intensity was
derived from their polarized counterparts with incident beam propagating at 45° and bouncing

multiple times inside the film.

More effective tuning can be realized by specifying spacer layer thickness or impedance,
functional layers towards

incorporating different VAN material platforms or coupling additional

three-dimensional metamaterials.[5% 2381 Potential applications such as direct excitation of the SPP

mode within the nanoscale thin film platform could be of great importance towards building

effective nanosensors which surpass the size and detection limit.[237-238l
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6.4 Conclusion

Unique self-assembled 3D trilayer heterostructures composed of hybrid Au-TiN claddings
and tunable dielectric spacer layers (i.e., pure BTO or Au-BTO) are demonstrated in this study.
The complex 3D stacking geometry offers high freedom of tunability, where the variation of the
Au nanorod diameter (5 nm to 20 nm) is attributed to the effect of surface energy and lattice strain
introduced by the different spacers. Both SPP mode (TiN) and LSPR affected by (Au nanorods)
contribute to the plasmonic resonance at 400 nm to 600 nm. Variations of field distributions are
correlated to the Au nanorods with change of dimensions and interface. When the Au nanorods
are channeled through the spacer, an intense field enhancement is observed at the boundaries
between Au and BTO. The dielectric function of the trilayer as a whole unit exhibits a type Il
hyperbolic property with a tunable in-plane ENZ affected by the designable geometry. The 3D
trilayer heterostructure design in the presented work demonstrates an effective approach to tailor
the geometry of the nanoscale building blocks via surface energy and strain control which can be
adopted in designing complex metamaterial systems for more effective plasmonic sensing devices.
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7. SUMMARY AND OUTLOOK

7.1 Summary

To conclude the key highlights and achievements in this thesis, the metal-nitride
nanocomposites have been explored starting from Au-TiN and Ag-TiN VAN systems, where the
hybrid plasmonic phases have been successfully integrated on MgO, sapphire and Si substrates.
Microstructure characterizations prove the high epitaxial quality, smooth surface coverage, and no
intermixing or interdiffusions of the constituent materials. Interestingly, the nanostructured metal
phase can be tailored by controlling growth parameters. Specifically, the capability of geometrical
tuning has been demonstrated such as the volume fraction, as well as tuning the tilting angle of Ag
nanopillars from 0° to 50°. These tunable two-phase designs play multiplex roles towards
enhanced functionalities. On the one hand, coupling two plasmonic components realize a tuning
of charge carrier density and optical anisotropy as compared to single-phase metallic films.
Embedding metal inside TiN enhances the overall material durability and opens-up possibilities in
coupling other unstable metals with TiN. These hybrid plasmonic thin films with nanopillars
protruded on top can serve as SERS substrates for sensing applications. For example, successful
demonstration using Au-TiN for chemical bonding detection has been achieved. On the other hand,
the tunable features of the nanocomposite films offer additional control of optical properties, in
Chapter 4, tilting of Ag nanopillar realizes a three-dimensional anisotropy as well as angular
selectivity that covers visible to infrared regime. These properties are beneficial if being applied
to high-temperature absorbers or nanoantenna devices.

The last two chapters explore coupling between dissimilar materials beyond metallic in
order to extend dielectric properties beyond metallic. To achieve that, wide-bandgap 111-V AIN is
selected and being coupled with plasmonic metals. Both Au and Ag are grown as inhomogeneous
nanoinclusions due to the drastic structural variation and lattice mismatch. But the hybrid
nanocomposite films exhibit textured growth without intermixing. Moreover, such coupling results
in interesting property tuning including a change of bandgap and carrier concentration, and optical
anisotropy as resolved by dissimilar uniaxial dielectric tensors. This work offers some interesting
design opportunities for tunable semiconductor thin films realized by two-phase coupling scheme

alternative to doping, the structure can be improved to achieve precise control of geometry and
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functionality. Finally, a complex stacking of trilayer is demonstrated using Au-TiN VAN as the
cladding since its growth is more desired to compensate additional coupling with dissimilar
materials. Specifically, BTO and Au-BTO VAN are integrated as the spacer layers in between Au-
TiN VAN claddings, to resolve the structural tunability with and without Au interconnection.
Interestingly, the Au nanostructure can be tailored effectively owing the strain and surface energy
of the spacer, and as a result, a tunable plasmonic resonance and electric field enhancement have
been achieved. Coupling Au-TiN with BTO or Au-BTO can be treated as a complex hyperbolic
metamaterial combining both wire and multilayer configurations. Additionally, if offers benefits

to tune the nanostructure as well as the hyperbolic transitions and degree of anisotropy effectively.

