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Abstract

The subject of light-matter interactions is of importance from fundamental science
to technological aspects covering physics, chemistry, materials, electrical and optical
engineering.  Classically, light-matter interactions are the result of an oscillating
electromagnetic (EM) field resonantly interacting with charged particles. Quantum
mechanically, quantized light fields (or photon) couple to quantum states of matter. When
light enters a medium, unlike propagation in a vacuum, its propagation is affected by the
interaction with the material. An EM wave can cause excitation of material if it resonates
with an electronic oscillator (or electric dipole) in the medium. Polaritons are hybrid
quasiparticles formed by the strong coupling of electromagnetic waves to an electric dipole.
Polaritons have the unique property of having a high wavenumber, which allows them to
confine light to subwavelength scales, enabling the imaging and manipulation of nanoscale
objects beyond the diffraction limit of light. They can also enhance absorption and emission
processes in materials, leading to more efficient energy conversion and optoelectronic
devices. Polaritons have been used to achieve room temperature condensation, a
phenomenon in which a macroscopic fraction of particles occupies the same quantum state,
leading to novel quantum fluid behavior. In addition, polaritons can exhibit strong
nonlinear behavior, making them attractive for nonlinear optics applications such as all-

optical switching and signal processing.

In materials, different types of electronic oscillators (or electric dipoles), such as
collectively oscillating free electrons (or plasmons) in metals, electron-hole pairs (or
excitons) in semiconductors, lattice vibrations (phonons) in polar dielectrics, magnons in
magnetic materials, Cooper pair plasmons in superconductors, etc., can interact with light
to form different types of polaritons. The nomenclature of the quasiparticles becomes
'dipole + polariton’, such as plasmon-polariton, phonon-polariton, exciton-polariton, etc.
The energy range of these polaritons depends on the number and mass of the carriers
involved. Depending on the spectral range required, the type of polariton or material can
be chosen. For example, metals (plasmon polaritons) are generally used for visible
applications, polar dielectric materials (phonon polaritons) can be chosen for mid-infrared
applications, and magnetic materials (magnon polaritons) can be chosen for terahertz

applications, etc. In this thesis, we have mainly focused on plasmon and phonon polaritons.
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Polaritons: half-light-half-matter quasiparticle

Among these polaritons, the plasmon polariton (or simply plasmon) is the most popular.
Noble metals such as Ag and Au are the best plasmonic materials due to their low optical
losses. However, there are several limitations with noble metals, such as complementary
metal-oxide-semiconductor (CMOS) incompatibility, difficulty in fabrication and
integration, softness and high cost. In addition, metals typically exhibit high optical losses
in the infrared regime, which includes longer wavelengths beyond the visible range. This
is primarily due to the increased damping caused by various factors such as electron
scattering, electron-electron interactions, and electron-phonon interactions, which result in
the dissipation of energy and reduced plasmonic performance. As a result, noble metals are
not very efficient for several practical applications, especially for high-temperature
applications and infrared nanophotonics. To address these challenges, we have studied
plasmon and phonon polaritons in several refractory transition metals and metal nitrides
from the visible to the infrared. Refractory materials are a class of materials with high
melting temperatures and high hardness. In this thesis, we have also explored the refractory
metal-dielectric metamaterial structures for photonic applications such as bifunctional
optical cavity, extreme anisotropic optical medium (hyperbolic medium), selective and

tunable absorber, etc. This thesis is divided into seven chapters as described below:

Chapter 1 of the thesis provides an overview of polaritons and the fundamental concept of
light-matter interaction. It introduces the basic principles of how light interacts with matter
to produce phenomena such as polaritons. Polaritons are hybrid particles that arise from the
strong coupling between electromagnetic waves and oscillating charges in a material, such
as electrons or lattice vibrations. The chapter highlights the importance of understanding
the properties of polaritons and their interactions with matter in various applications such

as optoelectronic devices, sensing and energy conversion.

Chapter 2 focuses on the plasmonic response of refractory transition metals and metal
nitrides, in particular tantalum (Ta), tungsten (W), molybdenum (Mo), titanium nitride
(TiN), hafnium nitride (HfN) and zirconium nitride (ZrN) thin films. These films are
deposited by magnetron sputtering, a common technique for thin film deposition.
Spectroscopic ellipsometry is used, a powerful optical characterization technique, to
investigate the optical properties of these films and assess their plasmonic response. The
results reported in this chapter show that the transition metal films, and metal nitrides
studied exhibit high quality plasmonic response. Among them, TiN stands out with the

lowest optical loss compared to previously reported films.
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Abstract

In general, metals exhibit high optical losses in the infrared due to intraband transitions,
making them inefficient for infrared plasmonics. Chapter 3 of the thesis introduces
scandium nitride (ScN), a degenerate semiconductor, as an infrared polaritonic material
and demonstrates its ability to exhibit both plasmonic and phonon polariton resonances
through carrier concentration modulation via n-type (oxygen) and p-type (magnesium)
doping. Ellipsometry (for the 0.21 pm to 2.5 um spectral range) and Fourier transform
infrared spectroscopy (FTIR for the 1.1 pm to 100 pm spectral range) are used for optical
characterisation, revealing the potential of ScN for various infrared photonic applications
such as sensing, imaging and energy conversion. This chapter highlights the importance of
carrier concentration engineering in shaping the optical properties of ScN and presents new

opportunities for designing efficient infrared photonic devices on this platform.

Chapter 4 of the thesis explores the infrared polaritonic response of gallium nitride (GaN)
nanostructures. GaN, a well-known I11-V semiconductor, has gained significant attention
for its remarkable properties, including blue light emission in LEDs. In addition, GaN
nanostructures, such as nanorods, nanocolumns, and nanowall-networks, offer advantages
over thin films due to their reduced dislocation density, confinement effects, and large
surface-to-volume ratio. These features enable enhanced light emission, sensing, catalysis,
and other applications. We investigate honeycomb-shaped GaN nanowall networks and
vertically standing nanorods, revealing that morphology plays a crucial role in modifying
the Reststrahlen band and inducing plasmon resonance. Overall, Chapter 4 sheds light on
the influence of morphology on the polaritonic behaviour of GaN nanostructures and
highlights the importance of considering nanostructuring as a means to tailor the optical

properties of materials for infrared photonics.

The next two chapters of the thesis focus on the combined effect of refractory metal and
dielectric based artificial structures, also known as metamaterials, for nanophotonic
applications. In chapter 5, TiN/AlxSc1.xN metal-dielectric-metal (MDM) optical cavities
are investigated and several functionalities are demonstrated. These functionalities include
mimicking orbital coupling in photonic structures, where the cavity modes exhibit
behaviour similar to that of electron orbitals in atoms or molecules. In addition, the
TiN/AlSc1xN MDM cavities are shown to achieve simultaneous light absorption in the
visible and mid-infrared (IR) regions. This can be used for efficient light harvesting and
thermal sensing applications, where the metamaterial can absorb and utilize energy from a

broad spectral range.
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Polaritons: half-light-half-matter quasiparticle

In Chapter 6, TiN/AIxSci1xN superlattices are used to design an extremely anisotropic
optical medium, known as a hyperbolic medium, with highly contrasting dielectric
permittivity along different directions, resulting in unique optical properties. These
hyperbolic metamaterials can be used to control and manipulate the spin states of light,
offering potential for novel spin-based information processing devices such as spin filters,

spin waveguides and spin modulators.

In Chapter 7, the thesis provides a summary of the research and presents future avenues for
work on refractory photonic materials and metamaterials. The research has covered a wide
range of electromagnetic regimes, from visible to long wavelength infrared, and has
explored various functionalities including plasmonics, phononics, optical cavity and
extreme anisotropic hyperbolic medium. The results of the research represent a significant
advance in the development of a nitride materials platform for nanophotonic applications.
Potential applications include solar energy conversion, optical computing, quantum

information processing, bio-photonics and more.
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CHAPTER 1

Introduction

Light as a renewable energy source has immense potential for various applications
such as power generation, telecommunications, healthcare, defense, mobile and computer
displays, among others. It covers a wide range of the electromagnetic spectrum, including
visible light as well as gamma rays, X-rays, microwaves and radio waves. Advanced
techniques are used to precisely manipulate light using specialized materials, often at the
nanoscale, thousands of times smaller than a human hair. Materials research has always
been crucial in enabling new scientific concepts in next-generation technologies and the

development of industries, including the Industrial Revolution.

The World Economic Forum divides the evolution of industry into four major milestones.
The first industrial revolution took place in the late 18" century with the invention of steam
engines and water turbines, which marked the transition from hand production methods to
machines. The second industrial revolution, also known as the technological revolution,
occurred in the 19" century with the invention of electricity and the establishment of
extensive railway and telegraph networks, enabling faster transport and communication.
The third industrial revolution, known as the digital revolution, began in the late 20"
century with the widespread use of computers and the advent of fiber-optic
communications. We are currently experiencing the fourth generation of the industrial
revolution, known as the information technology era. This revolution is characterized by
advances in cloud computing, artificial intelligence, social networking, and other
technological innovations. Information technology has played a significant role in making
the global pandemic more manageable through virtual meetings, cloud conferencing,
distance learning, online entertainment, and other digital solutions. The impact of
information technology has been far-reaching, transforming various aspects of society and
industries. It has revolutionized communications, business operations, education,
healthcare, entertainment and much more. The ability to connect globally in real time,
access vast amounts of data and harness artificial intelligence has reshaped the way we live

and work.

5|Page




Polaritons: half-light-half-matter quasiparticle
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Figure 1.1 Schematic diagram of the evolution of industry along with the materials. New materials
enable the new scientific concept and further into next-generation technology and the industrial revolution.
Conventionally, the industry revolution can be divided into four major leaps. The first industrial revolution:
steam. The second industrial revolution: electricity. The third industrial revolution: digital / computing. The

fourth industrial revolution: connectivity / artificial intelligence.

From the iron age to the silicone age, industry evolved from 1% generation to 4™ generation
(see Figure 1.1). However, each generation of technology has a certain saturation level of
performance. To outperform the existing technology, a novel concept or methodology is
required. In the industrial revolution, material research plays an important role by enabling
new scientific concepts into next-generation technology. For example, if we look at our
present technology, semiconductor technologies and optical communication are ubiquitous
and have revolutionized our information technology-based society. The volume of
information processing and data storage have risen exponentially, mainly because of the
scaling down of the size of semiconductor electronic components, and transistor counts
have increased generally following Moore's law!. In semiconductor manufacturing, scaling
of the electronic component from 10 um (in 1971) to 3 nm (in 2022) semiconductor process
technology is commercially reached to increase volume density. For continuous demand
for more energy- efficient and faster devices, further scaling will face many substantial
difficulties such as increased process variability, lower yield, increasing costs, high heat

dissipation and power consumption.
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Chapter 1: Introduction

In photonic devices, on the other hand, the carrier is an electromagnetic (EM) wave (or
light), and it is well known that nothing can travel faster than light. But the size of optical
devices, including optical fibers, is typically larger than electronic devices because of the
nature of light and the physical properties of materials used in optics. The wavelength of
light used in optical communication is typically in the range of 1300-1550 nanometers,
which is much larger than the size of electronic components such as transistors and
integrated circuits. As a result, the components used in optical devices, including fibers,
lenses, and detectors, need to be physically larger than their electronic counterparts to
interact with the light. So, for the next generation of technology, we need a carrier that can
have the speed of light and the dimension of electrons. Polaritons are half-light half-matter

quasiparticles, that have the potential to overcome the limitations of existing technology.

1.1 Polaritons: half-light-half-matter quasiparticle

Polaritons are hybrid quasiparticles formed by the strong coupling of electromagnetic
waves to an electric dipole. Polaritons are essential for subwavelength light confinement,
enhancing absorption and emission; enabling room temperature condensation and strong
nonlinearity.> In materials, different types of dipoles (see Figure 1.2) such as the
collectively oscillating free electron (or plasmon) in metals, electron—hole pair (or exciton)
in a semiconductor, lattice vibration (phonon) in polar dielectric materials, magnon in
antiferromagnetic and ferromagnetic resonances, Cooper pair plasmon in superconductors,
etc.; can interact with light to form different types of polaritons.® The nomenclature of the
quasiparticles become ‘dipole + polariton’ such as plasmon polariton, phonon polariton,
etc. The energy of these polaritons depends on the number and mass of the carriers
involved. For example, an electron has a lower mass than the atom, consequently, plasmons
are found in a higher energy range than the phonon-polariton (w o 1/m) as shown in
Figure 1.3. In ‘Polariton panorama’3, 70 types of polaritons are discussed. In my thesis, |

have focused mainly on plasmon and phonon polaritons.
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Polaritons: half-light-half-matter quasiparticle

Polaritons: half-light-half-matter quasiparticle.
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Figure 1.2 Types of polaritons. In material, several types of electronic oscillators or dipoles can interact
with light to form polaritons. For example- plasmon in metals, phonon in dielectrics, exciton in
semiconductors, cooper pair in superconductors, magnon in magnetic materials and more (there are 70 types
of polaritons are discussed in ‘Polariton Panorama’®), can interact with light to form various types of

polaritons.
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Figure 1.3 The energy scale of various types of polaritons. In general, exciton and plasmon polaritons lie
in the ultraviolet to the near-infrared electromagnetic spectrum, depending on the materials. Phonon
polaritons lie in the mid-to-long wavelength infrared region, while spin-wave-polaritons lie in the far infrared.
Cooper-pair-polariton lies in the terahertz range. One can choose the material for various polaritons according

to the requirement.

The field of polaritonics has received significant attention recently, although some of the
polaritons have been known for decades. For example, in the ancient Roman era, the
Lycurgus cup showed vibrant colors due to optical plasmonic resonances induced in the

metal nanoparticles embedded in glass (see Figure 1.4). In the 19" century, Michael
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Faraday systematically studied the synthesis and optical response of colloidal gold. But
researchers could not identify their underlying color-controlling surface plasmonic
principles until the 1950s. Research on plasmonics was boosted in the mid-1970s when
surface-enhanced Raman scattering was discovered.* When light interacts with free
electrons in metals, consequently, a surface wave of charge density propagates on the
metal’s surface. This surface wave is hamed as surface plasmon wave that enabled light
confinement below the diffraction limit. Light can strongly couple with the metals via
surface plasmon, and it has two important consequences: first, light can be confined below
the diffraction limit, and second, the local electromagnetic field enhances by many orders
of magnitudes due to the presence of plasmon excitation. However, in recent years,
plasmonic materials have become essential®® for subwavelength imaging, plasmon-
induced hot carrier’, electro-thermo-plasmonic nanotweezers®, efficient absorbers®, hot-
electron generation’®, nanoparticle trapping'*!2, photocatalysis*®>, and solar-

thermophotovoltaics***°,

Figure 1.4 Ancient Roman Lycurgus cup. It appears green in reflected light while red in transmitted light.

These glasses are mixed with gold nanoparticles (typically 10-100 nm in size).1®

1.2 Light propagation in matter

From a classical point of view, light is an electromagnetic wave. Inside a homogeneous and
linear medium, the propagation of light can be described by the Maxwell equations (for the

regions where there is no free charge or free current)?’

E=0, Vsz—Z—f,
i (1.1)
B=0, VxXB=eul,

9|Page




Light propagation in matter

where E and B are electric and magnetic field, respectively. Light propagates through the
medium with a speed v, which depends on the medium’s dielectric permittivity (¢) and

permeability (u) as follow:
= (1.2)
Where n is the refractive index

n= |2£ (1.3)

EoMo

Here &, and p, are the permittivity and permeability for free space. For most materials, u
is very close to uy, SO n = 4/, ; & is the relative permittivity. Practically, when light
passes through any medium, some part of it will always be absorbed. It is also referred as

optical loss of medium and defined as complex refractive index ().
A=n+ixk (1.4)

Here n is related to the phase velocity (c/v) and x is the extinction coefficient related to the
absorption coefficient. The complex refractive index can be inserted in the complex

wavenumber (k = 7fiw/c), consequently, the expression of the wave becomes

E = EgethT = Epe' e = f o™ x e " (1.5)

This expression is oscillatory along with a damping term which arise from the imaginary
part of the refractive index. The real, n, and imaginary, «, parts of the complex refractive
index are not independent to each other while related through the Kramers—Kronig
relations. Since the complex refractive index (7) is also related to the complex dielectric

permittivity (& = & + ie,), the imaginary part is related to the optical loss of the medium.

When light passes from one medium, a, to another medium, b, its reflection and

transmission depend on the following boundary conditions

. Ex = & Ej E} = E) w6
1 1 .
By = By By =By

By solving these boundary conditions, one can find the relation for the reflection and

transmission of light, also known as the Fresnel’s equations.
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Figure 1.5 Fresnel coefficients for s and p polarized light. Schematic representation of the incident,
reflected, and transmitted light at the boundary between two materials with permittivity &, and ¢, for both

the s and p-polarizations, in terms of their corresponding Fresnel coefficients.

The Fresnel coefficients (, 13, ts, t,,) describe reflection (R) and transmission (T') intensity

of polarized light (s or p) (see Figure 1.5) as the following equation

__ ngcosfi—np cos; (1 7)

T-
S ngcos@+ny cosf,

__ Nng cosOr—ny cosb; (1 8)
P ™ ngcosOi+ny cosh; )

2ng cosO;
t, = 1.9
S ng cos8;+ny cosb; (1.9)

- 21ng cosB; (1.10)

p Ng cosOi+ny cosh;

Since the reflected and incident light propagate in the same medium. So, reflection intensity

o
Loset |¢]2. The complex
i

can be written as R = |r|? , while transmission intensity T = —
a

refractive indices of the incident material (n,) and the reflective material (n,;) together
with the incident angle 6; are used to calculate the reflectance for both p- and s-polarized
light.

1.3 Plasmon polariton: light & free electron interaction

When light incidents on a metal, its free electrons oscillate collectively to oppose the
external field. The collective oscillation of the free electrons is called plasmon. The

electromagnetic response of metals is governed by the Drude model*®

e=¢ +ie,=¢, (1 _ ) (1.12)

w?+iyw
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Here &, is the high-frequency dielectric constant, wp and y are the plasma frequency (w, =

2
/% n is carrier concentration, m*is effective mass) and damping factor (describing the
0

scattering and ohmic losses), respectively. Below the plasma frequency (or above the
corresponding wavelength), metals exhibit a negative real permittivity (&;) and the optical
losses (&) that arise from the electronic transitions. Optical loss is a critical factor that
limits the performance of optical devices.

The plasma frequency w,, (or corresponding wavelength 4,) is a crucial parameter in light-
metal interaction (see Figure 1.6):
= For frequencies above w,,, metals behave like dielectrics and allow the propagation
of light (g; > 0).
= For frequencies below w,, electrons can screen the radiation. Therefore, metals do

not allow the penetration of light and display a highly reflective behavior (&; < 0).

a b 100 - L] L] L] L]
b e ___] 0
A> 4, 75
Incident N |
-20
light & 90 )
- (8]
e I @
‘@ .g-0 .0 g % 40
ok Silver (Ag)

" Il i L " [l i 'l _60
200 400 600 800 1000
Wavelength (nm)

Figure 1.6. Interaction of light with a metal. (2) Schematics for the interaction of light with free electrons
in metal (bulk plasmon). (b) Reflection curve of silver along with its real part of dielectric permittivity.
Beyond 330 nm, Ag is highly reflective, and the real part of permittivity turns from positive-to-negative, this
crossover wavelength is known as plasma wavelength (Ap) and the corresponding frequency is plasma

frequency.

Once the plasmonic regime (g; < 0) is identified, one can excite the surface plasmon
polariton (SPP) modes. Surface plasmon polaritons are evanescent electromagnetic wave
excitations, propagating at the interface between a dielectric and a metal. These surface
modes arise due to the coupling of the electric field to the metal’s oscillating electron
plasma. However, the surface modes cannot be excited directly on metal surfaces with light

due to the momentum mismatch between free-space light and polaritons. Surface polariton
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modes can be achieved by coupling light to the conducting medium through a high-index
prism (Kretschmann configuration is very common), or by introducing higher momentum
through grating coupling, or through the fabrication of the nanostructure of the polaritonic
medium (see Figure 1.7). In general, two types of surface waves are observed, first,
propagating surface polariton wave at metal/dielectric interface, and second, localized
surface wave in nanostructures. By exciting these surface modes, one can manipulate the

light in a very small dimension (below the diffraction limit).

b

Electric
Field

Incident light

%(E,Mfield) (3
n } } Metal -

Propagating surface plasmon Localized surface plasmaon

Metal nanosphere

Electron cloud

Figure 1.7 Schematics for the two types of surface-plasmon-resonances. (a) propagating surface plasmon
polaritons along the dielectric-metal interface; (b) localized surface plasmons on the surface of a metal

nanoparticles.

The surface plasmon polaritons (SPP) are the p-polarized waves. By solving the Maxwell
equations, one can find the dispersion for the SPP along the surface in terms of the

permittivity of the metal and of the dielectric as®®

_ 2 EMED
korp =2 [22 (1)

where &, = & + i &, isthe dielectric permittivity of metal while e, for dielectric medium.
For SPP mode, it must satisfy ,,ep< 0 0or ), + €5 < 0. In metals, below plasma frequency,

wy, (or above 4,), this condition can be satisfied.

The confinement of plasmon-polaritons can be achieved through various methods
depending on the system and geometry involved.

One common approach is the use of metal-dielectric waveguides to support propagating
surface plasmon-polaritons. Surface plasmon-polaritons (SPPs) are waves that propagate

along the interface between a metal and a dielectric material. The resonance condition &, +
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ep — 0 (the Frohlich condition), where €, and &, are the permittivities of the metal and
dielectric, respectively, indicates that the real parts of the permittivities have equal
magnitudes but opposite signs at the interface.!® This condition allows for the strong
coupling of electromagnetic waves with the collective oscillations of electrons in the metal,
leading to the formation of SPPs that propagate along the metal-dielectric interface in the
subwavelength dimensions.

Another way to confine plasmon-polaritons is to use nanostructures, such as metallic
nanoparticles, nanowires, or nanocavities. These nanostructures can support localized
surface plasmon resonances (LSPRs), which are collective oscillations of electrons
confined to the surface of the nanostructure. LSPRs can trap and confine plasmon-
polaritons, allowing for strong field localization and enhancement in dimensions much
smaller than the wavelength of the incident light. In the case of metal nanoparticles or
spheres, the Frohlich condition is modified to &, + 2¢;, — 0, which can be obtained from
the Mie scattering theory.'® By controlling the size, shape, and material properties of these

nanostructures, the confinement and enhancement of plasmon-polaritons can be tailored.

Figure 1.8 shows the dispersion relation for a silver-vacuum interface as given by Eq.
(1.12). Silver’s dielectric function is described by the Drude model [see Eq. (1.11)] with
the following parameters &,, = 1.5, wp = 9.0 eV and y= 70 meV.? In the figure, there are
two different modes of distinct nature. Above the wg, = w, /m , also called surface
plasmon frequency, it is Brewster mode, which is not bounded at the interface, therefore,
not a surface mode. While below the wgy, it is propagating wave along the interface. Since
the SPP lies below the light cone (k = w/c), light cannot directly excite the surface modes
without special phase-matching techniques. To achieve the phase-matching condition, light
can be allowed to pass through a dielectric (k = nw/c) and excite the surface plasmon

polariton modes.
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Figure 1.8 Dispersion relation of surface plasmon-polaritons in an air-silver interface. We represent the
real and imaginary parts of the dispersion relation of surface plasmons in an air-silver interface, given by
equation 1.8. We use the Drude model to describe the metal, with parameters e, = 1.5, wp =9.0eVandy =
70 meV.2°

SPPs are the propagating evanescent wave where the propagation distance and skin depth
are the important parameters for a metal. The propagation length (L) is defined as the

distance for the SPP intensity to decay by a factor of 1/e.

1
T 2Im(ky)

(1.13)

The plasmon decay length (&) (or skin depth) (where the electric field falls off evanescently

perpendicular to the metal surface) can be calculated as

_2n leq|+ep
5_1/?m7 (1.14)

These parameters are essential for nanophotonic devices. Optical losses limit both the
propagation distance of SPPs and their decay length to the interface. Typically, at optical
frequencies, the propagation length of SPPs is around the order of 10 micrometers and the
decay length is around 25 nm — 50 nm into the metallic region. Apart from that, localized
surface plasmon polariton is another way to confine light in a very small dimension can be

seen in reference 2! in detail.
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1.4 Phonon polariton: light & optical phonon interaction

Typically, metals exhibit a plasma frequency in the UV-visible range, but doping can
extend it to the near and mid-infrared regions. However, metals and doped semiconductors
are not efficient for mid-to-long infrared applications due to high optical losses. Therefore,
for nanophotonic applications in the mid-to-long wavelength infrared range, the phonon
polariton is employed as an alternative to the plasmon-polariton. Phonon polariton arises
from the hybridization of light with lattice vibrations (or optical phonon) in polar dielectric
materials like AIN, SiC, GaN, 2D van der Waals materials, etc.'®2? In these materials, the
polar lattice behaves collectively like a dipole, opposing incident light within a certain
wavelength range, resulting in a spectral region of high reflectivity known as the
Reststrahlen band, between the longitudinal optical (LO) and transverse optical (TO)
phonon modes. The permittivity contributions of optical phonons (LO and TO) can be
expressed as®

epnp = &, 1+ —Lo—oro) (1.15)

wro?-wi-iwy

Here w;o and wy, are the the LO and TO phonon frequencies, respectively, and y is the

damping of the phonons, €., is the background permittivity due to bound charges.
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Figure 1.9 Interaction of light with a polar dielectric. (a) Schematics for interaction of light with ionic
lattice of polar dielectric material. (b) Reflection curve of a polar dielectric material (SiC) along with its real
part of the dielectric permittivity. Polar dielectric material shows high reflectivity between the longitudinal

optical (LO) and transverse optical (TO) phonon frequency, which is referred to as the Reststrahlen band.
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Similar to metals, where light can be confined in subwavelength dimensions by exciting
the surface plasmon polaritons. Polar dielectrics can support the surface phonon polariton
within the residual radiation band. In addition, polar-dielectric materials are often more
efficient in the mid to long IR region because they offer several advantages over metals.
1. One advantage of using polar dielectric materials is that they have lower optical losses
in the infrared compared to metals. Metals often have higher optical losses in the IR due to
their intrinsic properties, which can limit the efficiency and performance of devices that
rely on surface plasmon polaritons (SPPs) for applications such as sensing, imaging or
energy conversion.

2. In general, optical phonons in polar dielectrics have longer lifetimes (~1-100
picoseconds) than free carriers in a metal (~10 femtoseconds). Consequently, SPhPs have
a longer lifetime than SPPs. This longer lifetime of SPhPs can result in longer propagation
lengths and better confinement of light, leading to improved performance in certain

devices.

1.5 Nitride materials

Nanophotonic devices are the artificial heterostructures of metals and dielectrics or
semiconductors that enable various light-matter interaction mechanisms to manipulate
electromagnetic waves. To produce high quality photonic structures (low loss, defect-free,
easy to tune their electronic or optical properties), epitaxial integration of metal and
dielectric or semiconductor is essential. Epitaxial integration of different materials (i.e.,
metal, dielectric and semiconductor) from the same family is easier from a practical point

of view.

The nitride family contains various classes of important materials including metals (TiN,
ZrN, TaN), semiconductors (GaN, InN, ScN), dielectrics (AIN, AIScN), magnetic materials
(Mn4N, GdN, EuN), etc. In addition, most of the nitrides are chemically stable, corrosion-
resistant, mechanically hard, have high melting temperatures, and are refractory in nature.
However, not all the metals in the periodic table form stable nitrides. In figure 1.10, the list
of important metals which form stable nitride is presented along with their important

properties.?*
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Figure 1.10 The elements which form stable nitrides are shown in the periodic table. Color codes indicate

the physical properties or use of elements in the nitride family.

Epitaxial integration of nitride-based metal/dielectric (or semiconductor) heterostructures
enables additional functionalities for various applications such as light-emitting diodes
(LEDs), laser diodes (LDs), thermionic emission-based thermoelectric devices, optical
anisotropic (hyperbolic) medium, solar-energy converters, and photodetectors. So, the
nitride family provide a wide range of different material and give the flexibility to integrate
them. Also, unintentional impurities in nitrides play an important role in their electrical and
optical properties. In this thesis, we have explored the strong light-matter interaction via
plasmon and phonon polariton in nitride-based metals (i.e., transition metal nitrides TiN,
ZrN, HfN), semiconductors (GaN, ScN), dielectrics (AIN, AlxScixN), and their
heterostructures. The detailed experimental and simulation work are discussed in later

chapters.

