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Abstract

This thesis explores the concept of polaritons, collective excitations of light
and matter, for applications in thermal photonics. Emerging technologies
such thermophotovoltaics and passive radiative cooling would greatly benefit
from advancements in thermal photonics where complete control over spectral
shape, polarization state, directionality and coherence of thermally generated
radiation is the ultimate goal. Conventional thought does not associate these
properties of light with photons that are thermally generated. However, re-
cent advances in nanophotonics has allowed us to challenge these longstanding
assumptions of thermal light.

First, we propose the use of plasmon polaritons in metallic nanowire meta-
materials for the purpose of controlling visible frequency light. These metama-
terial structures possess strong anisotropic and tunable absorption behavior at
visible frequencies. The obvious roadblock that is encountered when moving
to high temperature environments is that the metal constituents in plasmonic
metamaterials fail.

To rectify the problem of high temperature operation, we subsequently
move to polar diatomic ceramic materials, which are known to support phonon
polaritons at mid infrared frequencies. Bound surface phonon polaritons in
silicon carbide are coupled to free space with the aid of a 2D bi-periodic grating.
With this structure patterned in to a single crystal wafer, we are able to
achieve two independently controllable emission bands that exist within the

Reststrahlen region of silicon carbide.
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Localized surface phonon polariton resonances within p-particles of SiOq
and SiC are also explored as a means to control mid infrared thermal radiation.
The strong overlap between the resonant emission bands of the polaritonic par-
ticles and the atmospheric transmission window establishes them as excellent
candidates for passive radiative cooling applications. Their emissivity spec-
trum is determined through direct thermal emission measurements and used
to calculate a potential radiative cooling result of ~ 6°C' below ambient tem-
perature.

Lastly, we investigate the potential of boron nitride nanotubes (BNNTSs) for
high temperature mid infrared thermal emission. BNNTs are unique emerging
materials that possess optical phonons in two distinct mid infrared bands due
to the particles extreme optical anisotropy. We characterize the polaritonic
modes of BNNTs through thermal emission and absorption measurements and
show that there is strong agreement with Mie theory simulations. This is
the first study exploring the thermal radiative behavior of BNNTs and the
results tout them as a strong candidate for high temperature thermal photonics
applications.

The findings of this thesis help pave the way for future technologies to

transform the world we live in through the advancement of thermal photonics.

1l



Preface

Sections of this thesis are reproductions of work published in peer reviewed

journals. Chapter 2 and 3 are direct reproductions, published respectively as:

e R. Starko-Bowes, J. Atkinson, W. Newman, H. Hu, T. Kallos, G. Pa-
likaras, R. Fedosejevs, S. Pramanik, and Z. Jacob, ”"Optical character-
ization of epsilon-near-zero, epsilon-near-pole, and hyperbolic response

in nanowire metamaterials,” Journal of the Optical Society of America

B 32, 2074-2080 (2015)

e R. Starko-Bowes, J. Dai, W. Newman, S. Molesky, L. Qi, A. Satija, Y.
Tsui, M. Gupta, R. Fedosejevs, S. Pramanik, Y. Xuan, Z. Jacob, ”Dual-
band quasi-coherent radiative thermal source,” Journal of Quantitative

Spectroscopy and Radiative Transfer 216, 99-104 (2018)

Chapter 4 is comprised of new results and is under preparation for sub-
mission to a peer reviewed journal. The concept of the study was formed by
myself and Zubin Jacob. All aspects of the project from fabrication and ex-
perimental measurement to simulations and writing were carried out by Ryan
Starko-Bowes.

Chapter 5 is also comprised of new work and is under preparation for
submission to a peer reviewed journal. The concept of this study was formed
by a collaboration between Zubin Jacob and Tongcang Li. Sample fabrication
was carried out by Zhujing Xu and Ryan Starko-Bowes. Thermal emission
measurements were carried out by Xueji Wang and Ryan Starko-Bowes. All
other aspects of the project (simulation and writing) were completed by Ryan

Starko-Bowes.

v



For Joanna, Dale and Larisa

with love.



Physics 1s like sex: sure, it may give some practical results, but that’s not

why we do t.