7.2 Outlook

Several key prospects in terms of improving the structure and performance along the path
of investigating two-phase nanocomposite structures are proposed. First, one major challenge
remaining in heterostructure growth is the ordering of the nanopillars. It has become a crucial
factor for developing nanocomposites towards metamaterial applications, since periodic patterning
is the prerequisite for predicting controllable light-matter interactions or manipulation over
wavefront. The advantage of the metal-oxide or metal-nitride nanocomposites lies in deep-
subwavelength scaled features over the entire centimeter range sample area, which is very
challenging to achieve in current lithographic patterning methods. Bottom-up thin film deposition
method is relatively easy to achieve. However, it relies on complex growth mechanisms and the
controlling factors involving kinetics and thermodynamics are rather sophisticated. Some progress
has been made in enhancing the ordering of the VAN nanostructures, including strain control from
three dimensions. For example, specific crystal lattices and symmetries are selected to incorporate
strain at both substrate/film and matrix/pillar interfaces (Figure 7.1), which affect the nucleation
process and ordered growth.[® % In earlier discussions on the Au-TaN/MgO system, the 3.68%
compressive strain at TaN/MgO interface couples with 3.55% tensile strain at Au/MgO interface,
generating an overall strain compensation by distributing Au nanopillars in TaN matrix in an
ordered fashion. Such concept can be utilized for coupling more functional two-phase systems.
Another method is substrate templating, via thermally treating the substrate by annealing and
formation of predefined terraces in order to modify the surface energies, such that the film adatoms
will have some preferences for nucleation.?*1 However, this method could not be applied to a
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wide range of substrate materials. As mentioned in Chapter 1, additional processing such as
lithographic patterning can be combined to pattern the nucleation sites artificially, the trenches can
be considered as defect sites where adatoms are preferably nucleate on top. With a careful growth
process, an ordered growth can be achieved although the whole processing time is expected to

increase.

Single phase film
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Figure 7.1 Schematic of three-dimensional strain coupling of VAN.[

Another future direction is to bridge the gap between nanostructures and functionalities
which requires intensive experimental effort. Understanding self-assembly of the PLD technique
is fundamentally important, within all possible geometries of two-phase assemblies (i.e.,
nanoparticle-in-matrix, nanopillar-in-matrix, multilayer or superlattice), how can one predict exact
output geometry through all possible controlling parameters, and how to tune the structure
effectively by knowing which specific parameter to change are insightful questions to answer. As
most of the functionalities (i.e., magnetic, optical, electrical) will be affected by even tiny changes
the nanostructures, understanding the link or relation between structure and performance is crucial.
In addition, some of the properties, such as coupling effects between electrical and magnetic,
optical and magnetic are still underexplored but are rising their importance in many applications
such as neuromorphic computing, spintronic devices, ultrafast switching, etc. These research
directions offer a plethora of new coupling configurations, and a wide range of material candidates
can be possibly grown using the PLD technique. As proposed, it is possible to apply entirely
ceramic candidates to grow VAN with hyperbolic dispersion, such that instability or ohmic losses
brought by the metallic counterparts can be avoided. Moreover, multi-phase self-assembly of
nanocomposite thin films can be possibly realized beyond two-phase coupling, thus more

functionalities can be achieved via a single designable geometry.
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Lastly, implementing hybrid thin film platform into practical applications and device
integrations is always the goal of the nanocomposite designs. Previous demonstration in utilizing
TiN-Au to detect chemical bonds have proved the promising prospects towards bio-chemical
sensing applications. Moreover, these solid-state thin films are durable for multi-testing and
reusable upon chemical treatment, they are highly resistant to or thermal or laser treatment that are
of great advantageous as compared to the solution-based candidates. In addition, as some of the
hybrid plasmonic films can be grown on Si substrates, future explorations towards Si integration

of nanophotonic chips could be critical for future integrated photonics and electronics.
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