1.6 Refractory nitrides for nanophotonics:

Nanophotonics is the study and manipulation of light at the nanoscale, involving the
interaction of light with nanostructures such as nanoparticles, nanowires and nanoantennas.
Nanophotonics has revolutionized several fields, including telecommunications, imaging,
sensing and energy harvesting, by enabling novel functionalities previously unattainable
with conventional optics. With the advent of polariton-based nanophotonics, the field has
seen significant advances such as enhanced light-matter interactions, strong confinement
of light, and the ability to tune and manipulate polariton states, leading to new opportunities
in next-generation technologies. Recent research in polariton-based nanophotonics has

witnessed the demonstration of strong coupling in high-Q (quality factor) resonant
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nanostructures, such as microcavities and metasurfaces. These structures allow light to be
confined to subwavelength volumes, leading to the generation of highly localised and
enhanced fields that can be exploited for ultrasensitive sensing, nonlinear optics and
quantum information processing. In addition, the ability to manipulate polariton states by
external stimuli, such as electric and magnetic fields, has opened up new possibilities for

the development of reconfigurable and tunable nanophotonic devices.

Many nanophotonic applications require integration with electronic components for signal
processing, control, and data communication. Refractory nitrides have shown promise for
compatibility with complementary metal-oxide-semiconductor (CMOS) technology, which
is a widely used fabrication process for integrated circuits and semiconductor devices.
CMOS compatibility refers to the ability of a material or process to be integrated into
standard CMOS fabrication processes without significant modifications or adverse effects
on device performance. CMOS-compatible refractory nitrides allow seamless integration
of nanophotonic and electronic components on the same chip, enabling efficient interfacing
and communication between photonic and electronic circuits. This can enable the
development of advanced integrated photonic systems for various applications such as
optical communication networks, sensing systems and quantum photonics. The
combination of CMOS compatibility and desirable optical properties makes refractory
nitrides promising materials for nanophotonic applications, offering the potential for
integration with existing CMOS technology to enable the development of advanced
photonic devices for various applications.
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CHAPTER 2

Plasmon Polariton in Refractory Transition Metals (Ta, W,
Mo) and Nitrides (TiN, HfN, ZrN)

Noble metals such as Ag and Au are the most popular plasmonic materials due to
their low optical losses. But these metals exhibit many limitations such as complementary
metal-oxide-semiconductor (CMQOS) incompatibility, difficulty in fabrication and
integration, softness, high cost, etc. There are other metals, such as transition metals and
transition-metal-nitrides, that can provide advantages in stability, design flexibility,
integration, and tunability over noble metals. The plasmonic response of the metals
strongly depends on the growth conditions and crystal quality. In this chapter, we
demonstrate epitaxial, highly crystalline refractory transition metals (Ta, W, and Mo) and
nitrides (TiN, HfN, and ZrN), which exhibit strong plasmonic response. We have grown
these metals at several growth conditions to improve and optimize their plasmonic
properties. Even in one of the TiN films, the optical losses are found lower than the Au in
most of the visible-to-near-IR spectral range. Materials with better crystal qualities showed

a better plasmonic response.
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2.1 Introduction

Noble metals (Au and Ag) are the excellent plasmonic material?® in the visible to the near-
UV spectral range due to low optical loss. But due to softness?®, low melting temperature
of nanostructures, and CMOS incompatibility, noble metals are not suitable for practical
refractory applications.?”?® Refractory transition metals (RTMs) such as Ta, W, and Mo are
corrosion resistant, mechanically hard, and are actively used for a range of industrial
applications such as in incandescent light bulb filaments, X-ray tubes, gas turbine,
capacitors in electronic industry, and radiation shielding 2°. In addition, RTMs also exhibit
some of the largest melting temperature in materials, Ta (3017°C), W (3422°C), and Mo
(2633°C) and are stable against creep deformation at high temperatures®®. Due to the
metallic nature, RTMs exhibit very low electrical resistivity Ta (135 nQ2-m), W (50 nQ2-m),
and Mo (53 nQ-m) at room temperature?®. Low diffusivities in silicon (Si), also make RTMs
useful for Si-technology, for example, Ta has been used as a diffusion barrier in VLSI
(Very Large Scale Integration) technology for preventing Cu from penetrating into Si¥°.
Smooth patterned nanostructures of RTMs have been shown for a various photonic
applications like absorber®!, thermal emitter®2, photonic crystal®, thermophotovoltaics®®
etc., albeit with not so good material and optical properties.

Traditionally the plasmonic materials that exhibit negative real component of the dielectric
permittivity (¢;) and very small imaginary component of the dielectric permittivity (g,) or
optical losses were regarded as ideal candidates for the demonstration of interesting and
exotic optical phenomena as well as for the practical device implementations®®. However,
in recent years, it is realized that higher €, in plasmonic materials are essential®® for the
confinement and impedance effects®* such as loss-induced heating®, plasmon-induced hot
carrier’, and electro-thermo-plasmonic nanotweezer®. At the same time, epsilon-near-zero
(ENZ) materials that exhibit £, close to zero® at certain wavelength ranges are developed,
which has brought many possibilities in nano-photonic devices.®’3° ENZ materials with
large optical losses can be useful for efficient absorbers®, hot-electron generation®®,

nanoparticle trapping**?, photo-catalysis'®, and solar-thermophotovoltaics***°,

Unfortunately, there are only a handful of reports on the optical properties of RTMs*%4!
that do not show promising plasmonic and ENZ characteristics. Though there are some

scattered reports on the epitaxial growth of RTMs (Ta*, W*, and Mo**) at high substrate
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temperature, almost all the optical characterization of RTMs rely on room-temperature
deposited films that are polycrystalline in nature and exhibit little-to-no plasmonic
response. Therefore, with the motivation to develop RTMs as the plasmonic and ENZ
materials, in this chapter, we demonstrate high-temperature deposited Ta, W, and Mo thin
films that exhibit broadband ENZ behaviour accompanied with high-quality plasmonic
characteristics in the visible-to-near-IR spectral range. The high substrate temperature
during depositions increases adatom mobility necessary to overcome the Ehrlich—
Schwoebel, surface diffusion, and grain boundary activation barriers and result in impurity
free smooth films with high crystalline quality®*® that increase intrinsic carrier
concentration and carrier mobility while decreasing the carrier scattering that results in

optical losses.

2.2 Growth of refractory transition metals

RTMs (Ta, W, and Mo) thin films were deposited on (001) MgO and (0001) Al2Os
substrates with reactive rf-magnetron sputtering (PVVD Products Inc.) (see Appendix A for
details). Two sets of samples with substrate held at (a) room temperature (30°C) denoted as
RT and (b) 700°C denoted as HT were deposited. The growth parameters, such as substrate
temperature, gas flow, base pressure play a significant role in determining the crystal
quality of thin films during deposition. For example, at higher substrate temperatures, the
atoms or molecules of the deposited material have higher kinetic energy, leading to
increased diffusion on the substrate surface. This can result in improved atomic mobility
and rearrangement of atoms or molecules, leading to the formation of larger and more well-
ordered crystals with improved crystal quality. In our case, we have grown RTMs at high
temperature at 700 °C which is the maximum capability of the instrument.

All films under investigation are ~ 100 nm thick. To ensure a fair comparison, all RTMs
used in the study are sufficiently thick to prevent light transmission. The skin depth of
metals in the ultraviolet (UV) to visible range is typically around 40-60 nm. In this study,
all metals are 100 nm thick to ensure that light cannot pass through them and that any
differences observed are not due to variations in thickness. As films deposited on MgO and
Al>O3 substrates show similar results, most of the results presented in this chapter are from
films deposited on MgO substrates. The ambient temperature optical characterization was

performed with a variable angle spectroscopic ellipsometer and the experimental (v, A)
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spectra were fitted with a combination of the Drude-Lorentz model (see Appendix Bl

supplementary data (SD) B1) for details).

2.3 Plasmon polariton in refractory transition metals

Results show that all RTMs films (see Fig. 2.1) exhibit plasmonic behaviour (¢; < 0) in
the near IR spectral ranges that are accompanied with ENZ regions. Spectral position and
the nature of ENZ, however, not only depend on the metals under investigation but also on
the growth conditions. RT-deposited films are found to exhibit double ENZ characteristics
i.e., the sign of &, changing from negative-to-positive and vice-versa in the UV and near-
IR spectral ranges, respectively. For example, in RT-Ta, the double ENZ regions are found
to be at 210 nm and 1410 nm, while for RT-Mo and for RT-W, the ENZ points are located
at 210 nm and 1200 nm, and at 254 nm and 880 nm respectively. Optical losses (g,)
corresponding to such ENZ points are found to be 4.14 and 9.94 for RT-Ta, 3.17 and 9.48
for RT-Mo, and 4.79 and 12.7 for RT-W. After the ENZ region in the near-IR
(when g, changed from positive-to-negative, all three RTMs exhibit negative g,
characteristic of their plasmonic nature. RT-W is found to exhibit the largest negative &;
among the three metals primarily due to its larger carrier concentrations that were verified
with its larger Drude plasma frequency (wp) (see supplementary data table B1.1). Optical

losses of the RT-W, however, are larger compared to the other two films.
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Figure 2.1 The optical property of refractory transition metals (RTMs). (a,c,e) The real (g,) and (b,d,f)
imaginary (g,) part of the dielectric permittivity of sputter-deposited transition metals (Ta, W and Mo) thin
film on MgO substrates at 25 °C (RT) and 700 °C (HT) substrate temperature. The insets show ENZ regions
and double-ENZ behaviour of the films. Optical response (g;) of HT-RTMs films is significantly larger in
comparison to RT-RTMs, consequently, optical loss (g,) is also large. Note: Color gradient in the figures is
according to the HT-RTMs.

Compared to the RT-RTMs, high-temperature deposited metals exhibit significantly larger
negative &, in the near-IR spectral range and relatively higher optical losses ( €,). For
example, at 2500 nm, the g; in RT-Ta was measured to be -7, while the same HT-Ta is -
140 (see Fig. 2.1(a)). In addition, with their larger €, optical losses or ¢, of the HT-RTMs
films are also much higher (see Fig. 2.1(b)). Larger €; and ¢, in HT films can be explained

by the Drude model in eq. 2.1 that represents the free-electron response, where

_ = 9
e=¢g tigg=1 STriloe (2.1)
(,02
81 = 1 - w2+pl—‘%) (2.2)
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Q)IZ)FD

g2 = w3+THw (2.3)

Fitting of the experimental results show (see supplementary data table B1.1) that wp is
significantly larger in HT-RTMs compared to the RT-RTMs due to their larger number of
free carriers and leads to larger €; and &,. For example, compared to a wp of 3.41 eV in
RT-Ta, HT-Ta exhibit about two times larger wp of 6.85 eV. Similarly, the flat €, in HT-
RTMs results from the total contribution of inter-band transitions, intra-band transitions or
additional scattering losses due to defects in RTMs in the 210 nm -1200 nm spectral range
that leads to large Lorentz damping constant (see supplementary data table B1.1) and does
not allow a monotonic decrease in g; with the increase in wavelength. Flatter €, and its
value close to zero make HT-RTMs better suited for several ENZ applications with a
broader spectral operation range. For example, in HT-Ta ENZ wavelength ranged
(corresponding to -2 < g;< 2) from 230 nm - 600 nm, while for HT-W ENZ wavelengths
encompassed 340 nm to 865 nm spectral region. Though the ENZ regions of the HT-RTMs
are broad, the corresponding optical losses are found to be large at 7.6 to 11 for HT-Ta (see
Fig. 2.1(a)) and 5.9 to 12.4 for HT-W (see Fig. 2.1(c)), respectively. While such large
optical losses prevent the HT-RTMs to achieve NZI, but it should be conducive for a range

of confinement and impedance effects in ENZ regions.

To understand the origin of superior metallic (plasmonic) and ENZ behaviour in HT-RTMs,
reflectivity measurements and detailed materials characterization with high-resolution X-
ray diffraction (HRXRD) and atomic force microscopy (AFM) are performed (see Fig. 2.2
for Ta that is representative for other metals). Symmetric 26-w HRXRD diffractogram of
the HT-Ta showed a peak at 38.26° representing its (110) oriented growth on (002) MgO
substrates (see fig. 2.2(a)). The full-width-at-the-half-maxima (FWHM) of the rocking
curve is found 2.4% in the HT-Ta/MgO film that represents its nominal single crystalline
nature. From the HRXRD analysis, it appears that HT-Ta crystalizes in body-centered cubic
a-Ta phase with a space group Im3m (229) and a lattice constant of 3.32 A. XRD analysis
on the RT-Ta exhibit a peak at 37.2° that corresponds to the (111) oriented growth of §-Ta
phase and represents a lattice constant of 3.41 A (see supplementary data figure B1.2). Bulk
Ta crystalizes in the a-Ta phase, while the 8-Ta is usually obtained in physical vapor
deposited films at low temperatures. Increasing the temperature of 5-Ta to more than 700°C

converts it to a-phase that was observed*’ previously. Therefore, the high-temperature
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growth at 700°C in this work directly results in the a-Ta phase. The XRD peak intensity is
significantly larger and peak width is much smaller for HT-Ta than RT-Ta that represents
its excellent crystal quality. Therefore, the superior optical properties of HT-Ta are not only
due to its better crystalline quality but also due to its different crystal structure. HT-Ta
exhibits ~ 80% reflectivity in the near-IR spectral range and a sharp dip in reflection below
1000 nm representing its plasmonic characteristics. In comparison, RT-Ta exhibits much
smaller reflection (40%) and a less pronounced dip that correlates well with its significantly
smaller &, (see Fig. 2.2(b)) compared to HT-Ta. Atomic force micrographs showed that
HT-RTMs surfaces are much smoother, with the RMS-surface roughness 0.5 nm, while the

same for RT-Ta found to be 1.6 nm (see Fig. 2.2 (c, d)).
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Figure 2.2 Symmetric 26 — w X-ray diffractogram of HT-Ta/MgO thin film along with its rocking curve (w-
scan) in the inset. Ta was found to grow with (110) orientations on (002) MgO substrate. The FWHM (A®)
of the rocking curve was found 2.4%in the HT-Ta/MgO film (b) HT-Ta film exhibits much higher reflectivity
and a sharp dip close to ENZ regions compared to RT-Ta. Atomic force micrographs (AFM) of exhibit rms.
surface roughness of (¢) 1.6 nm in RT - Ta film and (d) 0.5 nm in HT — Ta film, respectively.

In Fig. 2.3 (a), the dielectric permittivity of sputter grown HT-RTMs (Ta, W, Mo) is shown
along with noble metals (Ag and Au). Compared to the noble metals, where &, decreased

monotonically and sharply at the plasma frequency, HT-RTMs exhibit comparatively flat
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g, in the UV-to-visible spectral range, and a subsequent monotonic and sharp decrease in
the near-IR regions. However, compared to the Au and Ag, €; of RTMs is smaller that is
expected due to their lower carrier densities, and ¢, is relatively larger. Traditionally, the
plasmonic materials with negative real component of the permittivity (g,) and very small
optical losses (g,) were regarded as a good plasmonic material. However, in recent years,
it is realized that higher ¢, in plasmonic materials are essential>® for the confinement and
impedance effects®* such as loss-induced heating®, plasmon-induced hot carrier’, and

electro-thermo-plasmonic nanotweezer®,

a
0
@ 50
-100 - = Au \ 0 ::::--s-.'.:.: ————— :
200 800 1200 1600 400 800 1200 1600
Wavelength (nm) Wavelength (nm)

Figure 2.3 (a) The real (g;) and imaginary (g,) component of the dielectric permittivity sputter-deposited
HT-Ta, HT-W, and HT-Mo thin film are compared with the optical parameters of noble metals (such as Au®®
and Ag®).

The permittivity (g1 and €2) depends on the wp and I'p. Since noble metals, Ag and Au, have
a higher charge carrier density than transition metals. However, the losses in noble metals
are low compared to transition metals such as tungsten or tantalum due to their low I'p
(damping factor). This property is due to the fact that noble metals have a very low electron
scattering rate, which means that electrons can move freely through the material without
colliding with impurities or defects in the crystal lattice. As a result, the resistivity and
damping factor of noble metals are very low (see table 7.1), which means that optical losses
are also low. On the other hand, transition metals such as tungsten or tantalum have a higher
electron scattering rate due to their more complex electronic structures, which means that
the electrons in these materials are more likely to collide with impurities or defects in the
crystal lattice. This results in relatively higher electrical resistance and higher optical losses

due to high damping factor in these materials. However, it's important to note that the
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electronic properties of metals are influenced by various factors, including crystal structure,
temperature, and impurities, and can be tailored through doping, alloying, and other means.
However, there is room for reducing optical losses in refractory transition metals through
various strategies. One approach is to minimize the defects and impurities in the material
by improving the synthesis and processing methods. For instance, using high-purity starting
materials, optimizing the growth conditions, and employing post-processing techniques
like annealing can reduce the defect density and improve the optical quality of the material.
Another promising strategy is to tailor the electronic band structure of the material to
minimize the interband transitions that cause absorption. This can be achieved by doping
the material with impurities or creating heterostructures with other materials, which can
modify the energy levels of the material and reduce the absorption. However, there may be
fundamental reasons that limit the reduction of optical losses in refractory transition metals.
The inherent electronic structure and energy levels of these materials may result in certain
absorption bands that cannot be eliminated. Additionally, the presence of impurities,
defects, or grain boundaries in the films can also contribute to losses and may be
challenging to eliminate completely.

Sputter-deposited highly crystalline refractory transition metals (Ta, W, and Mo) show
plasmonic nature in the visible-to-near-IR spectral applications. The development of
refractory transition metals (Ta, W, and Mo) marked a significant step in the research on
alternative plasmonic and nano-photonic materials and will be useful for efficient
absorbers, hot-electron generation, photo-catalysis, local heating, nanoparticle trapping,

and other solar energy conversion devices.

2.4 Plasmon polariton in refractory transition metal nitrides

In the previous section, we saw the plasmonic property of transition metals (Ta, Mo, and
W), which have a relatively high optical loss. But for many applications such as optical
nano-circuits*®®, photon tunneling®>*°, super-coupling®, extreme nonlinear interactions®?,
and ultrafast switching®, plasmonic materials with low optical loss are required. Transition
metal nitrides such as titanium nitride (TiN), hafnium nitride (HfN), and zirconium nitride
(ZrN) are excellent plasmonic materials for visible spectral range and their optical

properties are very close to Au and Ag.>*® We have deposited these metals at various
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conditions and various growth techniques, such as magnetron-sputtering and molecular-
beam-epitaxy (MBE), to improve the plasmonic properties.>®%° Since these nitrides have
similar plasmonic properties, so only TiN properties are discussed further. TiN is hard
(hardness of ~ 30 GPa), chemically stable, and exhibits a very high melting temperature of
2930°C which makes it suitable for refractory plasmonic material.®-? In addition, due to
its ceramic nature, TiN exhibits low surface energies of 24-39 mJ/m? ® which is much
smaller than the surface energies of noble metals (~ 1-2 J/m?)%. Such lower surface
energies allow for uniform TiN ultra-thin film depositions with smooth surfaces. Also, TiN
iIs CMOS compatible and already has been used as a buffer layer in the integrated circuit

(IC) fabrication process.

In this section, the plasmonic property of epitaxial single-crystalline TiN thin films grown
with ultra-high vacuum (UHV) plasma-assisted MBE is discussed. In Fig. 2.4, the dielectric
permittivity of MBE grown TiN film deposited on MgO and Al>Os substrates exhibits a
crossover wavelength (transition from positive-to-negative €, representative of the metallic
nature) near 470 nm. The optical properties depend on the growth parameters, growth
conditions, and substrate as well. Films deposited on MgO substrate have higher &;
(magnitude) compared to the films deposited on Al,O3 substrate due to the higher carrier
concentrations of TiN on MgO substrate. Optical loss (g,) of the films was also found to
increase with an increase in the wavelength (see Fig. 2.4(b)) due to intraband transitions.
The &, of TiN/AI2Oz exhibited significantly smaller losses compared to the TiN/MgO due
to the smaller Drude damping constants in TiN films deposited on (0001) Al>Os substrates
compared to the ones deposited on (111) MgO substrates. Better crystal quality leads to
smaller damping constant in TiN/AI>Os, the lower FWHM of the rocking curve in HRXRD
is the evidence (see Fig. 2.5). The optical loss in TiN in most parts of the visible (300 nm
— 580 nm) and near-IR spectral ranges (1000 nm - 2000 nm) is lower than Au.
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Figure 2.4 (a) The real (g,) and (b) imaginary (e,) part of the dielectric permittivity of TiN thin film on MgO

and Al,Os substrates are presented.

HRXRD spectra of TiN films are shown in figure 2.5, MBE deposited TiN thin films grow
with 002 orientations on the (001) MgO substrates (TiN/MgO) and with 111 orientations
on the (0001) Al,Os substrates (TiN/Al>Oz) respectively. The FWHM of the rocking curve
was found 0.19° for TiN/MgO and 0.03° for TiN/Al,Os sample. That indicates that
TiN/AI2O3 has superior crystal quality than TiN/MgO. The lattice parameter (c-axis) was
found 4.25A and 4.24 A for TiN/MgO and TiN/Al2Os, respectively. Plan-view atomic force
microscopy (AFM) image of TiN/MgO film exhibits (see Fig. 2.5 (c)) square-shaped
densely packed features with an average feature size of ~ 60 nm. While TiN/AI>;O3 film
showed pyramidal features with an average pyramid size of ~ 20 nm. The surface RMS-

roughness was 1.2 nm and 3.8 nm for TiN/MgO film and TiN/AI,Oz film, respectively.
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Figure 2.5 XRD spectra of TiN/MgO (a) and TiN/Al.Os (b) thin films along with their rocking curve (w-
scan) in the insets. Atomic force micrographs of TiN/MgO (c) and TiN/Al;Os (d).

Reflection (R) and transmission (T), as a function of the angle of incidence, are shown in

figure 2.6. TiN showed a clear and distinct peak at ~ 430 nm near its crossover wavelength

(where €; turn positive-to-negative). TiN is highly reflective in most of the visible to near-

IR spectral range.
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Figure 2.6 (a) Transmission and (b) reflection spectra of TiN/Al,O3 are presented as a function of wavelength

and the angle of incidence.
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2.5 Surface plasmon polariton in metals

Further, the surface-plasmon-polariton (SPP) propagation length (L) at metal-air interfaces
and plasmon-decay length (&) in the metal (or penetration depth) were also calculated from
the experimental dielectric permittivity. Results show that SPP propagation length is about
10-100 pm for RTMs (W, Ta and Mo) and nitrides (TiN and ZrN). The plasmon decay
length in RTMs is around 30 nm - 40 nm in the NIR region that is similar to TiN and ZrN,

while at the visible regime.

60
€ aj _
P / ] E
=3 - 1= 40
3 ---ag {7
c Au g o
L8 ZIN 3 —>" 20
© ===TiN ]
& —Ta - §
oy —_w o
o Mo
0’ A A 1 A i 1 0 1 1 1 1 i
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Wavelength (nm) Wavelength (nm)

Figure 2.7 Surface plasmon polariton in metals. (a) SPP propagation length (L) and (b) plasmon decay
length (&) in transition metal (Ta, W and Mo) and transition metal nitrides (such as TiN and ZrN) are

compared with noble metals (such as Au®® and Ag®).

2.6 Conclusion

Figure 2.8 summarizes the plasmonic property of transition metals (W, Ta, and Mo),
transition metal nitrides (TiN, ZrN, and HfN), and noble metals (Ag, Au, and Al). Optical
loss at their crossover wavelength is compared. The optical property strongly depends on
the growth parameters. For example, RTMs grown at room temperature (RT-RTMs)
exhibit lower optical loss but their optical response (real part of permittivity or €;) is not
very strong. While RTMs grown at high temperature (700 °C) (HT-RTMs) have strong
optical response (large negative €;) and their optical loss is also high. So, there is a trade-
off between &; and ¢, that can be easily controlled by the growth condition according to
the required application.

Also, epitaxial single-crystalline TiN thin films are deposited with ultra-high vacuum
plasma-assisted molecular beam epitaxy (UHV-PEMBE) that exhibit reduced optical

32|Page




Chapter 2: Plasmon Polariton in Refractory Transition Metals (Ta, W, Mo) and Nitrides (TiN, HfN, ZrN)

losses compared to the previously reported MBE and sputter-deposited TiN thin films. The
lower optical loss in TiN/AI2Os compared to Au in most of the visible-to-near-IR spectral
range would enable low-loss SPP propagation in improved plasmonic devices. The
development of MBE-deposited TiN thin film with reduced optical losses could enable its
integration with 111-V semiconductors such as GaN, InN, etc. and leads to TiN-based
photonic/plasmonic on-chip devices, broad-band light absorbers and emitters for solar-

thermophotovoltaics, and hot-carrier-assisted devices with improved efficiencies.

Figure 2.8 Comparison of metals with their optical loss at crossover wavelength (where g; turn positive-to-

negative) and their bulk meting point.
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CHAPTER 3

Infrared Plasmon and Phonon-Polaritons in Polar

Semiconducting Scandium Nitride (ScN)

Traditionally doped-semiconductors and conducting metal oxides (CMO) are used
to achieve plasmon-polaritons in the near-to-mid infrared (IR), while polar dielectrics are
utilized for realizing phonon-polaritons in the long-wavelength IR (LWIR) spectral regions.
However, demonstrating low-loss plasmon- and phonon-polaritons in one host material
will make it attractive for practical applications. In this chapter, we demonstrate high-
quality tunable short-wavelength IR (SWIR) plasmon-polariton and LWIR phonon-
polariton in complementary metal-oxide-semiconductor compatible group Il1-V polar
semiconducting scandium nitride (ScN) thin films. We achieve both resonances by
utilizing n-type (oxygen) and p-type (magnesium) doping in ScN that allows modulation of
carrier concentration from 5 x 10 to 1.6 x 10%* cm™. Our work enables infrared nano-
photonics with an epitaxial group-111 semiconducting nitride, opening the possibility for

practical applications.
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3.1 Introduction

Polaritons, the hybrid quasiparticles of photons and electric dipoles®®® (collective free
electron oscillations, optical lattice vibrations or excitons) have attracted significant interest
for numerous infrared nano-photonic applications® including nano-laser®®®, non-linear
optics®>"™ heat-harvesting’>#, etc. Due to their sub-diffraction mode confinement and
field enhancement, plasmon- and phonon-polaritons are also researched extensively for
overcoming the fundamental resistance-capacitance (RC) delay in electronics and the
diffraction limit in photonic devices’’®. However, applications of polaritons in practical
devices so far are limited primarily due to the significant optical losses arising from the
scattering of the free electrons and optical phonon modes. Therefore, materials exhibiting
low-loss and high-quality plasmon-polariton in the near-to-mid IR and phonon-polaritons
in the LWIR are in great demand’’. Practical applications also require that such materials
should exhibit structural and high-temperature stability, CMOS compatibility, ease-of-

fabrication, ease-of-integration with existing optoelectronic devices, and abundance.

Achieving plasmon resonance in the IR region of the electromagnetic spectrum requires
materials to exhibit carrier concentration in the 10*°-10?* cm™ range with high carrier
mobilities. Further, to accomplish low-losses, such materials should not exhibit
interband/intraband transitions in the wavelength range of interest and should comprise a
low defect density. As a result, heavily doped semiconductors such as n-type InAs’®, n-type
and p-type Si’®, conducting metal oxides (CMOs)® such as indium tin oxide (ITO),
aluminum-doped zinc oxide (AZO), gallium-doped zinc (GZO) oxide, cadmium oxide
(CdO)+#2, patterned graphene structures®# and semiconductor meta-surfaces®® are used
as plasmonic materials in the near (0.8-1.4 pm) and mid (3-15 pum)-IR spectral ranges.
However, achieving low-loss high-quality plasmon resonance in the SWIR (1.4-3 pm)
spectral region with high-mobility materials has been challenging. SWIR is an important
spectral window for long-distance telecommunication (1.260-1.675 um), hyperspectral
imaging, solar cell, electronic board and produce inspection, anti-counterfeiting,

surveillance, and a host of other applications®7®.

Achieving phonon-polaritons, on the other hand, requires polar dielectric materials, where
macroscopic electric field stiffens the force constant of the longitudinal-optical (LO)
phonons and splits the LO and transverse-optical (TO) phonon modes at the zone center??,
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Within the frequency range bounded by the LO and TO, termed as the Reststrahlen band®®,
the real component of the dielectric permittivity (g;) becomes negative, and
electromagnetic modes couple to the TO phonon giving rise to its evanescent character and
confinement at the surface. Such confined surface-phonon-polariton (SPhP) has emerged
as a promising light-matter coupling mechanism in the LWIR range and several other
applications such as passive radiative cooling, bio-molecular fingerprinting, diagnosis tools
for cancer and dentistry detection are proposed*®8, So far, excitation and engineering of
SPhP are performed with well-established dielectric materials such as 4H-SiC®, h-BN&%,
or AIN® with large bandgap and low carrier densities. Active tuning of the SPhP mode
frequency is also demonstrated with carrier injection in polar dielectrics such as in InP, 4H-

SiC, etc.92%

Demonstration of low-loss and high-quality plasmon- and phonon-polaritons in one host
material will make it attractive for practical device implementations. Conceptually,
achieving plasmon and phonon-polariton in one host material is possible if the electronic
and phonon resonances are spectrally separated from each other (see Eq. 3.1 for the total
dielectric permittivity), and the carrier concentration can be tuned from as low as 10*® to
102! cm® while retaining a moderately high mobility at the same time. To achieve this,
dopants should not introduce defect states inside the bandgap of semiconductors that
otherwise could pin the Fermi level. Additionally, dopant states should not alter the valence
and/or conduction band edges, which could drastically change carrier effective mass and
mobility. Satisfying all of the conditions could be quite challenging for many well-

established semiconductors.