— Richard Feynman
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Chapter 1

Introduction

1.1 Thermal Emission Engineering

Any discussion of thermal radiation naturally begins with Planck’s law, which
describes the far-field spectral radiance L(A,7T") emitted by a black-body in
thermal equilibrium at temperature 7"

2he® 1

_ 1.1
A° eAkh;T_l ( )

LNT) =

where A is the wavelength of radiation, ¢ is the speed of light (¢ = 2.9979 x
108 m/s), h is the Planck constant (h = 6.6261 x 1073'J - s) and kp is the
Boltzmann constant (kg = 1.3806 x 1072J-K~!). While this is an elegant
description of thermal radiation, it is a generalized model of an ideal emitter
only valid for macroscopic objects larger than the wavelength of radiation. In
practice, bodies can have fine structure or non-ideal emission due to material
properties. An object’s emissivity spectrum (e(A)) is used to account for this
and describe the efficiency with which a material can radiate its thermal energy.

The result is the observed linear far-field spectral radiance:

I(A0,T) = e(\O)L(\T). (1.2)

In practice, experimental measurement of an objects thermal radiation
spectrum is difficult because of the need for specialized infrared detectors and
low intensity levels of emitters around room temperature. In addition strong

background signals from the room, optical elements and the detector itself,
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all at room temperature can bury the thermal signal trying to be detected.
Because of this, the majority of studies today use Kirchoff’s law to relate the
absorptivity spectrum to the emissivity spectrum.

Kirchoft’s law states that for any body in thermodynamic equilibrium, its
emissive power is equal to its absorptive power at any wavelength. That is to
say its spectral emissivity is equal to its spectral absorptivity (e(A) = a(\))
[1]. Using this relation one would be able to measure an objects emissivity
spectrum simply by careful measurement of its absorptivity. In addition, if
a material is fully opaque (T = 0), the emissivity spectrum can also be ap-
proximated as e(A) = 1 — R(A), where R(\) is the spectral reflectivity. These
optical characterization techniques are routinely used to measure the emissiv-
ity of photonic devices. While this is a good approximation for the emissivity,
we know that material properties can change in different environments, espe-
cially at high temperature where thermal radiation is of great interest.

In this thesis, Kirchoff’s law will not be taken for granted. Direct thermal
emission measurements of photonic devices at varying temperatures are taken
wherever possible and compared to absorption measurements at room temper-
ature for direct verification of Kirchoff’s law. This also gives insight in to the
evolution of material properties through varying temperatures.

Advanaces in photonics and our understanding of light matter interactions
has lead to the notion that we can control not only spectral emissivity features
2], [3] but polarization [4], coherence [5] and angular dependence [6] of thermal
radiation as well. These discoveries have sparked interest in several emerging
technologies like thermophotovoltaics [7], [8], radiative cooling [9], [10] and
narrowband thermal infrared sources [6], [11], [12]. In the following sections,
we will discuss the underlying physics we will use to achieve the above radiative

properties.



1.2 Motivating Technologies

1.2.1 Passive Radiative Cooling

One of the most promising applications of thermal emission engineering, and
main motivations of this thesis, is passive radiative cooling whereby the emis-
sivity spectrum of a material is engineered in such a way that it preferentially
radiates its own thermal energy away without absorbing much from the sun
or atmosphere. The results is a device that passively lowers its temperature
without any external energy input. Naturally, one can imagine the impact of
such a technology in hot climates where air conditioning (AC) systems drive
high energy demand. Currently, refrigeration (including AC) accounts for 17%
of world electricity consumption [13]. As the global standard of living rises,
it is projected that AC units will grow from 1.6 billion today to 5.6 billion
by the year 2050 [14]. This proliferation of AC units (primarily in developing
countries with warm climates) will greatly contribute to our growing world-
wide electricity demand. Moreover, because the electricity produced today is
predominantly generated by burning fossil fuels, AC units contribute to the
very thing they are trying to combat, a warming climate. To prevent such a
positive feedback loop from running away, it will be critical to address cooling
technologies in a novel and cost effective way. Passive radiative cooling is one
technology that promises to address this world problem.

During the daytime any object will interact with radiation from the sun
(Psun) and the atmosphere (Pp,) in addition to thermal energy it gains (or
loses) through convection and conduction (P,,,). As described in section 1.1,
any object will also radiate its thermal energy away according to equation
(1.2). Part of this energy will be absorbed by the atmosphere. However,
in regions where the atmosphere is transmissive, radiation will be allowed to
escape to outer space. A schematic representation of the radiative cooling
effect and the terms involved in energy transfer is shown in figure 1.1. The

net cooling effect from all terms involved can then be calculated as:

Pcool(TavTS) = Prad(TS> - Patm(Ta) - Psun - Pcon(Tay TS) ; (13>
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Radiative Cooler D> I:)con

Figure 1.1: Schematic of radiative cooling effect. P,,, is the power absorbed
by the sun, P, is the power absorbed from the atmosphere, P,,, is the power
absorbed via conduction and convection and P, is the power emitted out by
the radiative cooler.

where T, is the ambient air temperature and Ty is the sample temperature.