, w} wro?—wro?
€ w)=¢ +ie, =¢ (1— L+ ) 3.1
total( ) 1 2 0 02+ iyw wToz—wz—in ( )

ne?
Wp = e (3.2)
o}
Splasmon(w) = 02+ iy (33)

Where, £,,:4:(w) is the total dielectric permittivity® with contributions from the plasmon

or Drude component (second term) and phonon (third term) resonances. e, wp,
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w0, Wro, ¥, I, n and m* are the high-frequency dielectric constant, plasma frequency,
longitudinal optical and transverse optical phonon frequencies, plasmon and phonon
damping constants, carrier concentration and effective mass respectively. As permittivity
is a complex quantity, the real component (&;) signifies the strength of the polarization
response, while the imaginary component (&,) describes the optical loss due to the

interband and intraband transitions.

In this work, we demonstrate that n-type (oxygen) and p-type (magnesium)-doping in
epitaxial ScN thin films lead to its tunable carrier concentration from 5 x108 to 1.6 x 10%
cm range, while retaining a moderately high mobility that gives rise to tunable high-

quality low-loss SWIR plasmon- and LWIR high-quality phonon-polariton resonance.

3.2 Growth of scandium nitride (ScN) film

ScN is arocksalt group-111 (B) semiconducting transition-metal-nitride (TMN) and exhibits
corrosion-resistant high hardness, high melting temperature (~ 2600°C ) and is stable at
ambient temperature and pressure.®*% Due to the degenerate semiconducting nature with
a direct bandgap of 2.2 eV and indirect gap of 0.9 eV®*1% ScN has attracted significant
interest in recent years for thermoelectric energy conversion.'%? Lattice-matched (111) ScN
seed-layers are also utilized to reduce the dislocation densities in (0002) GaN epilayers for
light-emitting diodes!®%, As-deposited ScN thin films exhibit an n-type carrier
concentration of (2-4) x 10%° cm™ primarily due to the presence of oxygen impurities and
exhibit a mobility in the 60-90 cm?/Vs range. Due to such high carrier concentrations,
Fermi level in ScN resides inside the conduction band, about 0.2-0.3 eV inside the
conduction band minima®®. Recently, Mg-hole doping is used to reduce the high carrier
concentration and p-type ScN is achieved with high mobility (~ 25 cm?/Vs)'%.
Photoemission measurement and first-principles calculation have demonstrated that both
the oxygen and magnesium-doping in ScN do not introduce defect states within its
bandgap, and they do not alter the valence and conduction band edges!%. Due to such a
rigid electronic band, the Fermi level moves freely from the conduction band to the valence
band, giving rise to very high electron and hole-concentrations and large thermoelectric
power factors'®2, Moreover, since optical phonons in ScN exhibit a maximum energy of ~
84 meVY plasmon-resonances in the SWIR region are well-separated from the phonon-

polariton resonance. Therefore, high-mobility and tunable carrier concentration in ScN
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provide a perfect testbed to achieve high-quality plasmon- and phonon-polariton in one

host medium.

ScN thin films with carrier concentration ranging from 1.6 x 10?2 cm=to 5 x 108 cm™ (see
Table 3.1) are deposited inside an ultra-high vacuum (UHV) chamber at a base pressure of
(2-4) x 10° Torr (see Supplementary data (SD) section B2.1). Without any intentional
doping, n-type ScN films exhibit a carrier concentration of 3.6 x 102° cm with a mobility
of 43 cm?/Vs. Intentional oxygen-doping increase its n-type carrier concentration up to 1.6
x 102! cm3, while Mg-hole doping results in p-type films with carrier concentration as low
as 5 x 10'® cm3. Though the intentional doping reduces the mobility slightly, it remains
sufficiently high (see Table 3.1) for achieving low-loss resonances. With increasing n-type
doping concentration, the Fermi level in ScN moves higher up inside the conduction band
(~ 0.4 eV from conduction band minima for the n-type doping concentration of 1.6 x 102
cm).20L108 Similarly, hole-doping shifts the Fermi level close to the valence band. A
detailed discussion about the band structure, electron and hole effective mass, average
carrier scattering time and position of the Fermi level as a function of doping type and

concentration are presented in the Appendix B section 2.

Table 3.1. Carrier concentration, mobility, and resistivity of ScN thin films are presented. The wavelength

(4,) corresponding to the plasmon- and phonon-polariton resonance frequency are listed.

ScN Carrier Mobility | Resistivity = Cross-over Carrier and
films | concentration (Q-cm) | Wavelength doping type
(cm?v-is?)
(cm™®)
Ap (pm)

SWIR Plasmon-polariton Resonance

(a) 1.6 x10% 29 1.4 x10* 1.83
n-type
(b) 1.4 x 10% 6 7.6 x10* 2.08 7P
(oxygen-doped)
(©) 7.7 x 10%° 22 3.8 x10* 2.25
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(d) 3.3 x 10%° 43 4.4 x10* 2.35 n-type
(unintentionally
oxygen-doped)

LWIR Phonon-polariton Resonance

(e) 4.3 x 1010 13 1.0 x102 | 14.58 (LO)
27.80 (TO) p-type
(magnesium-
) 5.0 x 1018 10 1.3x10" | 14.58 (LO) doped)
27.80 (TO)

3.3 Plasmon polariton in ScN

The &; of ScN (measured with a spectroscopic ellipsometer, see Fig. 3.1a, and Appendix
B2 for detail) with the highest carrier concentration of 1.6 x10?! cm™ exhibits epsilon near
zero (ENZ) (a positive-to-negative cross-over) at 1.83 um (see Fig. 3.1b). At longer
wavelengths, |e,| increases monotonically due to the increasing metallic response. The
optical loss, characterized by the imaginary component of the dielectric permittivity (g,) at
A, is 1.2, which is smaller than the ¢, of visible wavelength plasmonic materials such as
Au?, TiN*" etc. at their respective 4,,. Below 1.83 um, ScN acts as a dielectric medium
with positivee; and a peak in &, near ~ 430 nm (see Appendix B, SD Fig. B2.5)
corresponds to the direct bandgap interband transition. Polarization-dependent reflectivity
measurements (see Fig. 3.1b) show a clear dip near 4, representative of the plasmonic
nature. Angle-dependent reflectivity measurements (see Fig. 3.1c) clearly show the
Brewster’s angle in the p-polarized/s-polarized reflection curve. The calculated reflectance
spectrum (see Fig. 3.1d) utilizing the permittivity of ScN in the Fresnel’s equation matches
well with the measured reflectivity which highlights consistency between the experiment

and ellipsometry data fitting.
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Figure 3.1 Plasmon-polariton in ScN. (a) Schematic diagram of a spectroscopic ellipsometer. (b) The real
(g,) and imaginary (e,) component of the dielectric permittivity of ScN film with the highest carrier
concentration of 1.6 x10%* cm2 is presented. ScN becomes plasmonic after 1.83 pm. (g;< 0) with the optical
loss of 1.2 at the wavelength (4,) corresponding to its plasma frequency. Experimentally measured
normalized reflectivity of ScN film is plotted as the ratio between the p-polarized to s-polarized light intensity
which shows a dip near the 4,,. (c) Angle-dependent reflectivity curve of ScN film is presented. Brewster’s
angle is visible in the reflectivity curve. (d) Fresnel’s equation-based theoretically calculated reflection curve
matches well with the experimentally measured reflection curve. (e) A schematic diagram of the ATR
configuration for surface mode excitation. (f) Theoretically calculated SPP dispersion (blue) along with the
ATR-measured reflection curve that shows SPP mode excitation at 1.95 um. The light lines in the vacuum
and in ATR crystal are shown by the magenta and orange dotted curves respectively. The bulk plasma

wavelength (4,)) is shown with the green line.

Excitation of the surface plasmon-polaritons (SPP) is demonstrated (see Fig. 3.1e) with
polarization-dependent reflectivity measurement in the attenuated-total-reflection (ATR)
configuration inside an FTIR-spectrometer in the Kretschmann configuration at 45° angle-
of-incidence. Diamond is used as a high refractive index medium and to provide the
additional momentum for the light coupling to the SPP modes. A clear dip in the p-/s-
polarized reflection spectrum at ~ 1.95 um (see Fig. 3.1f) with a full-width-at-the-half-
maxima (FWHM) of ~ 0.27 um demonstrate the coupling of energy from the incident
radiation to the SPP mode. The SPP dispersion®® is calculated (see Fig. 3.1f) taking into

account the measured dielectric permittivity of ScN that show close matching of the Aspp
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(wavelength corresponding to the SPP mode frequency) with the experimentally measured

dip in reflectivity curve.

While the above analysis unambiguously demonstrates SWIR plasmon excitation in ScN,
spectral position of the plasmon-resonance and the SPP mode frequencies are varied by
altering the carrier concentration (see Eq. 3.2) through doping control. With a decrease in
the carrier concentration from 1.6 x 10%* cm™ (a) to 1.4 x 10%* cm™ (b), 7.7 x 10%° cm™ (c)
and 3.3 x 10%° cm™ (d), ellipsometry measurements show that the 1,, shifts from 1.83 pm
t0 2.08 um, 2.25 um and 2.35 um, respectively (see Fig. 3.2a). Such monotonic red-shift

in the 4, is consistent with the predictions from the Drude model (see Eq. 3.3) of dielectric

permittivity, and cover a wide SWIR range. In the Fig. 3.2b, &, of ScN with 3.3 x 102 cm"
3 carrier densities show the lowest value, primarily due to its higher mobility of 43 cm?/Vs.
Since the highest mobility and the lowest optical loss is obtained in the as-deposited ScN
without any intentional doping, 4, of 2.35 um with the lowest optical loss of 1.0 could be
regarded as the baseline plasmon response in ScN. Dielectric permittivity at the longer
wavelength regions (1.5- 5 um) is measured further with an IR-ellipsometer (Appendix B
supplementary data Fig. B2.3) which demonstrates ScN’s metallic response in the SWIR-
to-mid-IR spectral region. Similar to the tunable bulk plasmon frequency, tunability of the
SPP mode frequencies are further demonstrated by the polarization-dependent ATR
measurements, which show a dip at 2.70 um with a FWHM of 0.56 um for ScN with 3.3 x

10%° cm® (d) carrier concentrations (see Fig. 3.2¢).
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Figure 3.2 Tunable SWIR plasmon response and electrical properties of ScN. (a) €; and (b) €, of ScN
films with varying carrier concentrations are presented. With the decrease in carrier concentration, 4,, shifts
to longer wavelengths. 4,, of 2.35 um and corresponding €, of 1.0 is obtained for as-deposited ScN film
without any intentional doping which makes it a high-quality and low-loss SWIR plasmonic material. (c)
Normalized reflectivity curves of ScN with 1.6 x 102 cm (a) and 3.3 x 10%° ¢cm (d)) are presented as the
ratio between p-polarized and s-polarized intensity (Rp/Rs) obtained from the ATR measurements (d)
Schematic diagram of the Hall measurement is shown. Temperature-dependent (e) resistivity; (f) mobility

and (g) carrier concentration of ScN films are shown which highlights its degenerate semiconducting nature.

The plasmonic response is further characterized by temperature-dependent Hall
measurements (see Fig. 3.2d). The resistivity of all ScN films increases slightly with an
increase in temperature (see Fig. 3.2e) which is representative of their degenerate
semiconducting or semi-metallic nature due to high carrier concentrations. On the other
hand, mobility decreases with an increase in temperature as found in Fig. 3.2f. A
combination of ionized impurity and dislocation scattering model is found to fit the
temperature-dependence of mobility very well with a high dislocation density in the 10°-
10™ cm range (see Appendix B2 supplementary data Fig. B2.4), which can be seen as
well in transmission electron microscopy (TEM) images. The carrier concentration of the

ScN films remain nearly unchanged within the measured temperature range (see Fig. 3.29).
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Temperature-dependent dielectric permittivity is measured further to highlight the
refractory plasmonic behavior of ScN. Results show that with an increase in temperature
from 100 K-t0-500 K, 4, exhibits a redshift from 1.76 um to 1.83 um (see Fig. 3.3a), and
g, increases from 0.95 to 1.32 at the corresponding 4, for the ScN film with 1.6 x 102t cmr
3 carrier concentrations. Such an increase in A, and optical losses, especially at longer
wavelengths (see Fig. 3.3b) can be directly attributed to the decrease in mobility as shown
in Fig. 3.3c. However, near the 1, wavelength region, the increase in €, is rather small that
highlight the suitability of ScN for high-temperature applications. Note that though the
permittivity is measured till 500 K due to instrumental limitations, ScN exhibits a high
melting temperature of ~ 2600°C, and hence could be useful for many plasmonic
applications at high-temperatures.
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Figure 3.3 Temperature-dependent dielectric permittivity of ScN. Temperature-dependent (a) €; (b) ¢,
of the ScN thin film with 1.6 x 10%* cm™ carrier concentrations are presented. With an increased temperature,

A, and the optical loss increase. (c) Cross-over wavelength (4,,) and optical loss was found to increase with

increasing temperature as mobility is decreasing.

With the above refractory plasmonic properties in the SWIR spectral range, ScN’s
suitability for various nano-photonic applications®®'® such as in SPP waveguides,
localized surface-plasmon-resonance (LSPR), epsilon-near-zero (ENZ), hyperbolic
metamaterials (HMM), and transformation optics are determined. Each of these
applications requires its own optimum operating conditions that are determined by the
structure and geometry of devices, as well as material properties. Our analysis show that
the plasmon-resonance and SPP in ScN should be useful for the non-resonant SWIR
applications such as waveguides, ENZ, HMM® (see Appendix B supplementary data Fig.
B2.5). As an example, ScN exhibits a high SPP propagation length (L) and low electric-

field confinement length (D) that is comparable to other doped-semiconductors and CMOs
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for high-performance waveguides. A ratio between the L and D, referred as the figure-of-
merit (M2P)110 is high in ScN and compares well to its alternatives in the near and mid-IR
spectral range. Similarly, a low &, of 1.00 at 4, should be suitable for ENZ device
applications®* such as photon funnels, or spatial filtering for beaming. Even for the
localized SPP resonance, the figure-of-merit (FOM) of ScN is comparable to its
counterparts. Nevertheless, with more advanced deposition methods such as molecular-
beam-epitaxy (MBE) and hybrid vapor phase epitaxy, mobility of ScN could be increased

further which should improve its performance metrics.

3.4 Phonon polariton in ScN

While the carrier concentration control leads to the SWIR plasmonic response in ScN,
demonstration of SPhP excitation requires that the electronic resonance do not contribute
to the total dielectric permittivity in the LWIR spectral range. To achieve this condition,
Mg (hole)-doped ScN films with low carrier concentrations are deposited (see Table 3.1).
To separate the contributions of MgO (substrate) phonon modes, a 100 nm IR reflective
TiN buffer layer is deposited on (001) MgO substrates before ScN depositions (see
Appendix B supplementary data Fig. B2.6). Infrared reflectivity measurement (see Fig.
3.4a) of ScN with 5 x 108 cm™ carrier concentration shows well-defined Reststrahlen band
(see Fig. 3.4b), a highly reflective region between the TO (359 cm™) and LO (686 cm™)
phonon modes where light couples with the polar optical lattice vibrations. Calculated &,
is found to exhibit negative values within the Reststrahlen band, with an epsilon-near-pole
(ENP) resonance at 359 cm™ since light couples directly to the TO phonon mode (see Fig.
3.4c). Concomitantly, e, exhibits a sharp peak at the TO phonon frequency. Both LO and
TO phonon frequencies are consistent with recent inelastic X-ray scattering (IXS) phonon
dispersion of SCN%’. XS measurement has also shown a phonon lifetime of 0.21 ps for the
LO phonon mode at the I'-point that is dominated primarily by three-body phonon-phonon
interactions. Since the crystalline quality of ScN is very high, optical losses in the SPhP

resonance should primarily arise from the phonon-phonon interactions.
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Figure 3.4 Phonon-polariton in ScN. (a) Schematic diagram of Fourier-transform infrared spectrometer
(FTIR). (b) Normalized FTIR reflection (red) spectra of ScN film is shown and the calculated reflection
spectrum is presented (in blue shade). (c) Calculated dielectric permittivity (g) of ScN thin film showing
negative g; within the Reststrahlen band. (d) Normalized reflection spectra obtained from the ATR
measurement showing excitation of the SPhP mode with p-polarized light. (e) Theoretically calculated
dispersion of SPhP is presented. The light lines, in the vacuum and ATR crystal, are shown by the green and
blue curve respectively. The frequency positions of w;, and wy, are shown by cyan and magenta dotted

lines respectively. Lower and upper bulk phonon polaritons are shown by the orange dotted curve.

Further, polarization-dependent ATR measurements are performed which show a dip at
626 cm™ in the p-polarized light, representing coupling of light with the SPhP mode (see
Fig. 3.4d). Calculated SPhP dispersion is consistent with the experimental observations and
highlight the bulk phonon-polaritons at frequencies above and below the Reststrahlen band
(see Fig. 3.4e). Performance FOM of SPhP modes®’ is calculated and compared with other
well-established polar dielectric materials such as SiC%, h-BN®°, c-BN!'!, AIN®!, and
GaN!?, SPhP FOM of ScN is around two times higher than its peers due to its high &, of
12.8 (see Fig. 3.5 (b) and Appendix B2 supplementary data section B2.9). Further
improvement in materials quality is likely to reduce the phonon damping and increase FOM
in ScN.
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Figure 3.5 (a) Comparison of plasmonic properties of ScN with transparent conductive oxides (ITO, AZO®,
F:CdO®, Dy:Cd0®), doped silicon (n-Si, p-Si)”® and InAs™ their optical loss at crossover wavelength (or

ENZ wavelength). (b) Comparison of FOM of SPhP of ScN with other polar dielectric materials (SiC®8,
GaN'*2, hBN®, AIN®, GaP'3, cBNY).

The comparison of plasmonic properties (cross-over wavelength and optical loss) shows
that the ENZ wavelength of ScN covers ~ 1750 nm-2500 nm spectral region that lies in
between the ENZ wavelength typically exhibited by TCOs and doped-CdO. &, of ScN is
slightly higher compared to the NIR plasmonic materials such as ITO, AZO; as well as
with the MIR plasmonic materials such as CdO primarily due to its lower carrier mobility
(see Fig. 3.5 (a)). However, compared to the MIR plasmonic materials such as n-Si, p-Si,
InAs, etc., the optical loss of ScN is smaller. Since advanced deposition methods such as
hybrid vapor phase epitaxy (HVPE) and molecular beam epitaxy%? (MBE) results in higher
carrier mobility (with a maximum reported mobility of ~ 280 cm?/Vs in ScN)'**, optical
losses could be reduced.

While the compelling optical properties of SCN makes it an attractive IR polaritonic
material, SPP waveguides, HMM, ENZ and other device implementations require low
surface roughness, a lattice-matched interfaces with the substrate and compatibility with
industrially relevant materials.

3.5 Transmission electron microscopy of ScN

Scanning transmission electron microscopy (STEM), energy-dispersive x-ray spectroscopy
(EDS) mapping and electron diffraction were applied to characterize the microstructure of
the film (see Appendix supplementary data section B2.11 for detail). Both oxygen and
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magnesium-doped ScN films deposited in this work on (001) MgO substrates at high-
temperatures grow epitaxially with [001](001) ScN || [001](001) MgO (see Fig. 3.6a and
3.6b). The ScN/MgO interface is sharp despite the presence of a few misfit-dislocations,
resulting from the 7% lattice-mismatch between ScN and MgO. Importantly, both oxygen
and magnesium dopants make homogeneous solid-solutions with ScN without any
precipitations or secondary phase formations (see EDS maps in Fig. 3.6 c-f) resulting in a
small rms. surface roughness of ~ 2 nm (see Appendix supplementary data Fig. B2.7).
Electron energy loss spectroscopy (EELS) O K-edge and Mg L-edges are consistent with
the bonding of O with Sc and Mg with N respectively and splitting of the peaks highlight
hybridization between different orbitals (see Appendix supplementary data Fig. B2.8).
While the present work utilizes (001) MgO as a substrate with the same crystal structure, it
must be mentioned that ScN films are regularly deposited on industrially important Al.O3
and Si substrates that should provide seamless chip integration. In addition, due to its near-
perfect lattice-matching, (111) ScN films have been deposited on (0001) GaN with very
little defects®®1% that would also lead to its integration with GaN-based light-emission and

power electronic applications.

Figure 3.6 STEM images and EDS maps of ScN deposited on (001) MgO substrate. (a) Low-
magnification STEM image showing homogeneous and uniform ScN growth with a few dislocations. The
electron diffraction pattern in the inset confirms the cubic epitaxial growth. (b) Atomic resolution STEM
image of the SCN/MgO demonstrating a sharp interface. STEM-EDS elemental mapping of (c) Sc, (d) N, (e)

Mg and (f) O shows the homogeneous elemental distribution.
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3.6 Conclusion

In conclusion, we present epitaxial refractory group-111 scandium nitride (ScN) as a dual
plasmon- and phonon-polariton material, where tunable plasmon resonance in the short-
wave-infrared (SWIR) spectral range and the phonon-polariton in the long-wave-infrared
(LWIR) region are obtained by carrier concentration control. Oxygen-doped ScN films
with carrier concentrations between 10?°-10%* cm™ exhibit high-quality and low-loss
plasmon resonance in the 1.8-2.3 um SWIR spectral region, where most plasmonic
materials do not work satisfactorily. High figure-of-merit (FOM) surface phonon-polariton
resonance is also achieved in the long-wavelength-infrared (LWIR) by reducing the carrier
concentration with Mg-hole doping in ScN. Demonstration of plasmon- and phonon-
polariton in one host material, SCN with doping-control makes it an attractive material for
applications in waveguides, hyperbolic and epsilon-near-zero metamaterials, optical
communication, solar-energy harvesting and infrared photonic applications.
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CHAPTER 4

Morphology-Controlled Reststrahlen Band and Infrared

Plasmon-Polariton in GaN Nanostructures

Gallium nitride (GaN) is one of the most famous semiconductors and its nanostructures
such as nanorod, nanocolumns, and nanowall-networks have several benefits over thin film
due to their reduced dislocation-density and large surface-to-volume ratio i.e., enhanced light-
emission, sensing, catalysis etc. Coupling of infrared light with optical phonon mode resulting
in the Reststrahlen band and excitation of surface phonon polariton has been demonstrated in
GaN thin films. However, the impact of nanostructuring on GaN's Reststrahlen band and
plasmonic properties have not been studied. In this chapter, we show that induced dipoles at
the edges and asperities in GaN nanostructures lead to phonon absorption that drastically
alters the shape of its Reststrahlen band. The hexagonal honeycomb-shaped GaN nanowall
networks and vertically standing nanorod are fabricated by controlling the growth modes with
plasma-assisted molecular beam epitaxy. Lichtenecker's effective-medium-approximation is
used to model the experimental Reststrahlen band and to determine nanostructures' effective
permittivity. Also, the formation energy of the N-vacancy at the surface of the nanostructures
is more favorable than in bulk, resulting in high carriers and the plasmon resonance in the
mid-infrared regime. Morphology-controlled tunable plasmon polariton as well as tailored
Reststrahlen band, make GaN nanostructures an attractive material for infrared

nanophotonics.
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K. C. Maurya*, A. Chatterjee*, S. M. Shivaprasad, and B. Saha, Nano Letters, 22, 9606-9613 (2022).
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Introduction

4.1 Introduction

Ever since the demonstration of blue light emission in light-emitting diodes (LEDs),*
gallium nitride (GaN) has emerged as one of the most dominating semiconducting materials
over the last three decades. Numerous device technologies, such as laser diodes, transistors,
high-power electronics, and optoelectronic devices based on GaN, are already
commercialized.*'® At the same time, GaN is also actively researched for high electron
mobility transistors (HEMTS), dilute magnetic semiconductors, solar cells, bio-sensors,
photochemical water splitting, and space-related applications.!11® Most of these
technological advances in GaN stem from its excellent material properties, including large
direct bandgap, high carrier mobility, high breakdown voltage, ease in bandgap tunability,
and superior structural and chemical stability at ambient and high temperatures. However,
due to the refractive index mismatch between GaN and air, the light extraction efficiency
of planar GaN-based LEDs is relatively low. Similarly, planar thin film geometry is also
not ideally suited for applications such as photochemical reaction, bio-sensing, and others,

where access to a large surface area of GaN is required.18119

To circumvent these challenges, porous hexagonal honeycomb-shaped GaN nanowall
networks (NwN) are developed that exhibit monochromatic and coherent luminescence
from nanocavities, improved photo-collection efficiency, and lower dislocation
densities.!? These nanostructures (nanorod, nanocolumns, and NwN) exhibit sharp band-
edge photoemission and almost no defect-related emission peaks often found in GaN
films.1?° By altering the growth conditions such as the substrate temperature, nitrogen and
gallium flux; single-crystalline polygonal-shaped cavities with steep-wedge-shaped
nanowalls with different GaN fill fractions are also developed. Cross-sectional microscopy
imaging revealed that the nanowall networks are ~ 100-200 nm wide at the bottom, ~ 5-10
nm wide at the top, and exhibit micron-sized heights that can be tuned with growth
durations. Significant changes in the growth parameters also result in vertically aligned
nanorod that are 100-200 nm in diameter, ~ 1 um in height, and are directly deposited on

Si or Al,Os substrates. 121123

Though the visible-wavelength photoemission properties of such GaN nanostructures have
been studied before, the impact of nanostructuring on GaN’s infrared (IR) optical properties

is not elucidated. Achieving optical resonances in the mid°"8081124_gnd-far’>125126 |R
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spectral range is necessary to further the progress in GaN research and for its potential
applications?*+"®7" in many emerging device technologies such as radiative cooling,?’
solar-thermophotovoltaics,*>!? nano-laser,%® sensing,'?® and surveillance®°, etc. In
general, IR light in the mid-to-long wavelength spectral range couple directly to the
transverse optical (TO) phonon mode in polar semiconductors and lead to a highly
reflecting region bounded by the TO and longitudinal optical (LO) phonon modes, known
as the Reststrahlen band.® Inside the Reststrahlen band, the dielectric permittivity becomes
negative, and the material repels the incident electric field.?® The Reststrahlen effect is
traditionally used to study semiconductors' vibrational properties and has also found

applications in geophysics and meteorology.*3!

For GaN epilayers deposited with molecular beam epitaxy (MBE) or metal-organic
chemical vapor deposition (MOCVD), the rectangular-shaped Reststrahlen band covering
a spectral range from ~533 cm™ to 744 cm™ has been demonstrated'21*3, Surface phonon-
polariton (SPhP) excitations are also shown in GaN thin films at ~ 693 cm™ within the
Reststrahlen band using p-polarized light in the attenuated total reflection (ATR)
measurement method.*'?1% However, in GaN nanostructures, free surfaces, pores, and
cavities are expected to impact the Reststrahlen band and alter the infrared light-matter
coupling. In general, such free surfaces, edges, and asperities in the cavity lead to induced
dipoles that can absorb incident light.131%¢ Such dipole maxima appear inside the
Reststrahlen band depending on the shape of the asperities and are known as the surface
polaritons. Such dipolar and multipolar resonances accompany phonon absorption and can

drastically impact the optical properties of materials.

In addition to the Reststrahlen effect in the far-IR spectral range, the nanostructures could
also be explored as hosts for mid-IR plasmon-polariton resonance. As-deposited GaN thin
films in MBE or MOCVD techniques generally possess n-type carriers due to nitrogen
vacancies and oxygen as impurities. However, in GaN nanostructures, the carrier
concentration is significantly higher and ranges from 10%°-10° cm due to additional
carrier generation from the surface vacancies and defects.'?! Previously, density-functional
theory (DFT)-based calculations have revealed that the formation energy of the nitrogen-
vacancy at the surface of the GaN nanostructures is more favorable than inside the bulk or
inside the thin films.2*” Therefore, by controlling the morphology of the GaN
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nanostructures, their carrier concentration can be tuned, and high-quality plasmon

resonance can be achieved.

4.2 Growth of GaN nanostructures

GaN nanostructures are deposited using plasma-assisted molecular beam epitaxy
(PAMBE) in an ultra-high vacuum chamber at a base pressure of 3 x 107! Torr on (0001)
Al>O3z substrates. A radio-frequency (RF) plasma source operating at a forward power of
375 W was used as the nitrogen plasma source. The substrate temperature was maintained
at 630°C. With changes in the nitrogen and gallium flux, GaN nanowall networks with
various volume fractions are obtained (see Appendix B3 supplementary data section B3.1
for details). In general, a high N2/Ga flux ratio gives more open surfaces or a low volume
fraction of GaN structure. Major changes in the growth conditions in terms of nitrogen-to-
gallium flux ratio are utilized to deposit vertically aligned nanorods on Si substrates. For
an epitaxial thin film with a smooth surface as a reference, 3 um thick n-type GaN deposited
on (0001) Al,O3 substrates are procured that exhibit a carrier concentration of ~2 x 108

cm at room temperature.

Plan-view field-emission scanning electron microscopy (FESEM) images of GaN
nanostructures (see Figure 4.1 (a-e)) show the evolution of surface morphology with
changes in deposition conditions. At a high substrate temperature, increased Ga adatom
diffusion results in large domains of GaN that are formed both in the lateral and vertical
directions (see Appendix B3 supplementary data Figure B3.1). However, with the reduction
of substrate temperature, the Ga adatom mobility reduces substantially, and the growth is
dominated by the Volmer-Weber growth mechanism, where nitrogen-rich (N-rich)
condition results in the formation of tetrahedral islands. First principles calculations show
that the adatom attachment at the edges of the tetrahedral islands is energetically favorable
which leads to an anisotropic growth resulting in the formation of "Y'-shaped structures.*®
With time, these structures merge and give rise to the particular NwN morphology. A
further reduction in the lateral diffusion of adatoms finally leads to a nanorod morphology,
as shown in Figure 4.1(e). Such a non-equilibrium growth mode'*® of GaN in the MBE
deposition method gives rise to complex surface patterns and nanostructures (see Ref.

120138140 for detailed discussion).
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Nanowall
network (NwN)

[ > Nanorod
Lithography-free MBE grown GaN nanostructures

Figure 4.1 Plan-view FESEM microstructure of MBE-deposited GaN nanostructures. (a-e) Surface
topography of nanowall network to nanorod along with various intermediate complex structures. Crystal

growth under non-equilibrium conditions gives rise to such complex surface morphology.

4.3 Reststrahlen band of GaN nanostructures

Optical characterization reveals that compared to the rectangular-shaped Reststrahlen band
in GaN epitaxial layer with a smooth surface (see Figure 4.2(a)), GaN NwN exhibits a right-
trapezoid-shaped Reststrahlen band (see Figure 4.2(c)). Reflectivity in NwN decreases
progressively from GaN’s TO phonon frequency at 566 cm™ to LO phonon frequency at
731 cm™*. The optical phonon frequencies of the thin film and nanostructures are measured
using Raman spectroscopy and presented in supplementary data section 4. To obtain the
dielectric permittivity, the measured reflection spectrum is fitted with Fresnel’s equation.

The frequency-dependent total dielectric permittivity (eqorq;(@)) is expressed as®

w2 0102 —wrn?
. p LO TO
£ w)=¢& +ic, =¢ (1— + ) 4.1
total( ) 1 2 o w2+iyw  wre?-w?-iwl ( )

wy= | (4.2)

m*eg

2
“p

Eplasmon(w) = - 02t Lyw (43)
Here the second term corresponds to the plasmon or Drude component, while the third term
refers to the phonon resonance. w;, (wr) are the LO (TO) phonon frequencies, I is the
phonon damping constant for phonon scattering, ¢, the background permittivity due to
bound charges (5.35), w,, ¥, n and m" are the high-frequency dielectric constant, plasma

frequency, plasmon damping constants, carrier concentration and effective mass,
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respectively. Since the GaN epitaxial layer exhibit a very low carrier concentration (~2 x
10'® cm®), the electronic contribution to the dielectric permittivity in the mid-to-long
wavelength IR spectral range can be neglected. However, for the NwN, since the carrier
concentration is relatively large (in the ~ 10'°-10%° cm™ range), electronic contribution to

the permittivity is included in modeling the Reststrahlen band spectral region.
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Figure 4.2 Reststrahlen band of GaN epilayer and nanostructures. Reflection spectrum (red curve) along
with the theoretically fitted curve (blue curve) of (a) GaN epilayer; (¢) GaN nano-wall network (volume
fractions of ~70%); (e) GaN nanorod (volume fractions of ~55%). A highly asymmetrical right trapezoidal
shaped Reststrahlan band appears in the GaN nanostructure. The calculated real (g;) and imaginary (g,)
component of the effective dielectric permittivity (e.¢¢) of (b) GaN epilayer, (d) GaN nanowall network and
(f) GaN nanorod. Nanostructuring leads to asymmetry in epsilon-near-pole (ENP) resonance at the TO
phonon frequency. To capture the sharp dip in the reflection spectrum of the nanorod near LO phonon, phonon

confinement effect!4142 is included in the modeling as presented in Sl section 8.
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The calculated real part of the dielectric permittivity (e,) for the epitaxial layer undergoes
a positive-to-negative transition at the LO phonon mode frequency (see Figure 4.2(b)). The
&, remains negative within the Reststrahlen band and exhibits an epsilon-near-pole (ENP)
resonance at the TO phonon frequency. As light couples directly to the TO phonon mode,
the imaginary part of the dielectric permittivity, represented as the optical loss, exhibits a
sharp symmetric peak located at TO phonon frequency, as shown in Figure 4.2(b).

Since the NwN and nanorods contain voids and asperities, effectively reducing GaN fill
fraction, the infrared reflection spectrum of the nanostructures is modelled using Fresnel’s
equation with Lichtenecker’s effective medium approximation (LEMA).1*3 The expression

for the effective permittivity (. = €;+ i £;) can be presented as

Log €.pr = f Log g+ (1 —1) Log &5 (4)

Where fis the volume fraction of GaN, ¢; (&) is the permittivity of the GaN (air). LEMA

softens the dielectric constant of GaN with its fill fraction f.

Compared to the epitaxial layer, the dielectric permittivity of NwN exhibits (see Figure
4.2(d)) an asymmetric response due to the asymmetry in the reflection spectrum (see Fig.
4.2(c)). Starting from the ENP resonance at the TO phonon frequency, the real component
of the effective dielectric permittivity (Re[s.f¢] or &;) is smeared towards the LO phonon
frequency (see Figure 4.2(d)). Similarly, the optical loss (Im[e.sf] or &,) also shows an
asymmetric peak at the ENP. Optical losses are also found away from the TO phonon
frequency due to the phonon absorptions. The magnitude of Re[s.sf] in NwN is also
smaller than that of the Re[e] of GaN epitaxial layers due to the decrease in the effective

volume fraction of GaN inside the NwN.

Compared to the NwN, the reflection spectrum of the nanorod structure exhibit a much
more significant asymmetry (see Figure 4.2(e)), with a pronounced dip at ~ 720 cm™.
Reflectivity recovers slightly at the position of the LO phonon frequency before vanishing
outside of the Reststrahlen band spectral region, thus exhibiting a peak-like feature.
Extraction of the dielectric permittivity shows higher asymmetry in the real component of

the dielectric permittivity with very small values of Re[ec¢] or €, and minimal dispersion
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as the LO phonon frequency is approached (see Figure 4.2(f)). The values of Re[eq] or &;
are also much smaller compared to the ones determined for the NwN. Notably, while the
optical loss is nearly negligible in the region close to the LO phonon frequency in an
epitaxial film, (Im[eqf] or €,) of the nanorod is significant in the regions close to the LO
phonon frequency, highlighting a great extent of optical absorption away from the TO

phonon frequency region.

The origin of the changes in the shape of the Reststrahlen band can be explained due to the
dipole-induced phonon absorption at the surfaces, edges, and asperities in the
nanostructures. The distribution of the size and shape of the asperities ensures multiple
dipole peaks with various degrees of geometrical factors (or depolarization factor), which
essentially results in a tapered decrease in the reflectivity from the TO frequency to LO
frequency. Following the description of previous work!®, the generation of the surface
polariton is modeled by assuming the asperities as having ellipsoidal shapes with

dimensions much smaller compared to the wavelength of light. The induced dipole moment
(p) in the ellipsoid is calculated by equation (4.5)1%®

£—&m

Em+Lj(e—&m)

enEy  (4.5)

=
|

Where v is the volume of the ellipsoidal particle (4rabc/3); a, b and ¢ are the principal
semi-axis of the ellipsoid. € and &, are the dielectric permittivity of GaN and the matrix
(air) respectively. E is the electric field of the light. Here L; is the geometrical factor along
the j™ principal axis of the ellipsoid with L1+ L> + L3 = 1. The geometrical factor depends

on the shape of the structure.

Figure 4.3(a) shows that the induced dipole maxima (or surface polariton) appearing closer
to the LO phonon frequency exhibit high depolarization factors (L close to 1). On the other
hand, for L approaching zero, the induced dipole modes appear close to TO phonon
frequency. However, since the dipoles interact with those from the surface and with each
other, and due to the fact that the asperities are not perfectly ellipsoidal, several induced
dipoles with different depolarization factors can arise inside the Reststrahlen band. To
determine the dominating L values for the GaN nanostructures, Andersson and Ribbing
formalism*® is utilized (see Eq. 4.6), which correlates the induced dipole probability with
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the effective geometrical factor (L") and effective permittivity (ef}‘]?"o") of the complex

structures.

h 1 we)
ng]?non =&+ f(é' - gm)gm fO mdlleff (46)

Here, w(Lé/7) is the probability function for induced dipole which depends on the effective
depolarization factor L¢// or the topography of the surfaces (see supplementary data section
B3.5 ).1* In general, for planar flat flakes, the probability function exhibits a large
contribution for Lé/7 less than 1/3 (see supplementary data section B3.4 and B3.6 for
detail). In the case of round edges or spherical surfaces, the probability function exhibit
maxima for L¢/f= 1/3. While for out-of-plane (vertically-standing) sharp asperities, the
probability function contributes more near regions where the L¢// are close to one. In the
case of the GaN NwN and nanorods, the probability function contributes more to the higher
values of L/ as the nanostructures exhibit niddle-like asperities. Figure 4.3(b) show that
w(Lé'T) increases monotonically with Lé// for the NwN, which explains the continuous
decrease in the reflectivity of GaN NwN from TO-to-LO mode. On the other hand, w(Lé//)
exhibits a maximum for the L¢// between 0.6 and 0.85 for the nanorod that leads to a dip
in reflection inside the Reststrahlen band (see Figure 4.2(e)). The magnitude of w(Lé//)

for the nanorods is also higher than the NwN which explains the higher absorption in the

nanorods.
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Figure 4.3 Induced dipole moment and its distribution within the Reststrahlen band. (a) Normalized
induced dipole moments of the surface polaritons as a function of wavenumber with depolarization factors L
as a parameter. For L close to 1, the surface polariton maximum appears close to the LO phonon frequency.

While for L close to zero, surface polariton maxima are located close to the TO phonon frequency. (b) The
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probability distribution function for dipole absorption as a function of effective depolarization factor of GaN

nanostructure.

To determine the effects of fill fraction on NwN’s optical properties, Reststrahlen bands
are measured with varying f, ranging from ~60% to ~83%. With a decrease in f, the
Reststrahlen band appear more asymmetric (see Figure 4.4(e)), and reflection decreases
progressively as one moves away from the TO phonon to LO phonon frequency. As the
FESEM images show (see Figure 4.4(a-d)), GaN NwN with a lower volume fraction (f1)
has more open surfaces and edges than the NwN with a high-volume fraction (fs).
Consequently, more surface polariton absorption takes place in NwN (f1) resulting in more
asymmetry in the Reststrahlen band. This phenomenon is further verified by calculating
the dielectric permittivity using the LEMA and by determining the theoretical reflection
curve, where the volume fraction (f) is decreased from 0.9 to 0.6. A clear decrease in
reflectivity can be found in Figure 4.4(f), which leads to a more right-trapezoidal-shaped
Reststrahlen band with a reduction in GaN volume fraction. Apart from the decrease in the
g, of the nanostructure with decreasing GaN fill fraction, larger asymmetry is found on
both &, and &, with respect to the ENP at the TO phonon frequency (see supplementary
data figure B3.6).

Apart from the changes in the shape of the Reststrahlen band, our results also show that
nanostructuring alters far-IR optical properties of GaN, such as thermal emission. The
emission spectra are measured by mounting the samples on a copper hot plate, from where
the radiation is collected in the FTIR spectrometer (see supplementary data figure B3.7).
Thermal emission of the NwN follows the inverse of the asymmetric Reststrahlen band of
the nanostructure (see supplementary data section-B3.7 for details). Since according to
Kirchhoff’s law, emissivity is same as the absorptivity, the measured emission spectrum is
expected to follow the opposite trends of the Reststrahlen band.
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Figure 4.4 Impact of GaN volume fraction on nanostructure’s Reststrahlen band. FESEM images of
GaN nanowall-networks with increasing volume fraction (a) f, (~0.60), (b) f2 (~0.70), (c) fs (~0.77), (d) f4
(~0.83). (e) Experimentally measured reflection curve of the NwNs. (f) Calculated reflection curve using
LEMA for volume fraction of 0.6, 0.7, 0.8, 0.9. Both the experimental and the theoretical results show that a

lower volume fraction of GaN leads to higher asymmetry in the Reststrahlen band.

4.4 Infrared plasmon polariton in GaN nanostructures

Along with the influence on the Reststrahlen band, nanostructuring in GaN also produces
plasmon resonance in the mid-IR spectral range. Since the nitrogen-vacancy are easier to
form on the free surfaces, exposed surfaces of the GaN structures lead to a higher
concentration of nitrogen-vacancies resulting in a large carrier concentration. Reflectivity
measurements in the mid-IR spectral range show that for NwNs, the plasmon resonance
appear at 5316 cm™ (1.86 pm), 3532 cm™ (2.83 pm), 2116 cm™ (4.72 pm) and 1911 cm?
(5.23 um) for volume fraction f1, fo, f3, f4 respectively (see the Figure 4.5 (a) and 4.5 (b),
reflection of GaN (fs4) is shown in supplementary data Figure B3.8). The lowest volume
fraction GaN (f1) NwN has the highest exposed free surface, as well as the highest free
carriers (see table 4.1). In the case of GaN nanorod, a minimum in the reflection spectra at
1892 cm™ (5.28 um) is obtained that corresponds to the free-carrier plasmon resonances.
Utilizing the Drude function (Eq. 4.3), reflection spectra are modelled using Fresnel’s
equation and the dielectric permittivity is obtained.

59|Page




Infrared plasmon polariton in GaN nanostructures

Table 4.1. Plasmonic and electrical properties of the GaN nanostructures.

GaN Resonance & FWHM Carrier Mobility = Optical loss
nanostructures Energy (AE) concentration | (cm?/Vs) (g2) at Ep
(Ep) cm™)  (meV) (cm™)
NwN (f1) 5316 200 3.2x10% 29 0.5
NWN (f2) 3530 240 1.7x10% 12 1.6
NwN (f3) 2116 193 6.1x10%° 15 2.1
NwN (fs) 1911 152 4.7x10%° 19 1.9
Nanorod 1892 220 4.5%x10%° 13 2.2

The &, of NwN (f1) to NwN (f4)) and nanorod exhibit a positive-to-negative cross-over at
5113 cm?, 3515 cm?, 2065 cm™?, 1820 cm™ and 1808 cm, respectively, near to their
plasma frequency, also known as of the epsilon-near-zero (ENZ) frequency (see Figure
4.5¢). Note that plasma frequency and ENZ frequency coincide with each other only in the
case of a lossless medium. In the present samples, GaN NwN (f1) has the lowest optical
loss (e,) at the plasmon resonance frequency (see Figure 4.5d), which is lower than the
g, of visible plasmonic materials such as Au,?® refractory transition metals, 4> metal nitrides

TiN%"8 and IR plasmonic materials such as ScN,%*2¢ transparent conducting oxides® etc.
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Figure 4.5 Plasmon-polariton in GaN nanostructures. (a) Plasmon response in GaN NwNs with volume
fraction f; (blue curve), f2 (green curve) and f3 (red curve) where f3 > f, > f1. (b) Plasmon response in GaN
nanorods. GaN NwN exhibit more open surfaces compared to nanorods, consequently, more carriers are
present in NwNs. The (c) real (¢;) and (d) imaginary (g,) component of the dielectric permittivity of GaN

NwNs of volume fraction f1 (blue curve), f2 (green curve), f; (red curve) and nanorod (magenta curve).

In this work, we show that surface polariton excitations at the edges and asperities in GaN
nanostructure significantly alter the shape of its far-IR Reststrahlen band. Located close to
the LO phonon frequencies, the induced dipoles absorb optical phonons reducing the
reflectance and modifying the Reststrahlen band. In addition, surface defects lead to
carriers' generation, resulting in tunable plasmon resonances in the nanostructures.
Excitation of the surface-polaritons in the far-IR and generation of high-quality low-loss

plasmon-polaritons in mid-IR make GaN an attractive IR nanophotonic material.

4.5 Plasmonic response of various mid-IR nanostructured plasmonic material

A comparison of the plasma frequency, damping factor and the plasmon resonance quality
factor of GaN NwN with other well-established IR plasmonic materials show (see Figure
4.6) that depending on the fill fraction, the NwN and nanorods exhibit plasma frequency
spanning a significant spectral range. The quality factor of the NwN’s plasma resonance is
also comparable to, or higher than other mid-infrared plasmonic nanostructures such as

INN, 46 Al/ZnO,*7 CuzxS,*® Sn/Inz03,'4° Ce/In203*° due to its low optical losses.
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Figure 4.6 Comparison of the plasmonic response of GaN nanostructures with other mid-IR nanostructured
plasmonic material. GaN NwN (f;) exhibits a high-quality factor value of 6.6 which is higher than the
previously reported quality factor for several nanostructured plasmonic materials such as InN, Al/ZnO, Cus.

xS, Sn/In;03, Ce/In,0s. Low optical loss in the GaN nanostructure is the reason for the high-quality factor.

4.6 Conclusion

In conclusion, optical resonance in GaN is extended from visible to far-and-mid infrared
spectral regions by the excitation of surface-polariton and plasmon-polaritons modes in
nanostructures, respectively. Single-crystalline hexagonal honeycomb-shaped GaN
nanowall network and vertically standing nanorods are developed with a plasma-assisted
molecular beam epitaxy (PAMBE). Surface polaritons resulting from the dipole-induced
phonon absorption at surfaces, edges, and asperities in nanostructures are found to control
the shape of the Reststrahlen band. Most surface polaritons occur close to the LO mode
frequency due to the geometry of the sharp needle-like asperities standing out of the
surface. The Reststrahlen band shape changed to right-trapezoidal with increased asperities
and pore volume fraction from a rectangular shape in the planar epitaxial thin film. Free
surfaces of the nanostructure also generate carriers with high concentrations, resulting in
mid-infrared plasmon resonance with high-quality factors. Demonstration of morphology-
controlled infrared resonances in GaN will further its progress in thermophotovoltaics, IR

sensors, emitters, and other emerging device technologies.
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CHAPTER S

TiN/Alo.72Sco.2sN Metal/Dielectric Multilayers-based Bi-
functional Optical Cavity

Traditionally, light-matter interactions in the visible spectral range utilize tailored
plasmonic nanostructure in metals that often require advanced nanofabrication techniques.
Concomitantly, polar lattice vibrations in dielectrics are used to achieve mid-to-long
wavelength infrared (IR) light-matter coupling. Achieving optical resonances
simultaneously in the visible and mid-to-long wavelength IR spectral range in one host
medium has been challenging due to mutually conflicting material and optical property
requirements. In this chapter, we show simultaneous light-matter coupling and
development of super absorbers in the visible and mid-IR spectral ranges with a
lithography-free planar wide-angle metal-(polar)-dielectric-metal (MDM) Fabry-Pérot
cavity composed of ultrathin refractory metallic TiN as the top layer and polar dielectric
Alo72Sco2sN as the spacer layer. Lattice-matched TiN/Alp72Sco2sN/TiN MDM cavities
exhibit super absorption resonance with maximum absorptivity of ~ 99%. The absorption
maxima spectral position is tuned with changes in spacer layer thickness and by utilizing
multiple cavity interactions. Alo.72Sco.2sN inside the MDM is also used for light coupling to
the transverse optical phonon mode and to the Berremann mode near the longitudinal
phonon frequency with strong selective absorption. Demonstration of refractory epitaxial
TiN/Alo.72Sco.28N/TIN MDM metamaterials mark significant progress towards developing
compact optical meta-structures with on-demand optical resonances at different spectral

ranges.

Electric field Max

IL

L v L) ML DL L B B
5 1.0F a Cavity Berreman .
2 mode mode Air
« Incident Tunable 4 TiN
g light response
(=}
— 05} e o i
e 0,
=
(=} P f
17}
o
0_0 L A 'l

1 2 10 11 12 13 14 Min
Wavelength (um)

K. C. Maurya, A. |. K. Pillai, M. Garbrecht and B. Saha, Materials Today Physics, 27, 100797 (2022).

63|Page




Introduction

5.1 Introduction

Artificially structured metamaterials provide unprecedented opportunities to control light-
matter interactions at the nanoscale and lead to a plethora of device applications. Light-
matter interactions in the visible and near-IR spectral ranges are utilized for various device
technologies such as  photovoltaics,'®**?  photodetectors,®  photocatalysis,*®
phototransistors,*> light emitting diodes (LEDs),*> and electro-optic modulator'®®1>, At
the same time, in recent years infrared light-matter coupling is becoming increasingly

important for many other emerging device applications such as radiative cooling,?”1%8

160 129

thermophotovoltaics,'>1?81%°  telecommunication,'® sensing,'?® and surveillance!3%?,
Therefore, materials and structures that demonstrate simultaneous light-matter interactions
and optical resonances in the visible and in mid-to-long wavelength IR spectral ranges

would usher in a new era of compact multifunctional device technologies.””

Traditionally, light-matter interactions in the visible and near IR spectral range utilize
plasmon resonance on metals and surface-plasmon-polaritons at metal/dielectric
interfaces.!®8%1%° Various self-assembled and patterned nanostructures have been also
employed for nanophotonic applications.*6¥162 Plasmonic nanostructures have been used
to achieve sub-wavelength light confinement, field localization, refractive index control,
phase and amplitude control and others.1%41% Many device functionalities such as perfect
absorbers over a broad spectral range, or wavelength-selective perfect emitters, were also
demonstrated.6¢-168 Also, the planar multilayer structures have attracted significant interest
for high absorptions using Tamm plasmon resonances (TP) 6170 coherent perfect
absorption (CPA) 1172 etc. The Tamm resonances can be achieved at the surface between
a periodic dielectric structure (Bragg mirror) and a metallic layer, while the CPA can be
achieved in MDM structure by optimizing the thickness and permittivity of the metal-
dielectric layers. However, tailored optical resonances in most of these devices are usually
achieved with nanostructures that often require advanced lithography and nanofabrication
methods.1%¢-16817 Moreover, spectral selectivity and device performance are strongly
dependent on the periodicity, size and shape of these nanostructures, which limits their

application space.

Similarly, optical resonance in the mid-to-long wavelength IR spectral range utilizes polar

dielectrics, where the electromagnetic wave can couple to the polar lattice vibrations.?287:125
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Owing to the transverse nature of the electromagnetic wave, light couples directly to the
transverse optical (TO) phonon modes in polar dielectrics such as AIN%, SiC%, GaN!'?,
ScN®126 ‘and leads to the phonon-polaritons (a hybrid quasiparticle made of photons and
phonons) formations. As a result of such coupling, polar dielectrics exhibit negative
dielectric permittivity within a frequency range, known as the Reststrahlen band that is
encompassed by the transverse optical (TO) and longitudinal optic (LO) phonon modes.?®
Due to the negative permittivity, polar dielectrics behave like conventional metals and
reflect incident radiation strongly within the Reststrahlen band. Along with the direct
coupling and optical absorption with the TO phonon modes, electromagnetic modes can
also couple to the leaky polaritonic Berreman modes!’#" near the LO phonon frequency
in planar polar dielectric films deposited on metal surfaces. Coupling of light with such
Berreman mode also leads to optical absorptions and is proposed for selective emitter

design in the mid-IR spectral ranges.

Therefore, (meta)-materials or (meta)-structures that can utilize the light-matter
interactions over the visible to long-wavelength IR spectral range could lead to many hybrid
device functionalities that no individual materials can provide.”” Yet, despite the apparent
benefits very little progress has been in this pursuit primarily due to the materials
incompatibility and nanofabrication challenges. For example, noble metals such as Ag and
Au are used for the plasmon resonance in the near-UV-to-visible spectral ranges. However,
as noble metals do not possess optical phonon modes, they do not lead to optical resonances
in the mid-to-long wavelength IR spectral ranges. Similarly, though polar dielectrics
exhibit the light-matter coupling in the mid-to-long wavelength IR spectral ranges, they do
not show plasmonic response due to the absence of carriers. Noble metals are also soft and
unstable at high temperatures, which compounds this fundamental material incompatibility
challenge.®° Due to their high surface energies, noble metals cannot be deposited in thin-
film and ultrathin film with low roughness. At the same time, noble metals are not
compatible with complementary-metal-oxide-semiconducting (CMOS) technologies and
are not suitable for epitaxial heterostructure development without atomic intermixing at the

interfaces.17®

With the emergence of transition metal nitrides (TMNSs) as alternative plasmonic
materials,>*8%126.177 the sjtuation has improved substantially. TMNs such as TiN are

mechanically hard, corrosion-resistant, exhibit a high melting temperature, and can be
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deposited in ultrathin films with low surface roughness.’*®® Planar epitaxial
TiN/Alo.72Sco.2sN metal/dielectric superlattices with nanoscale period thicknesses have
been developed that exhibit hyperbolic photonic dispersion and a significantly enhanced
photonic density of states, as well as tunable plasmonic resonances.!’®1° Such superlattice
metamaterials are also found to be stable at high-temperatures for an extended period of
time. 18181 While TiN in TiN/Alo.72Sco2sN metamaterials act as the metallic component, it
is also important to note that Alo.72Sco2sN is a polar dielectric that can support optical
resonances in the mid-to-long wavelength IR spectral range. AIN, which is the parent
material of AlxScixN, is a well-known polar dielectric with the TO and LO phonon mode
frequencies at 673 cm™ and 890 cm™, respectively. Though the inclusion of scandium
inside AIN is necessary for stabilizing AlxScixN in the rocksalt phase,'®? and for the lattice-
matching with TiN, it does not change AIN's polar semiconducting nature considerably.

In this work, motivated by the idea of creating simultaneous optical resonances in the
visible and mid-to-long wavelength IR spectral ranges, we demonstrate epitaxial
TiN/Alo.72Sco2sN/TIN MDM Fabry-Pérot cavity that not only results in tunable super
absorption in the 500-1200 nm spectral range but also exhibit narrow-band selective
absorption/emission corresponding to Alo72SCo.2sN’s TO phonon mode and Berreman
mode frequencies. Importantly, we achieve three different types of resonances, namely
Fabry-Pérot cavity resonance,® light coupling to the polar TO phonon modes and to the
Berreman modes*®® in one planar, lithography-free large-area CMOS compatible MDM

structure deposited on insulating substrates that can be seamlessly integrated with devices.

5.2 Growth of TiN/Alo.72Sco.2sN/TiN MDM structures

TiN/Alo.72Sco2sN/TIN MDM Fabry-Pérot cavity heterostructures are fabricated on (001)
MgO substrates with dc-magnetron sputtering inside an ultrahigh vacuum chamber at a
base pressure of 2 x 10°° Torr. All growths are performed at 10 mTorr deposition pressure
at a substrate temperature of 800°C. Details about the growth method are presented in
Appendix B4 supplementary data (SD) section B4.1. Structural properties of the
heterostructure metamaterials determined with high-resolution (scanning) transmission
electron microscopy (HR(S)/TEM) imaging (see Fig. 5.1 for a representative double cavity
structure) show that the TiN and Alo.72Sco.2sN layers grow with cubic epitaxy on (001) MgO
surfaces. The 100 nm thick bottom TiN layer serves as the back mirror for light reflection

and grows with lattice-matched epitaxy. The Alo72Sco2sN layers are homogeneous,
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uniform and exhibit very little interface roughness with TiN (see Fig. 5.1(b)). The atomic
resolution STEM image in Fig. 5.1(c) shows coherent growth of Alo.72Sco.2sN layers on TiN
with [001] (001) Alo.72Sco2sN || [001] (001) TiN epitaxial relationship. The STEM energy
dispersive x-ray spectroscopy (EDS) analysis show Ti, Al, and Sc have not been diffusing
between the layers during growth. Due to the x-ray emission peak overlap between Sc and

N, the N map shows slight inhomogeneities.