1.2.2 Thermophotovoltaics

The vast majority of electricity generated today is generated through an
exothermic process. This could be burning fossil fuels or nuclear fission re-
actions. Generally, this heat is used to generate steam, which is then forced
through a turbine that converts its kinetic energy to electricity. Thermal
losses in combustion power plants account for 50-60% of the total power [15],
[16]. Thermophotovoltaic electricity generation also suffers from the Shockley-
Queissar limit of 41% [17]. The main reason for this is that the majority of
energy in the solar spectrum lies in frequencies outside that of a photovoltaic
(PV) cell’s bandgap. However, if the incident spectral energy density has
strong overlap with the bandgap of the PV cell, the energy conversion effi-
ciency can be greatly improved.

The field of thermophotovoltaics (TPV) aims to improve electricity gener-
ation by converting thermal energy to electricity via photonic energy transfer.

4



Figure 1.2 shows the spectral radiance of a black-body at 1500 K. Highlighted
in red is the spectral region of high energy conversion of a hypothetical low

bandgap PV cell.
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Figure 1.2: Black-body spectral radiance at 1500 K. The red highlighted area
shows the spectral region of high conversion efficiency for a single junction
photovoltaic cell.

By tailoring the emissivity spectrum of a thermal emitter to have maximal
overlap with the highlighted high conversion efficiency region, we can ensure
that minimal photons are lost to thermalization. Recent works have already
shown the feasibility of this technology, achieving conversion efficencies as
high as 24% [18]. However, further progress is needed to achieve the promise

of TPV, surpassing the Shockley-Queissar limit [19].

1.3 Permittivity and the Lorentz Model

In this thesis, we will use material oscillators as the fundamental building
blocks to control a materials emissive properties. This section will introduce
the framework used to handle the interaction between electromagnetism and
matter. Within Maxwell’s equations, we use permittivity (¢(w)) and perme-
ability (u(w)) to represent the linear electric and magnetic response, respec-
tively, of electromagnetic radiation in frequency (w) dispersive media. For
nonmagnetic material (which will exclusively be used in this thesis) we can set
p(w) = 1 and only consider £(w) to fully describe the electromagnetic field.

In the presence of an electric field, such a material will accumulate a charge
5



separation known as the displacement field D:

D =¢cE+ P =¢y(1+x)E =¢ce. E, (1.4)

where g9 = 8.854 x 10712F/m is the free space permittivity, E is the
applied electric field, P is the polarization density, x is the susceptibility
and ¢, is the relative permittivity. Typically when permittivity is mentioned,
people are actually referring to relative permittivity. This convention will be
adopted throughout this thesis as well. This relative permittivity can further
be separated in to its real (¢'(w)) and imaginary (¢”(w)) parts, which relate to
the phase shift and dissipation of the EM wave, respectively.

Modelling the optical properties of a material can give an analytical de-
scription for the behavior of radiation in that medium. By treating the charged
particles (typically electrons or ionic nuclei) in a medium as harmonic oscilla-

tors, we arrive at the well known and versatile Lorentz model:

w2

= (W) = £oe ” , 15
f(w)=¢w)+ic"(w) =¢ +w§—w2—z’w7 (1.5)

where w is the frequency of radiation, ., is the high frequency limit per-
mittivity, wy = \/m is the natural resonant frequency of the oscillator (K
is spring constant and m is mass of the oscillator), v is the damping coefficient
and w, is known as the plasma frequency. The plasma frequency is defined as:

N2
W2 =L

(1.6)

Eom ’

Here, ¢ and m are the charge and mass of the oscillating particle and N is the

charged particle density.

1.3.1 Drude Model for Free Charge Carriers

For metals, we can assume that free electrons respond to electric fields and are
the charged oscillating particles responsible for polarizability. This is shown
in figure 1.3 a). Because they are not bound to atomic nuclei and hence, move
freely, there is no resonant frequency of the oscillator (wy = 0). We can then

recover the well known Drude model
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Figure 1.3: a) Electron response to incident EM wave in metals (plasmon
oscillation). b) Ion response to to IR radiation in diatomic crystal (phonon
oscillation).

2
_
w? + iwy

e(w) =€ — (1.7)

In the case of the Drude model for metals, ¢ — ¢. (charge of electron)
and m — m, (mass of electron). From this expression, we can see that for
frequencies below w,, we are left with a negative permittivity. In regions where
the permittivity is negative, electrons are able to respond to oscillating elec-
tric fields. This leads to quickly decaying fields and high reflectivity in the
metal. At frequencies above the plasma frequency, we obtain a positive per-
mittivity, which conveys that the material is transparent to these frequencies.
The Drude model is relatively accurate for predicting permittivity of metals at
energies below their interband transitions. However, this can be improved by
incorporating additional Lorentz oscillator terms as in equation (1.5). Figure
1.4 shows the Drude model representation for the example metals of tungsten
(W), gold (Au) and copper (Cu).

In addition to metals, the Drude model can also be used to describe doped
semiconductors where we can control the charge carrier density with doping
concentrations or induced electric fields. This gives great control of optical

properties in semiconductors for photonic applications.
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Figure 1.4: Drude model for metals of tungsten (blue), gold (red) and cop-
per(black). Real part of permittivity (¢'(w)) is solid lines while imaginary
(¢”(w)) part is in dashed lines.

1.3.2 Lorentz Model for Polar Dielectrics

The atomic nuclei of polar diatomic crystals such as SiC carry a partial charge
on them due to differing electronegativity of the constituent atoms. For this
reason the atomic nuclei are semi-charged ions that will respond to EM radi-
ation, even though there are no free charge carriers as is the case in metals
(figure 1.3 b)). However, this type of optical response will occur at much
lower frequencies due to the relatively massive ion (when compared to the
electron). This turns out to be an excellent system for the application of the
Lorentz model as these semi-charged particles are bound to lattice sites and
will experience a resonant frequency (wyp).

Because these phononic oscillations are able to couple to EM fields they are
considered optically active and we refer to them as optical phonons. In optical
phonons, the sublattices of diatomic crystals oscillate out of phase and there
are two modes that can exist. Transverse optical (7°0) phonons have their
particle motion perpendicular to the direction of propgation or wavevector
(k) as is the case in EM radiation. In contrast, a longitudinal optical (LO)
phonon has its particle motion parallel to the wavevector as in a pressure or
sound wave. Because of this, the LO phonon mode is, in general, unable to

be excited by a transverse EM wave. This conclusion is supported by Gauss’s



law which states V - D = ¢4,V - E = 0, which implies k - E = 0. However,
this condition can also be satisfied if ¢, = 0. We will use this condition to
help represent the Lorentz model, equation (1.5), in more useful terms when
considering optical phonons in polar crystals.

Because there are generally no free charge carriers in a diatomic crystal,
the concept of a plasma frequency does not hold the same meaning. Instead,
it can be helpful to represent the Lorentz model in terms of its LO and TO
frequencies (wro and wrp). To do this we employ the Lydanne-Sachs-Teller

(LST) relationship:

o _<l0)

2
Wro  Eeo

(1.8)

If we evaluate the static permittivity (e(w = 0)) of the Lorentz model, we

can represent the plasma frequency as:

w2 = wio(e(0) — ex0) - (1.9)

Using equations (1.5), (1.8) and (1.9), we arrive at:

c(W) = em <1 L Wio —“ro > . (1.10)

w2y — w? —iyw

This gives rise to a negative real permittivity bounded by the two optical
phonon frequencies (¢'(wro — wro) < 0), which results in a high reflectivity
region known as the “Restsrahlen” band. Figure 1.5 shows the Reststrahlen
effect in experimental (exp.) reflectivity measurements for two types of SiC.
The reflectivity measurements are fit using Lorentz and Drude terms, which is
also plotted in figure 1.5. The semi-insulating (SI) SiC shows strong reflectivity
in the region from 10.3-12.5 um as there are no free carriers so the reflection is
a direct result of phonon modes. Its permittivity is well modelled by a single
Lorentz oscillator. The conductive (C) form of SiC has dopants (nitrogen)
and free electrons introduced which causes increased damping, lowering the
reflectivity in the Restsrahlen band. To accurately model its reflectivity, an

additional Drude term must be added. Another consequence of doping is the
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Figure 1.5: Reflectance Measurements of SiC wafers and their fitting results
to Lorentz models.

fact that the epsilon-near-zero (ENZ) point is blue shifted. This can be seen

in figure 1.6 where the analytical permittivity functions are shown.
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Figure 1.6: Lorentz model of real (solid lines) and imaginary (dashed lines)
permittivities of semi-insulating (red) and conducting (blue) SiC wafers.