Al Sc,,N

Figure 5.1 a) STEM micrograph of TiN/Alo.72Sco.2sN multilayer stack deposited on (001) MgO is presented.
Coherent epitaxial interfaces between different layers are visible in the images. The electron diffraction
pattern in the inset confirms the lattice-matched cubic epitaxial growth. b) High-magnification STEM image
highlight the TiN/Alo72Sco2sN interfaces. ¢) Atomic resolution STEM image of the TiN/Alg72SCo2sN
interface is presented demonstrating a sharp interface. STEM-EDS elemental mapping of d) Ti, e) Al, f) Sc,

and g) N demonstrates well-separated layers without diffusion of atoms into adjacent layers.

5.3 Optical characterization of TiN/Alo.72Sco.2sN/TiN MDM structures

MDM cavities are fabricated with a 100 nm TiN as the bottom layer for super absorber
design in the visible spectral range. The top TiN layer thickness is kept constant at 15 nm,
while the Alo72Sco.28N spacer layer thickness is varied from 50 nm to 100 nm and 150 nm
(see Fig. 5.2(a)). As the bottom TiN layer is optically opaque with zero transmission, the
absorptivity (A) of the structures is calculated from the reflectivity spectrum with A=1-R
(T=0) relationship. Absorption spectra show that all the three cavity structures exhibit very
high absorption maxima at 99%, 97%, and 97% respectively (see Fig. 5.2(b)). It is also

important to note that the absorption maxima in the three structures cover a large portion
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of the visible-to-near-IR spectral range (580 nm- 1200 nm). A higher-order absorption peak
starts to appear at ~ 480 nm for the MDM cavity with a spacer layer thickness of 150 nm.
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Figure 5.2 a) Schematic diagram of the unit cell of metal-dielectric-metal (MDM) optical cavity. b)
Experimental and c) simulated absorption spectra of the MDM structures with varying dielectric Alg.72SCo.2sN
layer thickness (50 nm (blue), 100 nm (green), 150 nm (red)). d) Magnitude of electric field profile and (e)
electromagnetic power-loss density distribution for the MDM structure (50 nm of Alg72Sco.2sN thickness) at
the maximum absorption peak wavelength of 580 nm. f) Experimental and g) simulated angle-dependent

absorption curve of MDM structure (of 50 nm thick Alg.72Sco.2sN).

The MDM cavities' absorption spectra are simulated with the finite element method (FEM).
The complex dielectric constants of the bottom 100 nm and top 15 nm TiN,
and Alo.72Sco.2sN spacer layers are obtained with spectroscopic ellipsometry measurements
(see Appendix B4 supplementary data (SD) section B4.4 for details). The real component
of the dielectric permittivity (e;) of TiN shows a positive-to-negative transition at ~ 480
nm that corresponds to the wavelength associated with TiN's plasma frequency. The optical
losses, represented by the imaginary component of the dielectric permittivity (e,) of TiN,
increase with an increase in the wavelength due to free-electron Drude scattering. The
wavelength corresponding to the plasma frequency and dielectric permittivity of TiN is

comparable to previous reports.>#177 Aly7,Sco2sN spacer layers, on the other hand,

68|Page




Chapter 5: TiN/AI0.72Sc0.28N Metal/Dielectric Multilayers-based Bi-functional Optical Cavity

exhibit nearly constant permittivity above 500 nm that is consistent with its dielectric
nature. Due to the direct bandgap of Alo.72Sco.2sN of ~ 3.4 eV, Lorentz peaks are observed
in both spectrums (see supplementary data (SD) Fig. B4.1 (b)). Notably, the optical losses
of Alo72Sco2sN are negligible above 500 nm spectral range. As shown in Fig. 5.2(c), the
calculated absorption spectra of MDM structures match the experimental results. The peak
positions, peak-width, and peak-shape are nearly identical between the experiment and

simulated results.

Unlike the spectrally selective absorbers that use the plasmon resonances, the super
absorbers developed in this work utilize light interference inside the MDM cavity. The
Fabry-Pérot cavity with a nearly lossless dielectric spacer layer bounded by the optically
thick bottom metallic TiN and thin top TiN layer supports the coherent perfect absorption
(CPA). The behavior of the cavity resonance can be described qualitatively by the

resonance condition,6°

2
2 (Ares) Ngtg + Ppottom-1in + PTop-TiN = 2mm (1)

The first term on the left side of the equation represents the round-trip propagation phase
shift within the cavity. Where n; and t; are the refractive index and thickness on the
dielectric Alg.72Sco2sN layer. 1, is the resonance wavelength and m is an integer number
determining the order of cavity mode. @gottom-rin aNd @porrom—Tin are the phase shifts
upon reflection at the bottom and top metal—dielectric interfaces, respectively. The FEM
simulation-derived electric field distributions show the underlying mechanism more
clearly. Fig. 5.2 (d) shows that the electric field is highly confined inside the Alo.72SCo.2sN
spacer layer due to the formation of standing waves. Constructive interference between the
incoming and reflected light leads to such effects with the field maxima located at the center
of the spacer layer. Since the electric field is maximum at the middle of the spacer layer,
most energy is absorbed in the top metal layer and at the bottom spacer/metal interfaces, as

shown in Fig. 5.2(e).

Further, the origin of the optical resonance of the MDM structures is explained using a
guantum mechanical description of the MDM cavity as a double barrier quantum well and

the classical harmonic oscillator model (as presented in detail in the reference 18+18%), TiN
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is found to satisfy the Hermiticity limit to obtain the resonances by resonant tunnelling
through the metal (see Appendix B4 supplementary data figure B4.4). On the other hand,
using the effective dielectric permittivity obtained from the classical harmonic oscillator,
we show that the cavity resonance corresponds to the epsilon-near-zero (ENZ) mode of the
MDM structures (see the supplementary data section-B4.7 and section-B4.8 for the detailed
analysis). Both the classical oscillator and the quantum mechanical approaches exhibit very

good agreement with the experimental results.

Angle-dependent absorption is further measured (see Fig. 5.2(f)), and its numerical
simulation results are presented in Fig. 5.2(g). The super absorption peak is visible at all
angles of incidence (24°-72°). However, the super absorption intensity decreases with an
increase in the angles of incidence. From the measured absorption spectra (Fig. 5.2(b)), a
resonance full-width-half-maxima (FWHM) of 175 nm, 324 nm, and 367 nm is calculated
that lead to a quality factor (Q-factor) of 3.3, 2.5, and 2.7 for the three MDM structures
with 50 nm, 100 nm, and 150 nm spacer layer thicknesses. Though the Q-factors (4/A7) are
rather low, it is a manifestation of the higher optical loss of TiN compared to noble metals
such as Ag and Ag.*8 While a narrowband absorber is generally useful for sensing, imaging
and color filter applications,'8-188 the slightly broadband TiN-based absorber can be useful
for thermal photovoltaics, radiative cooling, photodetectors, etc.8%1% Since the dielectric
properties of TiN can also be tuned with growth conditions, a narrowband absorber can be
achieved by reducing the optical loss of the metallic TiN. Also, it is known that the cavity
mode can be tailored by ultrafast optical pumping, which increases the local permittivity
and results in a redshift in the resonance mode."! This approach can be useful for the
TiN/Alo.72Sco2sN/TiN MDM multilayer structure as well, which will further the progress
in ultrafast manipulation of optical nonlinearities, such as high harmonic generation and

other ultrafast light-driven technologies.

5.4 Optical characterization of TiN/Alo.72Sco.2sN based double cavity

Besides demonstrating tunable absorption in the visible spectral range, optical resonance
engineering is performed through multi-cavity interactions. An additional 50 nm
Alo72Sco.28N spacer layer and 15 nm thick TiN layer are deposited on the existing MDM
structure with 50 nm Alo.72Sco.28N spacer layer (see Fig. 5.3(a)). The first-order mode at
580 nm splits into two at ~ 440 nm (A1) and ~ 690 nm (A2) (see Fig. 5.3(c)). Such splitting
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of the modes due to multi-cavity interactions 18192 s an effective way to achieve tailored
absorptions in the desired spectral ranges and is well-supported by the simulation results
(see Fig. 5.3(d)). Simulation results show that corresponding to the first split peak at ~ 440
nm, the electric field is highly confined in cavity 2 (or the bottom cavity spacer layer).
Whereas the electric field is found to be maximum at the Alo72Sco.2sN spacer layer inside
cavity 1 for the second peak located at ~ 690 nm (see Fig. 5.3(e) and 5.3(f)). Similarly,
most of the energy is absorbed in the top and middle TiN layers as well as at the
TiN/Alo.72Sco2sN interfaces as Fig. 5.3(g) and 5.3(h) show. Higher-order cavity mode
splitting experiments and simulations are further performed, and the results are presented
in the supplementary data section-B4.6. This splitting of optical modes due to the
interactions among multiple cavities is analogous to the formation of bonding and

antibonding orbitals in the molecular orbital theory.1931%
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Figure 5.3 a) Schematic diagram of TiN/Alg.72Sco2sN based double cavity structure. b) Schematic diagram
that shows the splitting of energy states due to the coupling between double cavities. ¢) Experimental and d)
simulated absorption spectra of double cavity mode (red line) along with the single cavity mode (blue dash
line). The splitting of the curve corresponds to the direct coupling of the two cavities. (e, f) Magnitude of
electric field profile and (g, h) electromagnetic power-loss density distribution for the double cavity (50 nm

of Alo.72Sco2sN thickness) at the maximum absorption peak wavelength of 440 nm and 690nm.
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5.5 Optical phonon modes in MDM structures

Having demonstrated super absorbers in the visible spectral range with MDM Fabry-Pérot
cavities, we focus on achieving selective absorption at the mid-IR frequencies. The
absorption spectrum of the cavity structures in the mid-to-long wavelength IR is measured
with a Fourier Transform Infrared spectrometer (FTIR). Since the bottom 100 nm TiN is
optically opaque for light transmission in the entire mid-to-long wavelength IR,
reflectivity (R) measurements and subsequent utilization of the A=1-R relationship are
used to obtain the absorption. MDM cavity with 100 nm Alo.72Sco.2sN spacer layer exhibits
an absorption peak at 891 cm™ (see Fig. 5.4(a)) corresponding to the Berreman mode
excitation near the Alo.72Sco.2sN’s LO phonon frequency (discussed in detail subsequently).
The FWHM of the absorption peak is 62 cm™, which results in a measured Q-factor of
14. Similarly, cavities with 50 nm and 150 nm Alo.72Sco.2sN spacer layers exhibit selective
absorption due to the Berreman mode excitations (see supplementary data Fig. B4.8). It is
important to note that the Berreman mode mid-IR absorption is visible in these MDM
metamaterials despite the presence of a 15 nm TiN on top of the Alo.72Sco.28N spacer layer.
Removal of the top TiN layer increases the absorption coefficient slightly (as shown in Fig.
5.4(a). These results, therefore, show that the MDM Fabry-Pérot cavities exhibit

simultaneous visible and mid-IR light absorption (as shown in Fig. 5.4(b)).
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Figure 5.4 Effect of TiN top-layer on Alg72Sco2sN/TiN/MgO sample in IR and visible range. a) FTIR
reflection of Alp72S¢o.2sN/TiN/MgO and TiN/ Alg72S¢o.2sN/TiN/MgO samples. Thin TiN (15 nm) top layer
film does not affect the optical phonon much, while strong absorption in the visible range appeared due to
the cavity resonance. (b) Simultaneous optical resonances, cavity mode and Berreman mode can be achieved
in MDM structures.
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Detailed experiments and modeling are performed to determine the absorption mechanism.
Reflectivity measurement (R) of (001) MgO substrates show a clear and well-defined
Reststrahlen band with more than 90 % of the incident light reflected within the band. From
the fitting of the reflectivity spectrum with the Fresnel equation, TO and LO phonon
frequencies of 395 cm™ and 795 cm™ are determined for MgO (see Fig. 5.5a) which is
consistent with literature reports.!®® Similarly, when a thick 200 nm AIN (parent polar
dielectric Alo.72Sco2sN) layer is deposited on (001) MgO substrate, two distinct
Reststrahlen bands are observed in the reflectivity spectrum. One of the Reststrahlen bands
corresponds to MgO, while the other results from light reflection from the AIN Reststrahlen
band. Fitting the spectrum with the Fresnel equation further shows that an LO and TO
phonon frequency of 673 cm™ and 896 cm™® for AIN is consistent with previous reports.'%
With the demonstration of the Reststrahlen bands, 200 nm AIN layer is deposited on a 100
nm TiN base-layer on (001) MgO substrate. Such metal/polar-dielectric structures are
known to support leaky modes known as Berreman modes. Though these optical modes
were initially attributed to the excitation of LO phonon modes,®® later research showed
that these modes correspond to phonon-polariton in polar-dielectrics that fall within the
light cone and a surface mode beyond the light cones that are characterized with a real wave

vector and complex frequency.t’

The reflectivity (R) spectrum of the 200 nm AIN deposited on 100 nm TiN, indeed, shows
the coupling of incident light with the Berreman modes with a sharp dip in the reflection at
891 cm™ that is very close to AIN’s LO phonon frequency (see Fig. 5.5b). The FWHM of
the absorption peak corresponding to the Berreman peak is 32 cm™, resulting in a Q-factor
of 28. The reflectivity (R) spectrum also shows a dip at 673 cm™ that is close to the TO
phonon frequency of AIN and represents the direct light coupling to the TO mode of AIN.
The Fresnel equation is modified to model the reflectivity spectrum, and a Berreman

term*® is included. The total reflection coefficient is obtained by using the equation (2)

R = RFresenal X RBerreman -

rip+ryze?iknd 2[1_46( Im (epp) )] @)

147, rp3e2ikz2d Re (epp)2+Im (epp)?

Where the first term (Rpresenar) represents reflectivity for the three-layer system by
utilizing the Maxwell’s equation, rij is the complex reflection coefficient between layers i

and j (with layers 1, 2, and 3 referring to air, AIN, and TiN, respectively), and k,; is the
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wavevector component of light in the i layer. The second term (Rgerreman) is Berreman’s
term to explain light absorption near to the LO mode of AIN, and ¢p, is the permittivity of
AIN

Epp = Eur ( 14 M) 3)

wro?-w?-iwl

Here the w;o (wro) is the LO (TO) phonon frequencies of AIN respectively, T is the
damping of the phonons, and §/2x is the thickness of the dielectric film, measured in
vacuum wavelengths of the incident radiation. Fig. 5.5(b) show that the modeled

reflectivity spectrum matches well with the experimental results.

Further, Alo.72Sco.28N layers with thicknesses of 100 nm and 1000 nm (1 um) are deposited
on 100 nm TiN, respectively and their reflection spectra are measured. For both
Alo72Sco2sN films, light coupling to the Berreman modes is observed at ~ 895 cm™ (see
Fig. 5.5¢), which is close to AIN’s LO phonon frequency. As mentioned previously, the
inclusion of scandium inside AIN does not impact the high-frequency LO modes due to the
higher atomic mass of scandium atoms. The absorption measurements, therefore, confirm
it. Reflection spectra of 1 um Alp72SCo.2sN film also show the light coupling to the TO
optical phonon mode at 565 cm™ at a slightly smaller frequency than AIN. Optical phonon
modes in AlxS1.xcN have been studied in detail and similar consequence has been seen in
the previous reports.!® The broadening and shift of the mode frequencies can
unambiguously be attributed to an elongation of Al (Sc)-N bonds because of Sc doping.
Contrary to that, 100 nm Alo.72Sco.2sN film show almost no reflection dip at the TO phonon
frequency. This behavior was also observed previously for thin AIN layers deposited on
metallic Mo layers'®® due to the small optical path length for the light to couple with the
sample’s TO phonon. It is important to note that though the absorption peaks in AIN and
Alo.72Sco28N are located near to one another, the FWHM of the Alg.72Sco.2sN peaks is much
broader than that of AIN’s absorption peak. Compared to the AIN absorption peak FWHM
of 14 cm™ (for TO) and 32 cm™ (for LO), Alo.72Sco.2sN exhibits a much larger FWHM of
103 cm™ (for TO) and 102 cm* (for LO). Such higher FWHM results from higher damping
constant of Alp.72Sco2sN  with respect to AIN, leading to Alo72Sco2sN’s smaller

resonance Q-factor. Since the inclusion of scandium inside AIN is necessary to achieve
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rocksalt-Alg.72Sco.2sN with lattice-matched interfaces, there seems to be a tread-off between

the structural requirements for stable epitaxial film and high-quality optical resonance.

The spectral response of the Berreman modes can be further calculated % in the limit of
optically thin Alo.72Sco.2sN layers.
ngkzl + ldkzzz = 0 (4)

The dispersion spectrum (see Fig. 5.5d) shows that the thin 100 nm Alo72Sco.2sN layer
exhibits close to angle independent Berreman mode frequencies. Whereas 1 pm.
Alo72Sco28N exhibits a much dispersive Berreman mode spectral response. Though the
experiments are performed for a fixed angle of incident, the Berreman mode frequencies in

the experiment and in the dispersion spectrum match with each other.
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Figure 5.5 FTIR Reflection spectra are collected from a) AIN/MgO (red) along with MgO substrate (blue).
For MgO substrate, a clear Reststrahlen band spread over 395 cm™ to 767 cm. For the sample AIN/MgO,
two Reststrahlen bands appeared from AIN and MgO. b) Reflection spectra of TIN/MgO and AIN/TiN/MgO.
Metal TiN reflectivity is around 95% in the whole FTIR spectral range. For the sample AIN/TiN/MgO, two
dips in the reflection spectra correspond to the absorption of TO and LO phonon of AIN. ¢) IR-reflection of
Alo72SCo28N/TIN/MgO samples of two different thicknesses of Alg72Sco2sN 100 nm and 1000nm is
compared. Two dips in the reflection spectra correspond to the TO and LO modes appearing in the thicker

Alo72Sco28N while the optical modes are barely visible in the thinner film. d) Berreman mode dispersion
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relationship for 100 nm (blue) and 1 pm (red) thick Alo.72Sco26N/TiN samples calculated using Eq. 3. The

light line is shown as a dotted green line. The inset shows the Berreman mode of Alg72Sco.26N films.

Therefore, this study demonstrates that the metal-polar dielectric-metal multilayer
structures can provide dual optical resonances at two different spectral regimes. The cavity
resonance governs the optical absorption in the visible-to-NIR spectral range, while
excitation of the TO phonon and the Berreman modes leads to light absorption in the mid-
to-long wavelength infrared regime. In addition, we achieve both of these resonances
utilizing refractory epitaxial and CMOS-compatible TiN as the plasmonic and Al 72Sco.2sN
as the polar-dielectric layer that overcomes many of the material challenges that noble
metal-based optical structures encounter. Through the present work exhibit, optical
resonances in the 580 nm - 1200 nm for the visible-to-NIR and 10.5 pm - 13 pm in the
mid-to-long wavelength IR spectral ranges, the structures could be further optimized to
achieve the resonances at specific wavelengths necessary for radiative cooling and

thermophotovoltaic applications.

5.6 Conclusion

In conclusion, we show simultaneous light-matter interaction and optical resonance in the
visible and mid-IR spectral range with a lithography-free planar wide-angle
TiN/Alo.72Sco2sN/TiN metal-(polar)-dielectric-metal (MDM) Fabry-Pérot cavity. Tunable
super absorption with absorptivity exceeding 99 % is achieved in the 580 nm - 1200 nm
spectral range by varying the dielectric layer thickness inside the MDM cavity. Splitting of
the cavity modes through interactions between multiple cavities is also demonstrated as a
method to tailor the optical absorption in the visible-to-near-IR spectral region. The MDM
metamaterials are shown to exhibit mid-to-long IR light absorption due to the direct light
coupling not only to the transverse optical (TO) phonon modes but also to the leaky
polaritonic Berreman modes. Detailed analysis of the Reststrahlen bands in AIN and
Alo72Sco2sN along with the spectral response of the Berreman mode is further
demonstrated. Demonstration of optical absorption and simultaneous light-matter coupling
in the visible and in the mid-to-long wavelength IR spectral range with a single
metamaterial mark important progress in the quest to design functional optical materials

that can be used for energy conversion, sensing, healthcare, security and other applications.
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CHAPTER 6

TiN/Alo.72Sco.28N Superlattice-based Anisotropic Optical

Medium for Spin Photonics

The hyperbolic optical medium is an artificially structured material with extreme
dielectric anisotropy (+ve (dielectric) in one direction & -ve (metal) in another direction)
for potential applications in subwavelength imaging, coherent thermal emission, optical
spin Hall effect (OSHE) etc. Generally, metal-dielectric based metamaterial structures are
used for designing such type of anisotropic medium. To make high-quality refractory
photonic structure, titanium nitride (TiN) is used as a refractory metal along with a
dielectric aluminum scandium nitride (Alo.72Sco.2sN). TiN/Alo.72SCo2sN superlattices are
grown which shows the hyperbolic dispersion in a certain wavelength range. In Magnus
effect, a spinning ball experiences a force due to pressure gradient and its path gets
deviated from the expected trajectory. Similarly, photon spin is associated with the
circularly polarized light (helicity = +/- 1), enters an extreme anisotropic optical medium
(or hyperbolic medium), and experiences a force due to a refractive index gradient. Thus,
a photon of the opposite spin travel in the opposite direction, also known as the photonic
spin Hall effect. In this chapter, theoretical demonstration of the spin hall effect in TiN/

Alo.72Sco.28N superlattice-based hyperbolic medium is presented.
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6.1 Introduction

Metal-dielectric nanostructures are the building block of the nanophotonic and
optoelectronic devices, enabling precise manipulation of electromagnetic waves by
leveraging diverse light-matter interaction mechanisms at subwavelength dimensions.%
Metamaterials enable several optical mediums such as hyperbolic and epsilon-near-zero
(ENZ), which allow propagation of large wavevector light, such as surface wave or
evanescent wave, applicable for subwavelength imaging, enhanced Purcell effect, nano-
laser, etc. Apart from that, anisotropic optical medium is a good platform for spin
photonics. As photon has spin, the right- and left-handed circularly polarized light (or
helicity ¢ = £1) is regarded as two quantum states.?%2% |t is also well known that when
circular-polarized light enters an inhomogeneous (or anisotropic) medium, light
experiences a force which depends on the refractive index gradient.2®® Consequently,
photons of opposite spin propagates in the opposite directions, also known as the optical

spin Hall effect.

One can make extreme anisotropic optical medium (or hyperbolic medium) by using metal-
dielectric composite superlattices or nanorods.?** Recently hyperbolic dispersion is shown
in twisted double-layers of MoOs flakes by changing the moiré angle as well.?® In this
chapter, TiN/Alo.72Sco2sN based superlattice is grown to make hyperbolic medium.
Titanium Nitride (TiN) is a well-known alternative refractory plasmonic material. TiN is
hard (hardness of ~ 30GPa), exhibits a very high melting temperature of 2930°C and stable
against creep deformation to high temperatures. The surface energy of TiN is 24-39mJ/m?
which is significantly smaller than the surface energies of noble metals (~ 1-2 J/m?) that
allows uniform TiN ultrathin film depositions with smooth surfaces. TiN is also compatible
with Si-technology, it already has been used for as a buffer layer in integrated circuit (IC)
fabrication. So, TiN is a good plasmonic material that play the role for the metallic
component, but it is also very crucial to choose a suitable dielectric medium for making the
epitaxial superlattice. In the previous study, aluminum scandium nitride (AlxScixN) alloy
exhibit tunable lattice constant that depends on the ScN and AIN concentration.
Alo.72SCo.2sN lattice constant (4.24 A) and crystal structure (Rocksalt) was found similar to
the TiN. Planar epitaxial TiN/Alo.72Sco.2sN metal/dielectric superlattices with nanoscale
period thicknesses have been developed that exhibit hyperbolic photonic dispersion and a

significantly enhanced photonic density of states, as well as tunable plasmonic
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resonances.*’®1° Such superlattices are also found to be stable at high-temperatures for an

extended period of time. 180181

6.2 Growth of TiN/Alo.72Sco.2sN Superlattice

Superlattices consisting of TiN and Alo.72Sco.2sN alternating layers of equal thickness were
grown on (001) MgO substrates by dc-magnetron sputtering inside an ultrahigh vacuum
chamber at a base pressure of 2-3 x 10 Torr. All growths are performed at 10 mTorr
deposition pressure at a substrate temperature of 800°C. Structural properties of the
superlattice are determined with high-resolution (scanning) transmission electron
microscopy (HR(S)/TEM) imaging that show the TiN and Alo.72Sco.2sN layers grow with
cubic epitaxy on (001) MgO surfaces. The Alo.72Sco.2sN layers are homogeneous, uniform
and exhibit very little interface roughness with TiN (see Fig. 6.1(a)). The high-resolution
STEM image in Fig. 6.1(b) shows coherent growth of Alo72Sco2sN layers on TiN with
[001] (001) Alo.72Sco2¢N || [001] (001) TiN epitaxial relationship.
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Figure 6.1 (a) STEM micrograph of TiN/Alo72Sco.2sN (metal/dielectric) superlattice deposited on the MgO
substrate. (b) High-magnification STEM image highlight the TiN and Alo.72Sco.2sN are separated by clean and

abrupt interfaces.
6.3 Optical characterization

The dielectric permittivity of the superlattice (SL) consisting of 20-nm thick layers of TiN
and Alo72Sco2sN of 8 periods is characterized by a variable angle spectroscopic
ellipsometer (RC-2 J.A. Woollam Co.) from 210 nm-2500 nm range. Fig. 6.2 (a) and (b)
show the dielectric permittivity of TiN and Alo.72Sco.2sN respectively that constitute the
superlattice. TiN is metallic (real part of the dielectric permittivity &; < 0) for wavelengths
longer than 480 nm and Alo.72Sco.2sN is dielectric throughout the UV to near-infrared (NIR)
ranges. The effective dielectric permittivity of the superlattice in the direction normal to

the plane of the layers (') and parallel to the plane of the layers (¢') is evaluated by
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Optical characterization

utilizing the ellipsometer data and effective medium theory. The real parts of the dielectric
permittivity (Fig. 6.2 (c)) exhibit opposite signs for wavelength 486 nm <A <580 nm (i.e.,
g1 < 0, €! > 0) which produces a type-I hyperbolic dispersion and for A > 580 nm (i.e.,
er > 0, €} < 0)which produces a type-1l hyperbolic dispersion. The perpendicular
permittivity &- has a Lorentz-like response with a resonance pole at 609 nm. While the
parallel dielectric constant act as Drude-like dispersion, and the presence of the weakly
dispersive dielectric layers effectively adds a positive background dielectric constant. As a
result, the dielectric layers serve to dilute the metal and redshift in the crossover wavelength

(or plasma frequency) of the multilayer superlattice.
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Figure 6.2 Dielectric functions (measured using spectroscopic ellipsometry) of (a) TiN and (b) AIScN that
constitute the superlattice (20 nm/20 nm of 8 periods) together with (c) the real and (d) imaginary parts of the
dielectric functions of the effective medium that approximates the superlattice. The perpendicular permittivity

has a Lorentz-like response while parallel permittivity has a Drude-like response.

The red shift of the crossover wavelength, from the 471nm to 608 nm, in the effective
permittivity of the superlattice can be also seen in the reflection spectrum of the
superlattice. In figure 6.3 (a), angle-dependent reflection (R) measurement of the
superlattices and theoretical calculations (see Figure 6.3 (b)) further justify the hyperbolic
nature of the superlattices. At longer wavelengths (> 603 nm), since the superlattices act as

type-11 HMM, high reflectivity is observed in both experiment as well as in the modeling.
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However, a dip in the reflection spectra at ~ 603 nm is observed that corresponds to the

crossover wavelength of the effective permittivity of the superlattice.
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Figure 6.3 (a) The experimental reflection spectrum of 20 nm/20 nm TiN/AIScN superlattice presented as a
function of incident angle (measured using spectroscopic ellipsometry). (b) Theoretically calculated

reflection spectra of the same superlattice (using COMSOL Multiphysics Software) that indicates a clear
match up with experimentally measured spectrum.