1.4 Polaritons

Polaritons are wave-like quasi-particles that possess an electric or magnetic

dipole moment. They exist at the interface between two materials with one
10



having a positive real permittivity (¢] > 0) and the other having a negative real
permittivity (&5 < 0) as shown in figure 1.7. Due to the oscillation of charges
within a polaritonic medium, these quasiparticles are able to couple to light.
For reasons described in section 1.3, plasmonic and phononic materials are
exemplary candidates for engineering light matter interactions and radiative
thermal emission. In this section, we will describe two forms of polaritons and

discuss how we can use nano and micro-structure to engineer selective thermal

emission.
ZA
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Figure 1.7: Schematic of propagating surface polariton that exists at the in-
terface between a metal and dielectric.

1.4.1 Surface Polaritons and Gratings

Surface polaritons (SP’s) are confined to a plane interface between a dielectric
(g7 > 0) and a metallic (&}, < 0) material. Maxwell’s equations do not discrim-
inate between charge oscillations and as a result, SP’s can exist on the surface
of metals as surface plasmon polaritons (SPP) or polar dielectric crystals as
surface phonon polaritons (SPhP). This forms a 2D space on the surface of the
metal where the SP is allowed to propagate. The SP will experience frequency

dependant dispersion that follows:

_w £1(w)ea(w)
hsp = c \/ e1(w) +ex(w)’ (L.11)

An example of the dispersion relation for a SiC-vacuum interface are shown
in figure 1.8. Also shown is the bulk material dispersion (kg) and the free space

dispersion or “light line” (k).
11
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Figure 1.8: Dispersion relation of surface polariton in SiC (blue line). The SP
exists only within the shaded region which represents the Reststrahlen band
where e(w)’ < 0. Black line is the bulk polariton mode. The light line is also
shown in red.

In the area above the light line, radiation is able to propagate in free space
and therefore material modes can efficiently couple to light here. However,
modes that lie below the light line, such as kgp, are confined within the mate-
rial and do not couple to free space modes. This is the result of the momentum
mismatch between the surface mode and free space. Several methods to over-
come this momentum mismatch can be employed such as prism coupling or,
what we will use later in this thesis, grating coupling.

By introducing a grating into the flat interface, the propogation of the SP
can be impeded, lowering its k, and scattering the polariton into the light

cone. The new SP dispersion will follow the relation:
\/5_1k;03m6’ = ksp — kG s (112)

where 6 is the angle of propagation relative to normal, kq is the free space
wavevector and kg = 2mm/A is the grating vector (m being an integer).
Figure 1.9 shows the SP dispersion of a SiC-vacuum interface after a grating

of period A = 9.6pum has been patterned.

12
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Figure 1.9: Dispersion relation of surface polariton in SiC with a 9.6 um
grating patterned in to the interface (black line). The original SP with no
grating at the interface is also shown (blue line). The grating scatters the
surface bound wave in to free space propogating modes. The light line is also
shown in red.

1.4.2 Localized Polaritons and Particles

In the context of a sub-wavelength particle, the concept of a surface wave is
ill-defined. Instead, for particles with large curvature or sharp features, we can
describe their interaction with electromagnetic radiation in terms of scattering.
Because the oscillating polaritons within these particles are confined to its
volume and not able to propogate, we call them localized polaritons (LP).
Here, we are again able to couple polaritonic modes to light. However, because
there is no flat surface to propagate along, the particle itself radiates according
to its LP modes.

For the case where particles are much smaller than the wavelength (d <<
A), the particle will experience a uniform electric field throughout its volume.
This is known as the quasi-static limit (figure 1.10). In this regime, the electric
response is dominated by the dipolar term, which results in a single narrow
line width resonance. This mode is referred to as the Frohlich mode, which
occurs approximately when e (w) = —2¢/ (g9 is the particles permittivity and

e1 is the surrounding material permittivity). In phonon polaritonic materials

13
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Figure 1.10: Schematic representation of quasistatic limit. Small particle on
the left is within the quasi-static limit and experiences a uniform electric field.
Its response is dominated by a dipolar moment. The larger particle on the right
is outside the quasi-static limit and experiences a nonuniform field. Higher or-
der terms contribute significantly to its response. It is shown with a quadripole
moment.

we can calculate the Frohlich mode as:

2 2 2e1
Wio t Wros

As the size of the particle becomes larger, higher order multipolar terms
become more dominant and cannot be neglected. These higher order terms
can add neighbouring absorption bands, broadening the overall absorption
profile of the particle. The exact scattering and absorption properties of sub-
wavelength particles was reported by Gustav Mie in 1908 [20]. As these calcu-

lations can be quite cumbersome, the equations have been moved to appendix

C.