6.4 Hyperbolic photonic dispersion in uniaxial medium:

The dielectric permittivity of diagonal permittivity tensor with degenerate values in the ab-
plane (or xy plane) and one along the c-axis (z-direction) are represented by €., and ¢,

respectively. So, the dielectric permittivity of a uniaxial anisotropic material can be
described by a tensor as follow

(exx 0 0
= 0 Exx 0 ) 6.1
PR (6.1)

82 Z

Propagation of the electromagnetic wave through such material is determined by the
dispersion relation

kithy ki _o’ (6.2)

2
€2z Exx ¢
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Photon spin Hall effect

The relative signs of ¢,, and ¢,, determine the type of dispersion medium such as an
elliptical or a hyperbolic medium. Materials with anisotropy as &,, # &,, > 0 shows
elliptical dispersion (see Fig. 6.4 (a)) also known as birefringent crystal such as calcite. If
the permittivity has opposite sign in opposite direction (&, €,, < 0), then the material
shows hyperbolic dispersion and known as hyperbolic material. There are two types of

hyperbolic nature exhibit in uniaxial material, first €,, < 0 and &,, > 0 known as type-I

k,

Z

N
N

k,

[see Fig. 6.4 (b)] and second &,, > 0 and &,, < 0 known as type-II [see Fig. 6.4 (c)].
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Figure 6.4 Schematic diagram of isofrequency surfaces in momentum space for elliptical (a), hyperbolic

type-I (b) and type-II (¢) medium.
6.5 Photon spin Hall effect

It is well known that when light passes through one medium to another medium, its
direction of propagation and momentum change during refraction or reflection. However,
the trajectory of light, in the isotropic medium, is independent of its polarization. In the
case of anisotropic medium, propagation of light depends on the gradient-index medium

with refractive index n(R) described by the following equations of motion.2%

P =7n(R) (6.3)
. P o PxP
R - ; - k_OF (64)

The equation-6.4 describes the spin-dependent trajectory of light, in other words, the spin-
Hall effect of light. The theoretical demonstration for the light spin-Hall effect in
TiN/Alo72Sco28N superlattice is obtained by solving Maxwell’s equations for incident
circular polarized light using the finite element method (FEM). In FEM, geometry is
divided into the subdomain and expresses the differential equation of electromagnetic field
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in terms of charges and currents distributed along with the associated boundary conditions.
The boundary conditions for the electromagnetic field provide a set of linear integral
equations that are solved computationally using the COMSOL Multiphysics software. The
dielectric permittivity of the superlattice is obtained by ellipsometer and used as the input

optical parameter in the software.

In figure 6.5, the photonic spin-Hall effect in TiN/Alo72Sco2sN superlattice-based
hyperbolic medium is demonstrated where the light of opposite spin (helicity o = +1)
propagates in opposite direction. The experimental demonstration of this phenomenon will

be the future avenue of our research.

E
a : . b Min I — A Max
Incident light
— (c= +1) =)
(o= -1) Hyperbolic Hyperbolic
N Material Material
yperbotic MeA (o= +1)

Photon spin Hall effect

Figure 6.5 Photonic spin Hall effect in TiN/Alo72Sco2sN superlattice-based hyperbolic medium. (a)
Schematic of photon dynamics of opposite spin in the hyperbolic medium. (b) Simulated electric field
distribution (which represents the light propagation) in the hyperbolic medium. Light of helicity (o) = -1

propagates in the left direction and wise versa.
6.6 Conclusion

We have presented a detailed analysis of the optical response of periodic epitaxial, CMOS-
and biocompatible, thermally stable TiN/Alo.72Sco.2sN metal/dielectric superlattice-based
hyperbolic medium. The optical parameters are obtained by ellipsometry and utilized for
electromagnetic simulation to observe the photon spin Hall effect. Anisotropic optical
media affect the trajectory of the photon of a different spin. The spin-Hall effect of light
will be an important part of modern quantum photonics research. Therefore,
TiN/Alo.72Sco28N based hyperbolic medium can be promising for spin-photonics based

integrated chip.
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CHAPTER 7

Conclusion and Outlook

The thesis focuses on the interaction of light with collective excitations, specifically
plasmons and phonon polaritons, in refractory metals and nitrides. These materials are
known for their chemical stability, compatibility with complementary metal-oxide-
semiconductor (CMOS) technology, and suitability for optoelectronic and nanophotonic
applications across the visible to infrared spectrum. The research in this thesis encompasses
both fundamental understanding and practical applications of this area of research.

On the fundamental side, the thesis deals with the underlying physics of plasmons and
phonon polaritons in refractory metals and nitrides. It includes theoretical and experimental
investigations such as their dispersion, damping, coupling with electromagnetic fields and
how they collectively affect the optical response of the materials. On the application side,
the thesis investigates and discusses the potential practical applications of plasmons and
phonon polaritons in refractory metals and nitrides. These include plasmonic waveguides,
optical cavities, hyperbolic metamaterials, sensors, detectors, modulators and optical filters
operating in the visible to infrared spectral range. The work also explores how the
properties of refractory metals and nitrides can be tailored and optimized to achieve desired
functionalities in optoelectronic and nanophotonic applications.

Plasmonic materials such as TiN, HfN, ZrN, Ta, W, and Mo have been designed to cover
the UV-visible spectral range, enabling enhanced light-matter interactions for applications
such as surface-enhanced Raman spectroscopy, sensing, and photocatalysis. Notably,
plasmon polaritons have been observed in doped ScN and GaN nanostructures for the first
time, covering the near-to-mid infrared region. This breakthrough opens possibilities for
designing plasmonic devices and sensors in the mid to long infrared, with applications in
imaging, sensing, and communication. In addition, dielectric materials such as (Al,Sc)N
have been utilized as spacers in the design of metal-dielectric artificial structures or
metamaterials. These dielectric materials play a crucial role in tailoring the plasmonic and
phononic properties of the overall structure, leading to enhanced performance in various

applications.
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Figure 7.1 Refractory nitride materials platform for the nanophotonic application. Plasmon and phonon
polariton in refractory transition-metal-nitrides covering a wide range of the electromagnetic spectrum, from
visible to infrared range. Plasmon resonances of refractory metals, such as TiN, ZrN, W, Ta, etc., can be
utilized for visible to near-infrared regimes. The plasmon resonances in doped ScN and GaN nanostructures
can be utilized for the near-infrared to the mid-infrared range. For mid-to-long infrared, phonon polariton of
ScN, GaN, and AIScN can be utilized.

Advances in refractory metal and nitride based plasmonic and phononic materials have
significant implications for solar energy harvesting, where plasmonic materials can
enhance light absorption and improve the efficiency of solar cells. In optical
telecommunications, these materials can enable novel devices for information processing
and communication in the infrared. In bio-photonics, plasmonic and phononic materials
can be used for sensitive detection and manipulation of biological molecules and cells. In
thermal imaging and sensing, these materials can enable high-performance thermal

detectors and sensors for surveillance, defense, and industrial monitoring applications.

Table 7.1: The following table summarizes the important properties such as melting point,
resistivity, carrier concentration, epsilon near zero wavelength of refractory metals and

nitrides along with Ag and Au.

Bulk Agnz | Optical Carrier Resistivity
Materials melting (pm) loss concentration (Q cm) A10(A10)
temperature (g4) at (cm™) (nm)
(C9) Agnz
Ag¥® 962 0.31 0.5 5.86 x 10% 1.16 x 10 -
Au? 1064 0.51 1.2 5.90 x 10% 1.32 x 10°® -
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HT-Ta 3017 0.52 125 1.15 x 10% 8.85 x 10° -
(RT-Ta) (1.41) (9.9) (5.61 x 10%) | (5.34 x 10%)
HT-W 3422 0.86 24.0 9.8 x 10% 1.02 x 10°® -
(RT-W) (0.88) | (12.7) (7.23 x 10%) | (1.84 x 10%)
HT-Mo 2633 0.72 245 1.09 x 10% 1.17 x 10° -
(RT-Mo) (1.20) | (9.48) (7.45 x 10%) | (2.59 x 10%)
TiN 2947 0.46 2.0 1.45 x 10% 9.45 x 10° -
ZrN 2980 0.35 1.6 6.6 x 10% 2.7x10° -
HfN 3310 0.38 1.7 6.7 x 10% 1.8 x 10° -
doped-ScN 2600 18- | 1.0-2.7 108- 102 101-10* 14.58
2.4 (27.80)
GaN- 2500 19- | 05-2.2 101°- 10%° 102-10* 13.51
nanostructure 5.3 (18.87)
Alo72SCo.28N 2200 - - 5x 10% 2 x10* 11.17
(17.70)

More specifically, in Chapter 2 the plasmonic response of highly crystalline transition
metals (Ta, W and Mo) and nitrides (TiN, HfN and ZrN) is demonstrated. Transition metals
exhibit higher optical losses compared to noble metals. Traditionally, metals with very low
optical losses (g,) are regarded as excellent plasmonic materials. But recently, plasmonic
materials with high optical loss have been utilized for the confinement and impedance
effects®, such as loss-induced heating®, plasmon-induced hot carrier’, thermo-plasmonic
nanotweezerd, etc. Apart from that, plasmonic materials with low optical loss are required
for optical nano-circuits®®, photon tunneling®®°, super-coupling®, extreme nonlinear
interactions®, ultrafast switching®®, etc. Metals from the transition metal nitrides family
such as TiN, HfN, and ZrN emerged as promising alternatives to noble metals. Here, we
have reported the plasmonic response of TiN film with very low optical loss compared to
the previously reported MBE or sputter-deposited TiN films. Also, our present TiN film’s

optical loss is lower than the Au in a wide spectral range.
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Figure 7.2 Plasmon polariton in transition metals and nitrides. Comparison of metals with their optical

loss at crossover wavelength and their bulk meting point.

Traditionally, doped-semiconductors are used to achieve plasmon-polaritons in the near-
to-mid infrared (IR), while polar dielectrics are utilized for realizing phonon-polaritons in
the long-wavelength IR (LWIR) spectral regions. Demonstrating plasmon- and phonon-
polariton in one host material with low-loss is challenging due to the mutually conflicting
physical property requirements. In chapter 3, we have shown high-quality tunable short-
wavelength IR (SWIR) plasmon-polariton (from 1.8 um to 2.3 um) and LWIR phonon-
polariton (from 15 um to 27 um) in complementary metal-oxide-semiconductor (CMOS)
compatible group 111-V polar semiconducting scandium nitride (ScN) thin films. Oxygen
and magnesium doping in ScN is utilized to modulate the carrier from 5 x 108 to 1.6 x 10%

cm to achieve these optical resonances.
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Figure 7.3 Polar semiconducting ScN can host both types of plasmon and phonon polariton.
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Conclusion

The optical resonances can be tuned not only by the external dopant but also by controlling
the morphology of the material. In chapter 4, morphology-controlled Reststrahlen band
and plasmon polariton are shown in gallium nitride (GaN). Gallium nitride is one of the
most famous semiconductors and its nanostructures such as nanowires, nanocolumns, and
nanowall-networks have several benefits over thin film due to their reduced dislocation-
density and large surface-to-volume ratio. The GaN nanostructures (as shown in figure
7.4) are grown by using molecular beam epitaxy (MBE) by changing the N> & Ga flux
ratio, without any lithography. Here we have shown that GaN nanowall networks and
vertically standing nanorods exhibit morphology-dependent Reststrahlen band (the region
between LO and TO phonon). Also, in GaN nanostructures, native defects such as N-
vacancy is responsible for high carrier concentration. Therefore, by controlling the
morphology of the GaN nanostructures, their carrier concentration can be tuned,
consequently, tunable plasmon resonance can be achieved. Lichtenecker's effective-
medium-approximation is used to model the experimental reflection curve to obtain the
nanostructures' dielectric-permittivity and explain the phenomena. This methodology is
not only applicable to GaN nanostructures but also can be used for other polar dielectric
(i.e., SiC, AIN, GaAs) nanostructures.

a GaN nanowall network with increasing volume fraction (f, < f,< f; < f,)
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Figure 7.4 Reststrahlen band and plasmon polariton in GaN nanostructures (a) Lithography free MBE
grown GaN nanostructures of various volume fractions (f). Morphology controlled (b) tailored Reststrahlen

band, and (c) tunable plasmon polariton.

In chapter 5, the combined effect of TiN (metal) and AIScN (dielectric) based photonic

structure is utilized for bi-functional optical cavity. Bi-functional photonic structures are
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essential for several applications such as solar-thermo-photo-voltaics (STPV), radiative
cooling, etc. Metal-dielectric-metal (MDM) structures are used in designing optical cavities
and achieving the Fabry-Perot resonances, which depend on the distance between the top
and bottom metals. We have shown that along with the cavity mode, one can achieve optical

phonon modes in the infrared by choosing the dielectric material wisely.
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Figure 7.5 TiN-AIScN based MDM structure: to achieve the optical cavity mode along with optical phonon
mode (Berreman mode). The right-side figure shows the light confinement in the MDM cavity at the

resonance frequency.

Finally, we have discussed metal-dielectric superlattice-based extreme anisotropic optical
medium, called hyperbolic optical medium. The hyperbolic medium is an artificially
structured material with extreme dielectric anisotropy (+ve (dielectric) in one direction &
-ve (metal) in another direction) for potential applications in subwavelength imaging,
coherent thermal emission, optical spin Hall effect (OSHE), etc.?%* Generally, metal-
dielectric based composite structures are used for designing such type of anisotropic
medium. In Magnus effect, a spinning ball experiences a force due to pressure gradient and
its path gets deviated from the expected trajectory. Similarly, photon spin is associated with
the circularly polarized light (helicity (c) = +/- 1), enters an inhomogeneous optical
medium, and experiences a force due to a refractive index gradient. Consequently, a photon
of opposite spin propagates in the opposite direction, also known as the optical spin Hall
effect. Here, we have demonstrated the hyperbolic dispersion in TiN/AIScN superlattice

which can be utilized for spin-photonics.
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Figure 7.6 Signature of optical spin Hall effect in TiN-AIScN superlattice-based hyperbolic medium. Light

of opposite helicity (i.e., o = -1 or o = +1) propagates in opposite directions.

7.1 Future perspective:

Polaritons in refractory nitrides can be the platform for the development of various fields,
including optical computing®72%, biophotonics?*®21°, and agriculture?'!2'2, Here are some

specific advantages of polaritons in these fields:

Optical computing: One of the most promising areas of photonics is the development of
optical computing, which uses light instead of electrons to perform computations.
Polaritons can be used to create highly efficient optical modulators and it also enables
strong optical nonlinearities. Nonlinear optical phenomena are essential for implementing
logic gates in optical computing, where signals are processed by manipulating the intensity,
phase, or polarization of light. Polaritons have the potential to revolutionize optical
computing with their strong coupling with light, allowing for efficient and fast computing
tasks such as logic gates, signal processing, and data storage, surpassing conventional

computing technologies in speed, energy efficiency, and scalability.

Biophotonics: Polaritons can find applications in sensing, imaging, therapy, and
optogenetics in biophotonics. They can enable sensitive detection of biological molecules,
imaging of biological structures with high resolution, and controlled manipulation of
biological processes using light. Polariton-based therapies can be explored for targeted
treatment of diseases, and optogenetics, which involves using light to control biological
processes, can benefit from the unique properties of polaritons for precise and efficient

control of cellular activities.

Agriculture: Polaritons have the potential to revolutionize plant health monitoring by

enabling non-invasive and real-time sensing of physiological processes, while enhancing
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photosynthesis by modifying light-matter interactions. For example, nanophotonic coatings
applied to greenhouse materials can selectively transmit or reflect specific wavelengths of
light, creating optimal lighting conditions that promote faster growth, earlier flowering and
higher yields in plants. In addition, polaritons can be explored as environmentally friendly
alternatives to conventional pesticides, as they can selectively target and control pests
without harming beneficial organisms, providing environmentally sustainable pest

management solutions.

As our understanding of polariton physics continues to advance, we are likely to discover
new and innovative ways to use them to improve agriculture, computing, biophotonics, and
other fields. The unique properties of polaritons make them a promising platform for the

development of cutting-edge technologies with wide-ranging applications.

7.2 Conclusion:

In conclusion, advances in refractory metal and nitride based plasmonics and phononics
have significant implications for next generation technologies. One potential application is
in the field of optical communications, where plasmonic and phononic structures can be
integrated into photonic circuits for ultra-compact and high-speed communication devices.
In addition, the ability to control and manipulate light at the nanoscale using plasmons and
phonon polaritons opens up opportunities for high-resolution imaging, sensing and
spectroscopy applications. In addition, the development of CMOS-compatible material
platforms for optoelectronic and nanophotonic applications holds promise for the
integration of plasmonic and phononic devices with existing semiconductor technologies,
enabling new functionalities and improved performance in areas such as computing,
imaging and energy harvesting. Furthermore, the potential to exploit quantum effects in
plasmonic and phononic systems could lead to advances in quantum information
processing and quantum communication technologies. Overall, advances in refractory
metal and nitride based plasmonics and phononics offer promising prospects for next

generation technologies in a wide range of applications.

91|Page
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Al Magnetron Sputtering

Magnetron sputtering is a type of physical vapor deposition technique. It is used for the
deposition of thin films using plasma. The gaseous plasma is developed and confined near
the target material to be deposited. The high-energy ions strike the surface of the target,

ejecting (sputtering) the atoms from the surface which then get deposited on the substrate

forming a thin film.

Vacuum chamber

Anode I —L Mass Flow
[ | Controller
Substrate Gas system
Plasma
Grounded
ring

=

’ : Magnet array
Magnetron Sputtering System _|l| DC or RF
Pumping supply

Figure A.1 Ultra-high vacuum magnetron sputtering system.

To avoid potential contamination and to reduce the partial pressure of background gases,
the deposition process is done in an ultra-high vacuum chamber. Usually, the base pressure
of 107 — 10 Torr is maintained before deposition. When the chamber is filled with the
sputtering gas which makes up the plasma, the total pressure is controlled and adjusted in
the milli-Torr range.

Plasma generation is initiated with the help of very high voltage applied between the
cathode (located directly behind the target) and the anode (usually attached to the chamber
as electrical ground). Often a high molecular weight gas like argon is used as sputtering gas
to produce plasma, in order to permit as many high-energy collisions as possible, which
will result in an enhanced deposition rate. Also, extremely powerful magnets are used to
constrict electrons in plasma near the target which gives higher-density plasma and faster

deposition rates.
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The reactive sputtering process can be used to deposit nitrides or oxides, in which nitrogen
or oxygen are added into the chamber during the deposition. The proper selection of a
power supply system (DC, RF, pulsed DC) is necessary for a successful deposition.
Conductive materials can be easily deposited by using a DC power source however, an RF
power source is required for depositing insulating targets. While a pulsed DC source is
preferred for reactive sputtering when the oxide or nitride to be deposited is insulating, as

it increases the possibility of arcing.

Since the target material does not need to be melted or evaporated, magnetic sputtering has
a significant advantage over other deposition techniques. The adhesivity of films deposited
by sputtering is better compared with evaporated films and the composition of films
deposited is also retained to a composition that is close to that of the target material.
Magnetron sputtering is a versatile technique and can be used for wide applications, such

as optical coating, microelectronics, solar cells, and thin film research.

A2  Spectroscopic ellipsometry measurements

Ellipsometry is a widely used experimental technique for determining the optical properties
of thin films, superlattices and other complicated nanostructures. The term “ellipsometry"
comes because elliptically polarized light is used as a probe to determine the optical
properties of the materials. Ellipsometry measures the change of polarization after the
reflection or transmission from the samples in the quantity called psi () and delta (A). The
psi is the ratio of the amplitudes of the electric fields in the plane of incidence to the out of
the plane of incidence, while the delta is the phase shift of light in those directions as shown
in the following equation.

B |/ le
s EQM/ET|EQ/|EM

e!©p=95) = tan(P)ets

This change in polarization depends on the quantities of interest such as thickness and
optical parameters such as dielectric permittivity or refractive index. One can determine
these parameters by using the appropriate physical model to best fit the measured
ellipsometry values. All the optical measurements from 210nm to 2500nm for this thesis

are performed by RC-2 Ellipsometer provided by J. A. Woollam Co. The Xenon arc lamp
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is used for the light source while Silicon detector from 210nm-to 1000nm and InGaAs

detector are used from 1000nm to 2500nm.

? Light source

o~ Monochromator Detector
Analyzer

|
|
|
|
|
|

Polarizer

Sample

Figure A.2 Spectroscopic ellipsometer

Spectroscopic ellipsometer measurements were performed in the reflection mode at three
different angles (55°, 65° and 75°) of incidences. The experimental (Psi (), Delta (A))
data were fitted to a physical model containing fixed parameters obtained from independent
measurements or known values from the literature. For example, the sample thickness was
known from SEM or TEM measurements, the carrier density and mobility were known
from electrical measurements (e.g., Hall effect), and were fixed in the ellipsometry fitting

to improve the accuracy of the determination of other parameters.

Once the permittivity data was obtained from ellipsometry measurements, it was used to
calculate the reflection using appropriate optical modeling techniques, such as Fresnel
equations, finite elements methods, or other numerical methods. The calculated reflection
curve was compared with the experimental reflection curve to assess the accuracy of the
permittivity data. A good agreement between the calculated reflection curve using the
obtained permittivity data and the experimental reflection curve indicate that the
ellipsometry results are consistent with the experimental data, and the obtained permittivity

values are reliable.

The temperature-dependent optical properties were measured with a cryostat from 100 K-
700 K temperature range at 70° angle of incidence. The cryostat chamber was attached with
a turbo-molecular pump leading to a chamber pressure of 107 Torr that reduces possibilities

for oxidation.
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A3 Fourier-transform infrared spectroscopy (FTIR)

Infrared reflection (for 200 cm™ to 6000 cm™) was performed with Bruker VV70v Fourier

Transform Infrared vacuum spectrometer using pyroelectric deuterated triglycine sulfate

(DTGS) detector with 4 cm™ resolutions for 120 scans. FTIR is fundamentally based on

Michelson interferometer. It has five major components.

(a) Light source: A broadband infrared light source, silicon carbide (SiC) element,

electrically heated to about 1,200 K (930 °C), is used for light source in FTIR. It is
also known as Globar light source whose output is like a blackbody.

(b) Detector: An infrared detector acts as a transducer, turning one form of energy

(©

(light) into another form of energy (electrical impulses). Pyroelectric deuterated
triglycine sulfate (DTGS) and liquid nitrogen cooled mercury cadmium telluride
(MCT) detector are used for the measurements.

Michelson interferometer: The interferometer splits (using beam splitter) the
single light beam into two light beams. One of the two beam paths is reflected off
by a fixed mirror, while the second beam path is directed toward a moving mirror.
The moving mirror changes the path length difference between the two optical
beams. The change of the phase difference leads to constructive and destructive of
the two optical paths. After the two light beams have traveled their different paths,
they are recombined into one beam, and then the light beam leaves the
interferometer and focused on the sample under investigation. A plot of light
intensity (or detector signal) versus optical path difference, is called an
interferogram. To measure an interferogram using a Michelson interferometer the

mirror is moved back and forth once. This is called a scan.

(d) Laser: This laser light is not the infrared source. Virtually every FTIR contains a

(€)

laser whose light follows the infrared beam through the interferometer. A helium-
neon (He-Ne) laser light source is used to align accessories and monitor the mirror
position.

Fourier transform: Interferogram is the superposition of the interferences of the
beams of several frequency of the light source. In other word, by passing the light
through the interferometer the spectrum of the infrared beam is optically
transformed into the interference pattern (the interferogram). The phase-dependent
interferogram is related to the frequency-dependent spectrum. The infrared detector

measures this interference pattern, and the Fourier transform turns it back into a
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spectrum. Additional information about FTIR spectroscopy can be found in the

references [$3214].
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Fourier \ 4
: i Infrared Transform
¢ Fourier transformation spectrum | [\ [¢ Computer

Figure A.3 Fourier-transform infrared spectroscopy (FTIR)

Polarized attenuated-total-reflection (ATR) was performed by Bruker V70v Fourier
Transform Infrared (FTIR) vacuum spectrometer using a room temperature pyroelectric
deuterated triglycine sulfate (DTGS) detector with 4 cm™ resolutions for 120 scans to detect

the surface plasmon and phonon modes.
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B1 Supplementary data of chapter 2

B1.1 Sample preparation
(1) Transition metals (Ta, W and Mo)

RTM (Ta, W, and Mo) thin films were deposited on (001) MgO and (0001) Al>Os3 substrates
with reactive rf-magnetron sputtering (PVD Products Inc.) inside an ultrahigh vacuum
chamber with a base pressure of 3x10™° Torr. The growth chamber had the capability to
accommodate five targets and was equipped with four dc and one rf power supplies.
Substrates were cleaned with wet-chemical (acetone and methanol) methods before
transferring to the load lock that operated at a pressure of 5 x10® Torr. Ta (purity of
99.95%), W (purity of 99.95%) and Mo (purity of 99.95%) targets had a dimension of 2
inch in diameter and 0.25 inch in thickness and were sputtered with 100 W rf-power. All
depositions were performed in Ar (10 sccm.) atmosphere at a deposition pressure of 10
mTorr. Two sets of samples with substrate held at (a) room temperature (30°C) denoted as
RT and (b) 700°C denoted as HT were deposited.

(i) MBE grown TiN

TiN thin films were deposited with UHV-PAMBE on (001) MgO and (0001) Al.O3
substrates at a base-pressure of 1x102° Torr and growth temperature of 600°C. The MBE
system was enabled with a load-lock and a sample preparation chamber that operated at a
base-pressure of 1x10° Torr for substrates cleaning. Prior to the deposition and after the
cleaning of the substrates with wet-chemicals (acetone and methanol), the substrates were
thermally cleaned inside the prep-chamber at 600°C for 1 hour. Substrates were then
transferred to the growth chamber and were further thermally cleaned at 800°C for 2 hours
before the growth temperature was lowered to 600°C. Ti metal (with a purity of 99.999%)
was evaporated from a TiC-coated graphite effusion cell at 1500°C that resulted in a beam-
equivalent pressure of 5x10® Torr and plasma-activated nitrogen source (purity of
99.99999%) was used with 375 W rf-power and 1.5 sccm of nitrogen gas flow.

B1.2 Spectroscopic ellipsometry measurements
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Spectroscopic ellipsometer measurements have been performed in the reflection mode at
three different angles (55°, 65° and 75% of incidences. The experimental
(Psi (), Delta (A)) spectrum of refractory metals Ta, W and Mo films was modeled by
Drude-Lorentz terms (eg. (B1.1)), in CompleteEASE software provided by J. A. Woollam
Co. Where Drude term presents the contribution from the conduction electrons, while the

Lorentz terms correspond to the interband transitions

2
WL,

2
e(w) =g +ig, = £y — —P2—+ Z};Iwg (B1.1)

w2+ilpw j—wz—iij

Where &, is the high-frequency dielectric constant, mp and I'p are the plasma frequency and

Drude damping constant respectively, f;, w,; and y; are the Lorentz oscillator strength,
resonant energy and the damping factor respectively with a relation wi j = fjwojyjand n

is the number of oscillator. The real part of permittivity (&,) signifies the optical response

of the material and the imaginary part of permittivity (e,) is the optical losses.

Table B1.1: Optical (Drude and Lorentz) parameters of RTMs obtained from ellipsometer
data fitting.

Parameters RT-Ta | HT-Ta | RT-W | HT-W | RT-Mo | HT-Mo
Eoo 1.48 1.22 1.68 2.60 1.00 1.61
wp (eV) 341 6.85 3.93 4.30 4.14 4.76
I'n(eV) 0.67 0.27 0.74 0.17 1.36 0.23
fi 4.61 6.81 2.69 21.80 3.21 18.41
Y1 (eV) 4.49 2.64 0.63 0.66 1.61 2.09
wo1 (8V) 3.17 314 | 098 | 097 | 225 2.14
fa 3.12 4.69 7.09 11.99 0.74 8.55
Y2 (eV) 3.32 234 | 261 | 126 | 377 2.12
w2 (V) 5.59 535 | 200 | 1.90 | 6.17 4.01
fa 0.63 389 | 179 | 1490 | 2.77 1.72
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Vs (€V) 097 | 190 | 1.93 | 355 | 419 | 8374
woz (V) 221 | 245 | 327 | 356 | 411 | 293
£, NA. | NA | 330 | 1033 | NA. | NA

Va (V) NA. | NA | 461 | 153 | NA. | NA

wo (V) NA. | NA. | 560 | 536 | NA. | NA

MSE 3 3 3 5 6 6

Note: MSE is the mean square error between the fitted model and acquired experimental

data.
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Figure B1.1: Variable angle spectroscopic ellipsometry data. Experimental and fitted Psi and Delta of (a,
b) RT-Ta, (c, d) RT-W, (e, f) RT-Mo, (g, h) HT-Ta, (i, j) HT-W, (k, I) HT-Mo thin films.

Table B1.2: Optical (Drude and Lorentz) parameters of MBE deposited TiN/MgO film

obtained from ellipsometer data fitting.

£ wp(eV) I'n(eV)
1.913 5.26 0.52
fi V1 Wo,1 f2 V2 Wo,2 f3 V3 Wo,3
ev) | (V) V) | (V) V) | (V)
7.97 2.52 5.58 1.98 1.02 3.69 0.58 0.59 2.15
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Table B1.3: Optical (Drude and Lorentz) parameters of MBE deposited TiN/ Al2O3 film

obtained from ellipsometer data fitting.

£ wp (eV) I'n(eV)
1.647 4,58 0.278
fi Y1 Wo,1 f2 Y2 Wo,2 f3 V3 Wo 3
(eV) (eV) (eV) (eV) (eV) (eV)
5.13 2.63 5.31 1.89 0.98 3.76 1.22 0.75 2.13

Note: w, ; represent the peak position of interband transition. There are three Lorentz
oscillators that have been used with Drude function for best fitting.
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Figure B1.2: Variable angle spectroscopic ellipsometry data. Experimental and fitted Psi and delta of (a,b)

TiN film grown on MgO substrate, (c,d) TiN film grown on Al203 substrate.
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Figure B1.3 Optical loss (g, ) in 100nm (a) TiN/MgO, (b) TiN/ Al,O3 films (Black). Drude model (red)

explains the intraband transition very well. There are three peaks which correspond to interband transition.
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The Drude model (red) explains the intraband transition as we can see in figure B1.3. The
three peaks appeared in the TiN films due to interband transitions between 200nm-1000nm.
As we can see that Drude's dielectric function doesn’t explain these peaks. This interband
process is intrinsically a quantum mechanical process. It occurs from an occupied state
below the Fermi level to an unoccupied state above the Fermi level. Lorentz's model has

been used to explain this process.

B1.3 X-ray diffraction spectrum of Ta

The XRD peak intensity is significantly smaller and peak width is much larger for RT-Ta
than HT-Ta that represents its poorer crystal quality. Therefore, the superior optical
properties of HT-Ta are not only due to its better crystal quality but also due from its
different crystal structure and crystal phase. XRD data of the HT-Ta showed two sharp
peaks (peak 1 and peak 2) at 38.26° and 54.68° representing its (110) and (200) oriented
growth respectively on (002) MgO substrates. From the HRXRD analysis, it appears that
HT-Ta crystalizes in body-centered cubic a-Ta phase with a space group Im3m (229) and
a lattice constant of 3.35A. XRD analysis on the RT-Ta exhibit only one peak (peak 1°) at
37.2° that correspond to the (111) oriented growth of §-Ta phase and represents a lattice
constant of 3.414.

L] il L . |

— RT - Ta

——HT -Ta
Ta
MgO 2
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35 40 45 50 55 60
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Figure B1.4 XRD spectra of sputtered deposited HT-Ta/MgO film (red) and RT-Ta/MgO (black).
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B2 Supplementary data of chapter 3

B2.1 Scandium Nitride (ScN) sample preparation

Sputter-deposited ScN thin films without any intentional doping contain 1.6 £ 1 atomic %
of oxygen that arises primarily from target contaminations. In order to increase the oxygen
concentration, and thereby to increase the n-type carrier concentration inside ScN, three

separate Sc targets with different amount of oxygen impurity concentrations are utilized.

Mg-doped ScN films were deposited with co-sputtering from both Sc and Mg targets. Mg-
target power was varied from 6W-to-16W, while the Sc target power was fixed at 100W
that leads to higher concentration of Mg inside ScN and an associated decrease in the ScN’s

carrier concentration.

B2.2 Electronic structure, effective mass and carrier relaxation time in ScN.

Electronic band structure (adapted from the author’s previous work (Ref. 99) and presented
in Fig. B2.1) shows that ScN exhibit an indirect I' — X bandgap of ~ 0.9 eV and the direct
I' — T gap of ~ 2.2 eV.1% Note that the direct bandgap of ScN is overestimated slightly in
the modeling compared to the experimental results (~ 2.2 eV) due to the limitations of
density functional theory exchange-correlation functional. Since as-deposited (and oxygen-
doped) ScN thin films exhibit n-type carriers, effective mass of carriers has been
determined at the X-point (conduction band minima) of the Brillouin zone. Results show
that ScN exhibit an n-type density of states effective mass of 0.33+0.02m,, and transport
effective mass of 0.40 + 0.02m, (where, m,, is the mass of a free electron). Utilizing the
band structure, we have also calculated the hole effective mass at the I'-point (valance band
maxima). Results show that ScN exhibit a heavy hole effective mass of 1.18m, and light

hole effective mass of 0.22m,.

From the ellipsometry data fitting, an electron effective mass of 0.39m,, is extracted, which
is consistent with the previous reports. Ellipsometry data fitting also shows an average
electron scattering time of 9 fs. for ScN that is consistent with the scattering time calculated
in a recent first-principles calculation. The scattering time for ScN is slightly smaller than
the ones reported for other plasmonics materials such as F-doped CdO, Ag or Au.

Nevertheless, the relatively low effective mass and high average scattering time of ScN
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help it achieve high electrical conductivity and mobility and, therefore, an overall low

optical loss.

Even though ScN exhibit an indirect bandgap of ~ 0.9 eV, Fermi level in as-deposited ScN
resides ~ 100-150 meV inside the conduction band edge, due to its high carrier
concentrations (3.3 x 10%° cm™). Further doping of ScN with oxygen increases the carrier
concentrations (as shown in Table 3.1) and moves the Fermi level further inside the
conduction band (as shown in Fig. B2.1 (b)). On the other hand, Mg-hole doping
compensates for the high n-type carrier concentration, and the Fermi level shifts to the
bandgap. At higher hole-doping, ScN undergoes an n-type to p-type carrier transition and
the Fermi level shifts close to the valence band. Therefore, though both the oxygen and
magnesium doping does not alter the band structure and the effective mass (due to the dilute
doping level), the position of the Fermi level changes substantially due to doping. From the
ellipsometry data fitting, the average carrier scattering time is determined as a function of
the doping. At higher doping concentrations (1.6 x102t cm®), the average carrier scattering

time becomes smaller (6 fs) as expected.

a

Energy (e.V)

x
e —-————
e - -

Figure B2.1: (a) Electronic structure of ScN showing I'-X indirect bandgap of ~ 0.9 eV and I'- T direct
bandgap (adapted from our previous work (Ref. 40)). (b) Position of the Fermi level in ScN as a function of

the carrier concentration and carrier type.

Table B2.1: Free carrier mean scattering time (7) of ScN films.

ScN films T (fs)

ScN (a) 6
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ScN (b) 2
ScN (c) 5
ScN (d) 9

B2.3 Spectroscopic ellipsometry measurements

Spectroscopic ellipsometer measurements were performed in the reflection mode at three
different angles (55°, 65° and 75°) of incidences. The experimental (Psi (), Delta (A))
spectrum of ScN films was modeled with Drude & general oscillators (Gaussian and Tauc
lorentz) in Complete EASE, J. A. Woollam Co software. Since ScN turned plasmonic in
the infrared region, the Drude model takes into account the free-electron response primarily
in the IR range, Gaussian and Tauc-Lorentz oscillators were used to fit the interband
transitions in the visible spectrum region. While plasmonic property of ScN films can be

described with Drude model.

v v v v
e 55° e 75°
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-100
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Figure B2.2: Variable angle spectroscopic ellipsometry data. Experimental and fitted (a) Psi and (b) delta
of ScN (d) film grown on MgO substrate.

In the following table carrier concentration and mobility obtained by the ellipsometry data-
fitting is compared with the hall measurement data. The values are consistent with both the
methods. Room-temperature transport data were measured with the Van-der-Pauw

technique using an Ecopia HMS-3000 Hall measurement system.
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Table S2: Comparison of carrier concentration and mobility obtained by Ellipsometry and

Hall measurement.

Sample ENZ Carrier Mobility Carrier Mobility
Wavelength ' concentration concentration
(cm2V-1isY) (cm2V-ist)
(cm=) (cm=)
Ap (pm) -
Hall measurement Ellipsometry
ScN (a) 1.83 1.59 x10% 29 1.56 x 10% 29
ScN (b) 2.08 1.38 x 10% 6 1.23x 10% 6
ScN (c) 2.25 7.68 x 10%° 21 7.67x 10%° 22
ScN (d) 2.35 3.35 x 10% 42 3.34x 10% 42

B2.4 Comparison of Plasmonic Properties of ScN with other IR Plasmonic Materials

A comparison of ScN (ScN (a) (n = 1.59 x10?* cm3) and ScN (d) (n = 3.35 x 102 cm®))
with other infrared plasmonic materials discussed in this article such as ITO, GZO, AZO,
F: CdO. For ScN(d), IR-VASE ellipsometer is used beyond 2.5 um spectral range.

r T v
== GZO
- = |TO
== AZ0

-

= = FCdO 1

—ScN (a)

e SCN (d) ]
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ScN (a)

SeN (d)
1 2 3 4 5
Wavelength (um)
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Figure B2.3. (a) The real (¢1) and (b) imaginary (€;) component of the dielectric permittivity sputter
deposited ScN thin films are compared with the optical parameters of AZO, GZO, ITO, F: CdO. Apparent
discontinuity in the red curve (ScN(d)) appear due to the measurement with two different ellipsometer

systems.
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B2.5 Interband Transitions in ScN

In ultraviolet (UV)-to-visible range, the imaginary part of the dielectric function (e, ) was
extracted by using the general oscillators (Gaussian and Tauc-Lorentz (T-L)) and Kramers-
Kronig relations gives the real part of permittivity (e1). The peak in the &, curve describes

the interband transitions.

. - 2 2
ggaussmn — Amp . (eXp [_ (%) ] —_ exp [_ (E-;ﬂ) ]) (821)
BTy,
where g, = Wirto)
N
el = Amp.exp [— (E EEg) ] (B2.2)

Where, €., is the high-frequency dielectric constant, Amp is the amplitude, EO is the

resonance energy, n= number of oscillators, Br is the broadening, Eg is the bandgap.

Finally, the total dielectric permittivity function can be written as

STotal(w) — gGaussian 4+ T L

1 5 L] L) L) L)
da = S¢N (a)
e ScN (b)
ScN (c)
10 e SN (d)

0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
* (um) A (um)

Figure B2.4. (a) The real (£1) and imaginary (€;) component of the dielectric permittivity sputter

deposited ScN thin films.

B2.6 Modeling of Temperature-dependent Mobility

106 |Page




Appendix B - Supplementary data

To understand the details of the carrier scattering mechanism, the temperature-dependent
mobility was modeled with a combination of ionized impurities (ionized impurity) as well as

dislocation scattering (udisiocation) Of electrons, expressed in the following equation'®

1 1 1
= +

HTotal Hionized impurity Hdislocation

The electron mobility increases at low temperatures due to ionized impurity scattering with

a functional relationship,

— 1.5
Uionized impurity — AT

where T is the absolute temperature and A is a constant.

Dislocation scattering can be expressed as

3q 1
Haistocation = <8NdR> (3mk,T)05
where N; and R are the dislocation density and dislocation core radius, respectively, m* is
the electron effective mass, and g and kg are the charge of an electron and the Boltzmann

constant, respectively. An effective mass of 0.39m, (m; = 0.28, m; = 2.06)% is used for
ScN.
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Figure B2.5. Temperature dependent mobility of ScN thin films.
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Table S4: Scattering parameters

A Ny (x10%cm?) = R (nm)
ScN (a) 0.23 0.7 0.34
ScN (b) 0.028 19.5 0.07
ScN (c) 0.11 5.1 0.07
SeN (d) 0.25 1.7 0.11

B2.7 Surface plasmon polaritons (SPPs) dispersion

Beyond the cross over wavelength ScN behave like a metal. The SPP propagation length
(L) at metal (ScN)-air interfaces and plasmon-decay length (&) in the metal (or penetration
depth) are calculated from the experimental dielectric permittivity. The SPP propagation

constant in the direction of propagation can be written as'®

k. = 21 | €5cNED
x A €scNtED !
where, g5y = €; + 1 €, is the dielectric function of ScN, ep is the dielectric function of

dielectric medium (air in this case). The propagation length (L) is defined as the distance

for the SPP intensity to decay by a factor of 1/e.
L= 1
- 2Im(ky)

The confinement width (D) is calculated as'*®

1 1—Lnle
b , (= Lnlei))
2n -1 2n —g,?
AAg+1 AANg +1

the figure of merit for SPP M:P is defined as''°

L
MlD:_
)
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The FOM for and for localized SPP resonance is defined as?!®

FOM_spp = — =

€2

Plasmonic response of ScN is compared with the other IR plasmonic materials.
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Figure B2.6 (a) SPP propagation length (L); (b) confinement width (D); (¢) FOM of surface plasmon
polariton (SPP) and (d) FOM of localized SPP resonance of ScN thin films are compared with the optical
parameters of AZO, GZO, ITO, F:CdO.

B2.8 Reststrahlen band of ScN on different substrates

Since MgO optical phonon energies are very close to that of ScN. So, TiN buffer layer was
deposited to avoid the signal from MgO substrate in FTIR-spectrum. Also, ScN film was
grown on W/AI>Os substrate, Reststrahlen band region was found to be the same for both
the substrate. Further, we also observed that the contribution of MgO substrate was

negligible in thicker ScN film (~1um).
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Figure B2.7. FTIR Reflection spectra collected from ScN film grown on two different substrates (TiN/MgO
and W/A|203).

Infrared reflection was performed with Bruker VV70v Fourier Transform Infrared (FTIR)
vacuum spectrometer using pyroelectric deuterated triglycine sulfate (DTGS) detector with

4 cm™ resolutions for 120 scans.

B2.9 Surface Phonon Polaritons (SPhPs) dispersion

Like SPP mode, SPhP mode can be excited within the Reststrahlen band. The SPhP

dispersion curve can be expressed as?

K 2T EseNEq
SPhP = 5 |TT [ o
A E€scN + €a

Here, g5,y and g, are the complex permittivity of the ScN and the ambient medium,

respectively.

The FOM for SPhP modes can be described by the following expression®’:

\/a(wfo - wz)(wz - w%o)

FOM =
SPRE Fw(szo - w%o)

B2.10 Surface morphology of ScN

The plan-view field-emission scanning electron microscopy (FESEM) and atomic force
microscopy (AFM) imagining were performed with FEI Inspect F50 and Bruker Innova
respectively. The film showed square-shaped structure that arises from the formation of
kinetically driven mound structures formations. Such mounds are related to an Ehrlich-
Schwoebel surface diffusion barrier that inhibits adatom migration down steps promoting
nucleation on the terraces. The measured surface rms. roughness is 2 nm for the ScN film

(of carrier concentration 3.35x10% cm3).
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Figure B2.8 (a) Plan-view FESEM image and (b) AFM image of the ScN film is presented that exhibit the

rms. surface roughness of 2 nm.

B2.11 Transmission electron microscopy

TEM sample preparation was done via Focused lon beam (FIB). A 100 nm Pt protective
cap was deposited at the target location with 5 kV electron beam followed by a 1 um Pt+C
protective cap with a 12 kV Xe beam in Thermo Fisher Scientific Helios Hydra PFIB.
Trenching and lift out were done with a 30 kV Xe beam at 60, 15, 4 and 1 nA. The TEM
sample was welded to Mo grid using a 30 kV Xe beam Pt weld. Thinning was done with
tilt angles of +1.5° with currents of 300, 100 and 30 pA, checking for electron transparency
using a 5 kV electron beam with a secondary electron detector. When the ROI was thin
enough it was polished with 5 kV Xe beam with tilt angles of £3.5°. Final cleaning was
performed with 2 kV Xe beam with tilt angles of +5.5°.

Cross-section STEM and EDS mapping were recorded with a monochromated and image-
and probe corrected FEI Themis-Z transmission electron microscope at 300 kV. EDS maps
were recorded with count rates of well above 1 million per map and background correction
was performed by k-factor methods and absorption correction.

B2.12 Electron Energy Loss Spectroscopy (EELS) Analysis

EELS was recorded with the same instrument utilizing a GATAN quantum GIF Dual EELS
system. High resolution electron energy-loss spectroscopy (EELS) analysis was performed
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to observe O K-edge and Mg L-edges in ScN. Spectra were recorded with a
monochromated and aberration-corrected FEI Themis-Z in probe mode at 300 kV. The
electronic configurations of scandium, nitrogen, magnesium, and oxygen are 3d* 4s2, 2s?
2p3, 2p°3s?, and 2s? 2p* respectively. At the O K-edge, peak splitting (eq and tzg) near 535
eV arises due to the hybridization of O-2p orbitals with the d orbitals of Sc, and a peak near
543 eV arises due to the hybridization of O-2p states with Sc-4p states see figure B2.8(a).
In figure B2.8 (b), L2 and Lz edges of Mg are shown. The L and Lsz-edges arise due to the
hybridization from Mg 2p12 and 2ps/2 to Sc-3d orbital respectively. In general, these peaks
split into tog and eq orbitals due to the octahedral symmetry in the crystal structure. This
analysis, therefore, confirms that both oxygen and magnesium dopants make homogeneous
solid solutions in ScN without any precipitations or secondary phase formations.
Deconvolution to the spectra was applied to account for multiple scattering and background

subtraction.
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Figure B2.9. Electron energy loss spectroscopy (EELS) measurement of a, O-K edge and b, Mg-L edge are

presented.
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B3 Supplementary data of chapter 4

B3.1 Sample preparation

GaN nanostructures are deposited on the c-sapphire substrate with plasma-assisted
molecular beam epitaxy (PEMBE). Prior to the deposition, the substrates were cleaned in
organic solvents such as acetone and propanol, rinsed in de-ionized water and blow dried.
Later they were inserted inside the MBE chamber and thermally degassed for 60 minutes
at 600°C in the preparation chamber, and then for 30 minutes at 800°C in the growth
chamber.

The beam equivalent pressure (BEP) of the source fluxes used for growth, along with the
growth temperature and duration are presented in the following table.

Table B3.1: Growth parameters of GaN nanostructures

GaN Ga flux BEP N flux BEP N./Ga Ratio Substrate
Nanostructure | (x107 Torr) (x10° Torr) temperature (°C)
Nano rod 2.0 2.25 112.50 630
NwN (f,) 33 25 75.76 630
NwN (f2) 24 15 62.50 630
NwN (f3) 5.2 1.45 27.88 630
NWN (f) 55 1.45 26.36 630

Given that the nanowall network (NwN) and the nanorod samples are deposited on Al.O3
and Si substrates, respectively, the N2/Ga ratio between the two types of films should not
be compared.

B3.2 Cross-section & atomic force microscopy (AFM) images: The FESEM cross-

section images show that the height of the nanostructures is ~ 1600 nm.
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Figure B3.1. FESEM cross-section image of GaN (a) NwN (f1).

3-dimensional topographic atomic force microscopy (AFM) image of the vertically
standing nanowall network (NwN) is presented. The nanowalls are clearly visible in the

image.

Figure B3.2: AFM images (5 pm x 5 um) of GaN nanowall network

B3.3 Raman Spectrum: Optical Phonon

Raman spectroscopy of epitaxial GaN layers on sapphire was performed in backscattering
geometry with a Horiba Raman spectrometer at room temperature with incident photon
energies, 2.3 eV (1=540 nm). In the Raman spectrum, two peaks appeared at 566 cm™ and
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731 cm™ which corresponds to TO and LO phonons respectively. These values are

consistent with literature reports.

Raman spectra of the GaN nanostructures are measured as well. Compared to the TO
phonon peak at 566 cm™ in epitaxial film, all GaN nanostructures exhibit a TO phonon
peak at 561 cm™. Such a slight shift in the TO phonon frequency could be related to the
difference in growth methods, strains in the film, and other effects. GaN epitaxial layer is
deposited with the CVD method in an industrial setup, while the GaN nanostructures are
deposited with PEMBE. The linewidth of the TO phonon modes in GaN nanostructures is
slightly higher than the linewidth in the epitaxial layer (FWHM of the TO phonon mode of
the epitaxial layer and nanostructures are ~5 cm™ and ~10 cm™, respectively). Such slight
broadening of the linewidth is due to the nanostructuring effects. However, compared to
the sharp LO phonon mode in GaN epitaxial layer, GaN nanostructures exhibit very faint
LO phonon modes. Interestingly, compared to the GaN thin film, no prominent (clear)
Raman modes appear between the TO and LO phonon frequencies. It is important to note
that though the surface modes are not Raman active, such surface phonons can still interact
with light and lead to infrared light absorptions. Surface polariton modes that we have
described in the manuscript originate from the interaction of light with the surface phonon

modes.
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Figure B3.3. Raman spectroscopy of (a) GaN epilayer and (b) GaN nanowall network of volume fraction
fy, T2, fa, fa.

B3.4 Effect of geometry on the Reststrahlen band of GaN nanostructures:

Geometrical factor and Depolarization factor
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The spectral features of induced dipoles in GaN nanostructures depends on the shape and
geometry of the asperities. The relation of the geometrical factor (and/or depolarization
factor) with an induced dipole is presented in the equation 4.5 of the main manuscript. Here
we discuss these parameters in detail.

Electric field (E;) and polarization (P;) induced in a particle by the applied field Eo
(assumed in the z-direction) is given by the following equation®3®

Ej=Eoj— L P

Where Z]- is the depolarization factor and related to the geometrical factor (L;) by the

following equation

- E—Eij

E—&) Em

The L and L are related by L = L/g, for a particle is in free space. L; is the geometrical factor

along the ;™ principal axis of the ellipsoid with L1+ Lo+ L3 = 1.
For example, a sphere is a special ellipsoid with a=b=c, therefore
Li=L=L3=1/3

In the case of a prolate spheroid, a = b < c, therefore

L1=L2,L3=1_2L1

In the case of an oblate spheroid, a > b = c, therefore

. _gle)m . g*(e)
Ly = o2 (E—tan g(e)) -
1-e2\ /2 b2
g(e)=(ez) , e’ = -

LZ = L3 = (1 - Ll)/Z
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The shape of the prolate ranges from a needle (e = 1) to a sphere (e = 0). The shape of the

oblate ranges from a disk (e = 1) to a sphere (e = 0).
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Figure B3.4 Geometrical factor (a) L1 (b) L. and (c) Ls as a function of eccentricity (e)

GaN NwN and nanorods are vertical structures, and the shapes of the asperities can be
considered as the prolate type. So, the dipole induced by Lz is more dominating. As a result,
more induced-dipole (or related phonon absorption) occurs for higher L value (or near LO

phonon, as shown in Figure 4.3(a) of the main manuscript).

Since induced dipoles with different shapes impact the Reststrahlen band, the ellipsoid
model gives us the freedom to combine several structures, starting from needles-to-spheres.
In figure B3.5, illustrations of various particle shapes are drawn for visual perception of the
particle’s geometry as a function of the depolarization factor (or geometrical factor). In the
case of the GaN nanostructures, combined effect of the depolarization factor of various
shapes is considered in the form of L¢// (effective depolarization factor). We found that
for both the NwN and the nanorod, L&/ is close to the 0.6 to 0.8 range (shown in Fig. 4.3),
which is akin to prolate types of asperities, resembling needle-like asperities coming out of
the surface.
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Figure B3.5 Ellipsoidal particle shape of various geometry as a function of depolarization factor (or

geometrical factor).

B3.5 Probability of the dipole absorption

To find out the probability of the dipole absorption for different shapes of the GaN
structures of various effective geometrical factor (L), w (L™ is replaced by the following

normal distribution function!** in the equation (4.6) of main manuscript.

where ¢ and m are the standard deviation and the mean value of Lé// respectively. After
solving equation 6, the value of ¢ and m for NwN (volume fraction 0.7) and nanorod

(volume fraction 0.55) are presented in the following table.

Table B3.2: m and ¢ are the mean value and the standard deviation for NwN and nanorod

Sample m o
Nanowall network (f = 0.70) 0.92 0.85
Nanorod (f = 0.55) 0.75 0.70

B3.6 Effective medium approximation

In the case of GaN nanostructures, Lichtenecker’s effective medium approximation
(LEMA) is used to fit the experimental reflection curve and to obtain the effective response
of the material. Lichtenecker’s logarithmic mixture formula has been derived from
Maxwell’s equations assuming a random distribution of shapes and orientations for each
component enabling the charge density at any position to be replaced by the mean charge
density of the mixture. This allows the charge fraction of each component (GaN and air in
this case) to be replaced by its volume fraction (f). We found that Lichtenecker’s mixture
formula works best for the GaN nanostructures such as nanowall-networks and nanorod.

Lichtenecker’s formula has been applied to obtain the permittivity of a wide range of
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mixtures including human blood, dry rocks and minerals, polymer/ceramic composite

materials etc.

The effective permittivity for GaN nanostructures is obtained by fitting the experimental
reflection curve utilizing the LEMA in Fresnel’s equation. The effective permittivity for
GaN NwN and nanorod is presented in Fig. 4.2 (c) and Fig. 4.2 (d) with volume fractions
of ~70% and ~55% respectively. Further, the effect of volume fraction on the Reststrahlen
band (see figure 4.3 (f)) and effective permittivity (see figure B3.6) is shown. With the

increment of volume fraction, the asymmetric Reststrahlen band and permittivity lead to

GaN epilayer.
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Figure B3.6. Calculated (a) real and (b) imaginary parts of the effective dielectric permittivity for GaN
nanostructures for volume fraction from 0.6 to 0.9.

B3.7 Thermal Emission of GaN Nanostructures:

Thermal emission is a ubiquitous process by which every object at non-zero temperatures
radiates electromagnetic energy that is governed by Planck’s law. Engineering of thermal
emission in materials is necessary for solid-state lighting, thermoregulation, energy
harvesting, tagging, and imaging. Beyond reflection, the strong absorptive nature of
polaritonic resonances provides an alternative method for probing their response through
thermal emission. According to Kirchhoff’s law, thermal emission is equivalent to
absorption at the same temperature, e(1) = « (1) =1 — R(1) — T(1), here a is absorptivity, €
the emissivity, R is reflectance and T is transmittance. Since in the Reststrahlen band, the
reflectivity is very high, as a result absorptivity and emissivity will be very low within the
band. The thermal emission phenomenon is strongly influenced by the coupling of phonons
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and long-range electromagnetic fields at infrared frequencies. Recently, it has been found
theoretically that at mesoscopic scales, where phonon polaritons can be strongly influenced
by the objects’ finite sizes, shapes, and nonlocal or many-body response to electromagnetic

fluctuations.

Here, we experimentally demonstrated the effect of nanostructuring on GaN’s thermal
emission properties. Thermal emission spectra are measured by mounting the samples on a
copper hot plate, from where the radiation is collected in the FTIR spectrometer. The
thermal radiation of the samples, blackbody and the ambient background is measured at

400°C. Thermal emissivity of the sample can be calculated by the following equation:

_ Ss(w) — Sg(w)

€(@) =5 @ =S @)

Where S, S, and S, are the sample spectrum, the blackbody spectrum, and the ambient background

spectrum.

Emission spectra follow the opposite trends as the IR reflection for example, in the case of
the thin film low emissivity is exhibited in the Reststrahlen band (563 cm™ to 739 cm™).
Similarly, for the nanowall, emission showed a dip near TO phonon frequency and

triangular spectra opposite to the reflection spectrum.
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Figure B3.7. Thermal emissivity of GaN along with the reflection for (a) thin film and (b) nano-wall network

is presented.

B3.8 Plasmon-polariton in GaN NwN (f4): Plasmon response of GaN nanostructures is
shown in Fig. 4 of the main manuscript. To avoid the overlap and for clarity, plasmon

response of GaN NwN (fs) is shown here.
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Figure B3.8. (a) Plasmonic response and (b) calculated permittivity of GaN NwN (fa).
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B4 Supplementary data of chapter 5

B4.1 Sample preparation

TiN/Alo.72Sco2sN planner metamaterials are deposited on (001) MgO substrates with dc-
magnetron sputtering (PVD Products Inc.) inside an ultrahigh vacuum chamber with a base
pressure of (2-4) x10° Torr. Substrates were cleaned with wet-chemical (acetone and
methanol) methods before transferring to the load lock that operated at a pressure of 5 x10°
8 Torr. Ti (purity of 99.95%), Al (purity of 99.95%), Sc (purity of 99.95%), targets had a
dimension of 2-inch in diameter and 0.25 inch in thickness and was sputtered with DC-
power of 100 W, 90W and 50W respectively. Deposition pressure of 10 mTorr inside the
chamber was maintained with a 9 sccm : 2sccm Ar:N2 mixture. The substrates temperatures
were fixed at 750°C, and the growth rate of TiN and Alo.72Sco.2sN was 1.2 nm/min. and 2.4

nm/min respectively.

B4.2 STEM imaging and EDS mapping

STEM imaging and EDS mapping were performed with a monochromated image- and
probe-corrected FEI Themis Z microscope equipped with high-brightness XFEG with
ChemiSTEM EDS detector system for ultra-high-count rates, operated at 300 kV.

B4.3 TEM sample preparation

TEM sample preparation was done with a Thermo Fisher Scientific Helios Hydra Plasma
FIB. Samples were coated with 5 nm of Au to prevent charging prior to FIB. A 200 nm Pt
protective cap was deposited at the target location with 5 kV electron beam followed by a
1.5 pm Pt+C protective cap with a 12 kV Xe beam in PFIB. Trenching and lift out were
done with a 30 kV Xe beam at 15, 4 and 1 nA. The TEM sample was welded to Mo grid
using a 30 kV Xe beam Pt weld. Thinning was done with tilt angles of £1.5° with currents
of 300, 100 and 30 pA, checking for electron transparency using a 5 kV electron beam with
a secondary electron detector. When the ROI was thin enough it was polished with 5 kV
Xe beam with tilt angles of +3.5°. Final cleaning was performed with 2 kV Xe beam with

tilt angles of £5.5°.
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B4.4 Spectroscopic ellipsometry measurements

Spectroscopic ellipsometer measurements were performed in the reflection mode at three
different angles (55°, 65° and 75°) of incidences from 210 nm to 2500 nm spectral range.
The experimental (Psi (i), Delta (A)) spectrum of TiN-Alo72Sco2sN based planner
structures were modeled with Drude & general oscillators (Lorentz and Tauc Lorentz) in
Complete EASE, J. A. Woollam Co software. Since TiN become metallic after 480nm, the
Drude model takes into account the free-electron response, while Lorentz oscillator takes
care of interband transitions in TiN. Since Alo.72Sco.2sN is a dielectric, Lorentz and Tauc-

Lorentz oscillators were used to fit the interband transitions in the visible spectrum region.
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Figure B4.1 The complex dielectric permittivity (g, + i €,) of TiN- Alo72Sco2sN -TiN (MDM) structure. a)
TiN top layer, b) Alo72Sco2sN and ¢) TiN bottom layer.

B4.5 Effect of top and bottom TiN layer on the optical cavity modes

FEM simulation is performed to optimize the TiN/Alo.72Sco2sN/TiN planner structures for
optical cavity mode. Top TiN film plays a crucial role in absorption. In the figure, the
absorption is highest for 10 nm to 20 nm top TiN film. As a result, all experimental samples
are deposited with a 15 nm TiN top layer. In all the samples, we intentionally chose the
bottom TiN layer thickness (100 nm) more than the skin depth (~40 nm)®° so that light
cannot pass through the sample (Transmission=0) for the maximum absorption. However,
the FEM simulation is performed to check the effect of the bottom layer thickness, we could
not find any appreciable change in sharpness of the cavity mode in the 60-140 nm range

that lies well beyond the skin depth.
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Figure B4.2. Effect of (a) top and (b) bottom TiN layer on the optical cavity mode.

B4.6: Multi-splitting in triple-cavity

The absorption peak of MDM structures (single cavity) splits into two peaks for MDMDM
structures (double cavity) as shown in the manuscript. Further, higher-order splitting can
also be observed with increasing the number of metal and dielectric layers. Three

absorption peaks are visible for the MDMDMDM structure (triple cavity).
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Figure B4.3 (a) Experimental and (b) Simulated absorption curve of a triple cavity (red) along with single

(green) and double (blue) cavity.

B4.7: The quantum mechanical description of MDM structure

Previously, the MDM multilayers have been studied as the quantum mechanical analogy

where the photon tunnel through the potential barrier.'® The square of the refractive index
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(, = n; — ix;) is taken as the optical equivalent of the potential that defines the barrier

height. The equation for the photon propagation in the material is expressed as

L) + [ko(ny — 1)) = 0 (B4.1)

To obtain the optical resonances such as cavity modes (or ENZ modes) the Hamiltonian
should be Hermitian. To satisfy the Hermitian condition, the real or imaginary part of the
refractive index should be negligible. Considering the metal-dielectric system, the
dielectric’s imagery part of the refractive index is almost negligible, while the metal’s
imaginary part exhibits high value. It is shown that to satisfy the Hermitian condition and
excite the cavity modes the ratio of n/k should be less than 0.2 in the desired spectral
range.'® On the other hand, the non-Hermitian range is related to the interband transition
of the metals. In the case of the Ag, the n/k is lower than the 0.2 in the visible to IR range.
In the case of Au and TiN, the ratio n/x is high in the interband transition range (<550 nm)
and becomes Hermitian after that. While for the transition metals such as Ta and W, the
ratio n/k is higher than 0.2 in the whole visible to NIR range. The optical parameters of Ta

and W are taken from the reference 1#°.
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Figure B4.4. The Ratio n/k for the metals (Ag, Au, Ta, W and TiN) defining the Hermitian limit (<0.2), in

which the cavity mode can be sustained for MDM structures.

By solving the equation B4.1, the analytical dispersion of the cavity mode can be found as

tan (kond %‘1 + e"z"OKmtm) = =m (B4.2)

ng
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—cot (kond %‘i + e‘ZkO“mtm) =m (B4.3)

ngq

The detailed derivation of the equations is presented in the reference ®. The cavity
resonance mode red shifts with the dielectric layer thickness increment (as shown in figure
5.2b in the main manuscript). The calculated dispersion is compared with the experimental

absorption mode maxima of the MDM cavity which show good agreement.
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Figure B4.5 The dispersion of the cavity modes vs thickness of the dielectric layer demonstrates the good

agreement between experiment and theory.

B4.8: The classical harmonic oscillator description of MDM structure
Previously, the optical response of the MDM structure has been described as a harmonic

oscillator and the effective permittivity can be expressed as

w3 ) 2

. ) MDM
te(w)=c¢ ig, =€, — - B4.4
(@) 1t ie © (witiyw) (w?-wompm? + iwlypm) ( )

The derivation of the equations can be found in the reference 84 Where ¢, is the
permittivity at high frequency (2.5), the w,, is the plasma frequency of the TiN (4.1 eV)
and y is the damping factor (0.65 eV) of the TiN. The parameters wypy =2.58 eV, Iypy =
0.112 eV and wqypy = 2.7¢V, 1.8 eV and 1.4 eV for MDM cavity (as shown in figure
5.2a) of dielectric layer thickness 50nm, 100nm and 150 nm respectively, are obtained from

fitting the experimental absorption curve. The real part of the effective permittivity exhibits
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cross-over wavelength (positive-to-negative permittivity), also known as epsilon-near-zero
(ENZ) wavelength, at 660nm, 890nm and 1060nm near the cavity resonance mode of
50nm, 100nm and 150nm (dielectric layer thickness) MDM cavities respectively. The ENZ
wavelength coincides with the optical resonances in the case of a lossless medium.
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Figure B4.6. The real (a) and imaginary (b) part of the effective permittivity of the MDM structures with the
dielectric layer thickness of 50nm, 100nm and 150nm. (c) The calculated absorption curve by utilizing the

effective permittivity in Fresnel’s equation along with the experimental absorption curve.

Further, the effective dielectric permittivity of the MDMDM structure, utilizing the

harmonic oscillator model can be expressed as'®

2
_ Wp _ wmpM® _ wMDM®
(w2+iyw) (w?2-wompmi?+iwlvpmi) (w2 - wompm2? +iwlvpmz)

e(w) =¢ +ie, =¢,

(B4.5)

The parameters wypy= 3.0 8V, woupm1=2.2 eV, woypm2= 3.4 €V, Iypy1= 0.5 eV and
Iypm2= 0.7 eV are obtained by fitting the experimental absorption curve of MDMDM
(double cavity) structure (as shown in Figure 5.3a of main manuscript). The real part of the
permittivity exhibits two ENZ modes corresponding to the cavity resonance modes
(absorption maxima) of the double cavity.
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Figure B4.7. (a) The effective permittivity of the MDMDM (double cavity) structure with a dielectric layer
thickness of 50nm. (b) The calculated absorption curve by utilizing the effective permittivity in Fresnel’s

equation along with the experimental absorption curve.

B4.9: Berreman mode in MDM structures

The MDM structures are not only useful for the visible spectral range optical absorption
but the optical phonons of the polar-dielectric layer can also be utilized. FTIR spectra of
MDM metamaterials with Alo.72Sco.2sN spacer layer thickness of 50 nm, 100 nm and 150
nm are shown. The absorption peak near the LO phonon frequency is observed in all cases,
which is also known as the Berreman mode. Though the Berreman mode frequencies of all
the three films should appear at the same frequency, slight variations in the composition of
the polar dielectric (Alo.72Sco.2sN) layer and growth variations have caused a small shift in

the mode frequency.
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Figure B4.8. Berreman mode in MDM structures

B4.9: Angle dependent reflection of MDM structures:

Using an ellipsometer, the angle-dependent absorption spectrum of MDM (metal-
dielectric-metal) structures was measured. The absorption peak corresponding to the first
order Fabry-Perot mode was observed for cavity thicknesses (i.e., thickness of AIScN, d)
of 100 nm and 150 nm. Interestingly, it was observed that the absorption peak remained

relatively unchanged regardless of the angle of incidence.
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Figure B4.9. Angle dependent absorption curve of MDM structures of (a) 100 nm and (b) 150 thick
Alo.725Co.28N.

In the case of TIN/AIScN/TiN structure, interference occurs between the waves reflected
from the top and bottom layer of AIScN. For constructive interference

1
2dn,cos0, = (m - E) A

Where m is an integer. Since,

n,sinf; = n,sinb,

N2
cosf, = |[1— (—1) sin?0;

n;

For 1% order,

n\?
Ares = 2dn, |1 — (—) sin?0;

n;

In general, refractive index of metals (1,,,.¢4;) have much lower values in comparison to
dielectrics (ndielectric)v Nimetal < Ngielectric

2
In case of MDM structure (ny = Nynetar, N2 = Ndielectric)s (%) sin%6; < 1.
2
Consequently, A,.; = 2dn,, the resonance wavelength in a TiN-AIScN-based metal-

dielectric-metal (MDM) structure is not significantly affected by changes in angle of
incidence.
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Figure 1.1 Schematic diagram of the evolution of industry along with the materials.
New materials enable the new scientific concept and further into next-generation
technology and industrial revolution. Conventionally, industry revolution can be divided
into four major leaps. The first industrial revolution: steam. The second industrial
revolution: electricity. The third industrial revolution: digital / computing. The fourth
industrial revolution: connectivity / artificial intelligence. ... 6
Figure 1.2 Types of polaritons. In material several type of electronic oscillator or dipole
can interact with light to form polaritons. For example- plasmon of metal, phonon of
dielectric, exciton of semiconductor, cooper pair of superconductors, magnon of magnetic
materials and more (there are 70 types of polaritons are discussed in ‘Polariton
Panorama’®), can interact with light to form various types of polaritons. ........................... 8
Figure 1.3 Energy scale of various types of polaritons. In general, exciton and plasmon
polaritons lie in the ultraviolet to the near-infrared electromagnetic spectrum, depending
on the materials. Phonon polaritons lie in the mid-to-long infrared region while spin-
wave-polaritons lie in the far infrared. Cooper-pair-polariton lies in the terahertz range.
One can choose the material for various polariton according to the requirement. .............. 8
Figure 1.4 Ancient Roman Lycurgus cup. It appears green in reflected light while red
in transmitted light. These glasses are mixed with gold nanoparticles (typically 10-100
MM AN SIZE). 20 et 9
Figure 1.5 Fresnel coefficients for s and p polarized light. Schematic representation of
the incident, reflected and transmitted light at the boundary between two materials with
permittivity ea and eb for both the s and p polarizations, in terms of their corresponding
Fresnel COBTTICIENTS. ..ot et 11
Figure 1.6. Interaction of light with a metal. (a) Schematics for interaction of light with
free electrons in metal (bulk plasmon). (b) Reflection curve of silver along with its real
part of dielectric permittivity. Beyond 330 nm, Ag is highly reflective, and the real part
of permittivity turns from positive-to-negative, this crossover wavelength is known as
plasma wavelength (Ap) and corresponding frequency as plasma frequency.................... 12
Figure 1.7 Schematics for the two types of surface-plasmon-resonances. (a)
propagating surface plasmon polaritons along the dielectric-metal interface; (b) localized
surface plasmons on the surface of a metal nanoparticles. ...........cccoovienniniiiciciee, 13
Figure 1.8 Dispersion relation of surface plasmon-polaritons in an air-silver
interface. We represent the real and imaginary parts of the dispersion relation of surface
plasmons in an air-silver interface, given by equation 1.8. We use the Drude model to
describe the metal, with parameters eco = 1.5, P =9.0eV and y =70 meV.................. 15
Figure 1.9 Interaction of light with a polar dielectric. (a) Schematics for interaction of
light with ionic lattice of polar dielectric material. (b) Reflection curve of a polar
dielectric material along with its real part of the dielectric permittivity. Polar dielectric
material shows high reflectivity between the longitudinal optical (LO) and transverse
optical (TO) phonon frequency, which is referred to as the Reststrahlen band................. 16
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Figure 1.10 The elements which form stable nitrides are shown in the periodic table.
Color codes indicate the physical properties or use of elements in the nitride family. This
figure is adapted from Jena t.al.2h............coveveviieeeee e 18

Figure 2.1 (a) The real (¢1) and imaginary (2) component of the dielectric permittivity
sputter-deposited Ta, W and Mo thin film are compared with the optical parameters of
noble metals (such as Au'’ and Ag'’). Reproduced with permission from Maurya et al.,
Appl. Phys. Lett. 118, 041902 (2021).22.......cooeeeererieeierereeeeies e 27
Figure 2.2 Symmetric 260 — w X-ray diffractogram of Ta thin film on MgO substrate
along with their rocking curve (w-scan) in the inset. Ta was found to grow with (110)
orientations on (002) MgO substrate. The FWHM of the rocking curve was found 2.4%in
the Ta/MgO film (b) Reflectivity of Ta film exhibit a sharp dip close to ENZ regions. (c)
Atomic force micrographs (AFM) of exhibit rms. surface roughness of 0.5 nm in Ta film.
Reproduced with permission from Maurya et al., Appl. Phys. Lett. 118, 041902 (2021).2?
............................................................................................ Error! Bookmark not defined.
Figure 2.3 (a) The real (¢1) and (b) imaginary (£2) part of the dielectric permittivity of
MBE-deposited TiN thin film on MgO and Al>Os substrates are presented. Reproduced
with permission from Maurya et al., Optical Materials Express 2679, (2020).%.............. 30
Figure 2.4 XRD spectrum of TiN/MgO (a) and TiN/AI.Oz (b) thin films along with their
rocking curve (w-scan) in the inset. Atomic force micrographs of TiN/MgO (c) and
TiN/AlO3 (d). Reproduced with permission from Maurya et al., Optical Materials
EXPress 2679, (2020).%.........coieueieeeieeeeeseee ettt 31
Figure 2.5 (a) Transmission and (b) reflection spectrum of TiN/Al>O3z are presented as a
function of wavelength and the angle of incidence. Reproduced with permission from
Maurya et al., Optical Materials Express 2679, (2020).%° ........ccccooeerreerereeereresieeeeeinn, 31
Figure 2.6 Comparison of metals with their optical loss at crossover wavelength and their
bulk meting point. Reproduced with permission from Maurya et al., Appl. Phys. Lett.
118, 041902 (2021).22 ... eeeee ettt 33

Figure 3. 1 Plasmon-polariton in ScN. (a) Schematic diagram of a spectroscopic
ellipsometer. (b) The real (1) and imaginary (£2) component of the dielectric
permittivity of ScN film with the highest carrier concentration of 1.6 x10%*cm3is

presented. SCN becomes plasmonic after 1.83 pum. (e1< 0) with the optical loss of 1.2 at
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the wavelength (Ap) corresponding to its plasma frequency. Experimentally measured
normalized reflectivity of ScN film is plotted as the ratio between the p-polarized to s-
polarized light intensity which shows a dip near the Ap. (c) Angle-dependent reflectivity
curve of ScN film is presented. Brewster’s angle is visible in the reflectivity curve. (d)
Fresnel’s equation-based theoretically calculated reflection curve matches well with the
experimentally measured reflection curve. (e) A schematic diagram of the ATR
configuration for surface mode excitation. (f) Theoretically calculated SPP dispersion
(blue) along with the ATR-measured reflection curve that shows SPP mode excitation at
1.95 pum. The light lines in the vacuum and in ATR crystal are shown by the magenta and
orange dotted curves respectively. The bulk plasma wavelength (1p) is shown with the
GFEEIN INE. .. ettt e bbbttt 40
Figure 3.2 Tunable SWIR plasmon response and electrical properties of ScN. (a) €1
and (b) €2 of ScN films with varying carrier concentrations are presented. With the
decrease in carrier concentration, Ap shifts to longer wavelengths. Ap of 2.35 pum and
corresponding €2 of 1.0 is obtained for as-deposited ScN film without any intentional
doping which makes it a high-quality and low-loss SWIR plasmonic material. (c)
Normalized reflectivity curves of ScN with 1.6 x 10?2t cm™ (a) and 3.3 x 10%° ¢cm (d)) are
presented as the ratio between p-polarized and s-polarized intensity (Rp/Rs) obtained
from the ATR measurements (d) Schematic diagram of the Hall measurement is shown.
Temperature-dependent (e) resistivity; (f) mobility and (g) carrier concentration of ScN
films are shown which highlights its degenerate semiconducting nature. ..............cccc....... 42
Figure 3.3 Temperature-dependent dielectric permittivity of ScCN. Temperature-
dependent (a) €1 (b) €2 of the ScN thin film with 1.6 x 10t cm™ carrier concentrations
are presented. With an increased temperature, Ap and the optical loss increase. (c) Cross-
over wavelength (Ap) and optical loss was found to increase with increasing temperature
aS MODIItY IS AECIEASING. .....veiveeie ettt sre e enes 43
Figure 3.4 Phonon-polariton in ScN. (a) Schematic diagram of Fourier-transform
infrared spectrometer (FTIR). (b) Normalized FTIR reflection (red) spectra of ScN film is
shown and the calculated reflection spectrum is presented (in blue shade). (c) Calculated
dielectric permittivity (€) of ScN thin film showing negative €1 within the Reststrahlen
band. (d) Normalized reflection spectra obtained from the ATR measurement showing
excitation of the SPhP mode with p-polarized light. (e) Theoretically calculated
dispersion of SPhP is presented. The light lines, in the vacuum and ATR crystal, are
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shown by the green and blue curve respectively. The frequency positions of wLO and
wTO are shown by cyan and magenta dotted lines respectively. Lower and upper bulk
phonon polaritons are shown by the orange dotted CUrVEe.........c.ccveiviieieeve e, 45
Figure 3.5 (a) Comparison of plasmonic properties of ScN with transparent conductive
oxides (ITO%, AZO%, F:CdO®%8, Dy:Cd0O®%), doped silicon (n-Si, p-Si)®® and InAs® their
optical loss at crossover wavelength (or ENZ wavelength). (b) Comparison of FOM of
SPhP of ScN with other polar dielectric materials (SiC’®, GaN'®, hBN’, AIN'®, GaP%,
CBINTY) . ettt ettt 46
Figure 3.6 STEM images and EDS maps of ScN deposited on (001) MgO substrate.
(a) Low-magnification STEM image showing homogeneous and uniform ScN growth
with a few dislocations. The electron diffraction pattern in the inset confirms the cubic
epitaxial growth. (b) Atomic resolution STEM image of the SCN/MgO demonstrating a
sharp interface. STEM-EDS elemental mapping of (c) Sc, (d) N, (e) Mg and (f) O shows
the homogeneous elemental diStribDULION. ...........cooiiiiiiiii e, 47

Figure 4.1 Plan-view FESEM microstructure of MBE-deposited GaN
nanostructures. (a-e) Surface topography of nanowall network to nanorod along with
various intermediate complex structures. Crystal growth under non-equilibrium
conditions gives rise to such complex surface morphology. .........ccccooveiiiiiiiiiiiiienn, 53
Figure 4.2 Reststrahlen band of GaN epilayer and nanostructures. Reflection
spectrum (red curve) along with the theoretically fitted curve (blue curve) of (a) GaN
epilayer; (c) GaN nano-wall network (volume fractions of ~70%); (¢) GaN nanorod
(volume fractions of ~55%). A highly asymmetrical right trapezoidal shaped Reststrahlan
band appears in the GaN nanostructure. The calculated real (1) and imaginary (g2)
component of the effective dielectric permittivity (eef f) of (b) GaN epilayer, (d) GaN
nanowall network and (f) GaN nanorod. Nanostructuring leads to asymmetry in epsilon-
near-pole (ENP) resonance at the TO phonon frequency. To capture the sharp dip in the
reflection spectrum of the nanorod near LO phonon, phonon confinement effect*:#2 is
included in the modeling as presented in SI SECLION 8. ........c.cccvvviiieiii i 54
Figure 4.3 Induced dipole moment and its distribution within the Reststrahlen band.
(a) Normalized induced dipole moments of the surface polaritons as a function of
wavenumber with depolarization factors L as a parameter. For L close to 1, the surface

polariton maximum appears close to the LO phonon frequency. While for L close to zero,
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surface polariton maxima are located close to the TO phonon frequency. (b) The
probability distribution function for dipole absorption as a function of effective
depolarization factor of GaN NANOSIIUCIUIE. ..........coeiiiiiiiieeeeee e 57
Figure 4.4 Impact of GaN volume fraction on nanostructure’s Reststrahlen band.
FESEM images of GaN nanowall-networks with increasing volume fraction (a) f1

(~0.60), (b) f2 (~0.70), (c) f3 (~0.77), (d) f4 (~0.83). (e) Experimentally measured
reflection curve of the NwNs. (f) Calculated reflection curve using LEMA for volume
fraction of 0.6, 0.7, 0.8, 0.9. Both the experimental and the theoretical results show that a
lower volume fraction of GaN leads to higher asymmetry in the Reststrahlen band. ....... 59
Figure 4.5 Plasmon-polariton in GaN nanostructures. (a) Plasmon response in GaN
NwNs with volume fraction f1 (blue curve), f> (green curve) and f3 (red curve) where f3 >
f2 > f1. (b) Plasmon response in GaN nanorods. GaN NwN exhibit more open surfaces
compared to nanorods, consequently, more carriers are present in NwNs. The (c) real (e1)
and (d) imaginary (€2) component of the dielectric permittivity of GaN NwNs of volume
fraction f1 (blue curve), f2 (green curve), f3 (red curve) and nanorod (magenta curve). ...61
Figure 4.6 Comparison of the plasmonic response of GaN nanostructures with other mid-
IR nanostructured plasmonic material. GaN NwN (f1) exhibits a high-quality factor value
of 6.6 which is higher than the previously reported quality factor for several
nanostructured plasmonic materials such as InN, Al/ZnO, Cu2«S, Sn/In,03, Ce/In203.

Low optical loss in the GaN nanostructure is the reason for the high-quality factor. ....... 62

Figure 5.1 a) STEM micrograph of TiN/Alo.72Sco.2sN multilayer stack deposited on (001)
MgO is presented. Coherent epitaxial interfaces between different layers are visible in the
images. The electron diffraction pattern in the inset confirms the lattice-matched cubic
epitaxial growth. b) High-magnification STEM image highlight the TiN/Alo.72Sco.2sN
interfaces. ¢) Atomic resolution STEM image of the TiN/Alo.72Sco2sN interface is
presented demonstrating a sharp interface. STEM-EDS elemental mapping of d) Ti, e) Al,
) Sc, and g) N demonstrates well-separated layers without diffusion of atoms into
AUJACENT LAYETS. ...ttt bbb bbbt 67
Figure 5.2 a) Schematic diagram of the unit cell of metal-dielectric-metal (MDM) optical
cavity. b) Experimental and c¢) simulated absorption spectra of the MDM structures with
varying dielectric Alo.72Sco.2sN layer thickness (50 nm (blue), 100 nm (green), 150 nm
(red)). d) Magnitude of electric field profile and (e) electromagnetic power-loss density
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distribution for the MDM structure (50 nm of Alo.72Sco2sN thickness) at the maximum
absorption peak wavelength of 580 nm. f) Experimental and g) simulated angle-
dependent absorption curve of MDM structure (of 50 nm thick Alo72Sco.28N)................. 68
Figure 5.3 a) Schematic diagram of TiN/Alo.72Sco.2sN based double cavity structure. b)
Schematic diagram that shows the splitting of energy states due to the coupling between
double cavities. c) Experimental and d) simulated absorption spectra of double cavity
mode (red line) along with the single cavity mode (blue dash line). The splitting of the
curve corresponds to the direct coupling of the two cavities. (e, f) Magnitude of electric
field profile and (g, h) electromagnetic power-loss density distribution for the double
cavity (50 nm of Alo.72Sco.2sN thickness) at the maximum absorption peak wavelength of
440 NM AN BI0NIM.....eiviiieieii ettt e st e et esreeeeereenseeneesseenreeneennes 71
Figure 5.4 Effect of TiN top-layer on Alo.72SC0.2sN/TiN/MgO sample in IR and visible
range. a) FTIR reflection of Alo.72Sco.2sN/TiN/MgO and TiN/ Alo.72S¢o.2sN/TiN/MgO
samples. Thin TiN (15 nm) top layer film does not affect the optical phonon much, while
strong absorption in the visible range appeared due to the cavity resonance. (b)
Simultaneous optical resonances, cavity mode and Berreman mode can be achieved in
IMIDIM SEFUCTUIES. ...ttt ettt et nb et e e b e nn e e nnn e e neennne s 72
Figure 5.5 FTIR Reflection spectra are collected from a) AIN/MgO (red) along with
MgO substrate (blue). For MgO substrate, a clear Reststrahlen band spread over 395 cm™
to 767 cm™. For the sample AIN/MgO, two Reststrahlen bands appeared from AIN and
MgO. b) Reflection spectra of TiIN/MgO and AIN/TiN/MgO. Metal TiN reflectivity is
around 95% in the whole FTIR spectral range. For the sample AIN/TiN/MgO, two dips in
the reflection spectra correspond to the absorption of TO and LO phonon of AIN. c¢) IR-
reflection of Alo.72Sco.2sN/TiN/MgO samples of two different thicknesses of Alg.72S¢o.2sN
100 nm and 1000nm is compared. Two dips in the reflection spectra correspond to the TO
and LO modes appearing in the thicker Alo.72Sco.2sN while the optical modes are barely
visible in the thinner film. d) Berreman mode dispersion relationship for 100 nm (blue)
and 1 um (red) thick Alo.72Sco28N/TiN samples calculated using Eq. 3. The light line is

shown as a dotted green line. The inset shows the Berreman mode of Alg.72Sco.2sN films.

Figure 6.1 (a) STEM micrograph of TiN/Alo.72Sco.2sN (metal/dielectric) superlattice
deposited on the on the MgO substrate. (b) High-magnification STEM image highlight
the TiN and Alo.72Sco.2sN are separated by clean and abrupt interfaces. ..........ccccovvenenne. 79
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Figure 6.2 Dielectric functions (measured using spectroscopic ellipsometry) of (a) TiN
and (b) (Al,Sc)N that constitute the superlattice (20 nm/20 nm of 8 period) together with
(c) the real and (d) imaginary parts of the dielectric functions of the effective medium that
approximates the superlattice. The perpendicular permittivity has a Lorentz-like response
while parallel permittivity has Drude like reSpoNnSe. .........ccocoviiiiieiiiene s 80
Figure 6.3 (a) Experimental reflection spectrum of 20 nm/20 nm TiN/(Al,Sc)N
superlattice presented as a function of incident angle (measured using spectroscopic
ellipsometry). (b) Theoretically calculated reflection spectra of the same superlattice
(using COMSOL Multiphysics Software) that indicates a clear match up with

experimentally measured SPECLIUM..........cviiieiieiie e ens 81
Figure 6.4 Schematic diagram of isofrequency surfaces in momentum space for elliptical
(@), hyperbolic type-I (b) and type-11 (C) MedIUM........ccceiiiiiieiieese e 82

Figure 6.5 Photonic spin Hall effect in TiN/Alo.72Sco.2sN superlattice-based hyperbolic
medium. (a) Schematic of photon dynamics of opposite spin in the hyperbolic medium.
(b) Simulated electric field distribution (which represents the light propagation) in the
hyperbolic medium. Light of helicity (o) = -1 propagates in the left direction and wise
1Y) £ TP OUR PR PPRPPRY 83

Figure 7.1 Refractory materials platform for nanophotonic application. Plasmon and
phonon polariton in refractory transition-metal-nitrides covering wide range of
electromagnetic spectrum, from visible to infrared range. Plasmon resonances of
refractory metals, such as TiN, ZrN, W, Ta etc., can be utilized for visible to near-infrared
regime. The plasmon resonances in doped ScN and GaN nanostructures can be utilized
for near-infrared to mid-infrared range. For mid-to-long infrared, phonon polariton of

ScN, GaN and AISCN €an Be ULTHZE. .......coovveiiieeeeee e 85
Figure 7.2 Plasmon polariton in transition metals and nitrides. Comparison of metals
with their optical loss at crossover wavelength and their bulk meting point..................... 87
Figure 7.3 Polar semiconducting ScN can host both types of plasmon and phonon
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Figure 7.4 Reststrahlen band and plasmon polariton in GaN nanostructures (a)
Lithography free MBE grown GaN nanostructures of various volume fractions (f).
Morphology controlled (b) tailored Reststrahlen band and (c) tunable plasmon polariton.

Figure 7.5 TiN-AIScN based MDM structure: to achieve the optical cavity mode along
with optical phonon mode (Berreman mode). The right-side figure shows the light
confinement in the MDM cavity at the resonance freqUENCY. ........cccocvevveiiieiie e e, 89
Figure 7.6 Signature of optical spin Hall effect in TiN-AIScN superlattice based
hyperbolic medium. Light of opposite helicity (i.e., c = -1 or c = +1) propagates in the
OPPOSITE AIMECTIONS. ...ttt e bbbt bttt 90
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