1.5 Overview of Thesis

The aim of this thesis is to uncover new designs, materials and nanostructures
that will allow us to better control thermal radiative properties in novel ways.
In this section (Chapter 1) we motivate the work by discussing some of the

technologies where thermal emission engineering can play a major role. We also
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introduce the physics governing electromagnetic fields and resonances within
materials, namely polaritons, and discuss mechanisms we can use to couple
these material modes to light and thermal radiation.

Chapter 2 explores the potential of plasmonic metamaterials to control
light matter interactions. In particular, a 2D metamaterial of gold nanowires
in an alumina matrix is used to engineer visible absorption resonances via
localized plasmon polaritonic resonances. The nanowire metamaterial is con-
trasted with a multilayer metamaterial system to emphasize the benefits of
strong resonances in 2D metamaterial systems. The fabrication process, which
is significantly more involved than that of multilayer systems, is also described
in detail. As its resonances are in the visible spectrum, they need to be heated
to extremely hot temperatures (> 1300 K) to have any appreciable thermal
emission that can be detected. At these temperatures, the gold nanowires will
not survive. This motivates the need for high temperature stable polaritonic
materials in the chapters to follow. Milestones achieved in this first study

include:

e Development of a robust procedure to fabricate metal nanowire meta-

materials on glass (or arbitrary) substrates for optical characterization.

e Demonstrated control of ENZ and ENP resonance frequencies through

fabrication procedure variables.

Chapter 3 addresses the high temperature stability roadblock by moving to
an advanced ceramic material, silicon carbide. SiC is a polar diatomic crystal
that possesses optical phonons and supports surface phonon polaritons. A 2D,
bi-periodic grating is designed and patterned in to the SiC wafer to couple
the bound surface modes in to free space propagating radiation. Using this
structure, we are able to control the frequency, polarization and directionality
of narrow thermal emission features within the Reststrahlen band of SiC. Some

notable accomplishments from this study are:

e Design, construction and calibration of a custom high temperature vac-

uum chamber coupled with an FTIR spectrometer experimental set up.
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e Demonstrated control of surface polariton coupled emissivity bands through

angular and temperature dependent emission measurements.

In Chapter 4, localized polaritonic resonances are used to couple optical
phonons in SiOy and SiC to free space radiation. Due to the strong overlap
between the atmospheric transmission window and the Reststrahlen bands
of Si0Oy and SiC, passive radiative cooling becomes a well suited application.
The emissivity spectrum of SiO, p-spheres and SiC p-particles is calculated
from thermal emission measurements. The emissivity spectrum is then used
to theoretically calculate approximate values of cooling power for a polaritonic

particle passive radiative cooler.

e First direct measurement of thermal emission from SiO, and SiC phonon

polariton particle systems.

e Demonstration of thermal emission technique to investigate polaritonic

particle resonant modes.

Chapter 5 looks at the thermal emission spectrum from an extremely
unique and emerging material system, boron nitride nanotubes (BNNT). BN-
NTs are the tubular form of hexagonal boron nitride which is a natural hyper-
bolic material that supports optical phonons in two distinct spectral regions.
Moreover, studies have shown BNNT's to be stable at high temperatures mak-
ing them excellent candidates for thermal emission measurements. The results

from this study has lead to significant impactful discoveries such as:

e Observation of high frequency localized optical phonons through thermal

emission. Highest known phononic Reststrahlen band that exists.

e Extreme temperature stability of 1D polaritonic ceramic particle emitter.

16



Chapter 2

Optical Characterization of
Epsilon-near-zero,
Epsilon-near-pole, and
Hyperbolic Response in
Nanowire Metamaterials

We report on the optical and physical characterization of metallic nanowire
(NW) metamaterials fabricated by electrodeposition of ~30 nm diameter gold
nanowires in nanoporous anodic aluminum oxide. We observe a uniaxial
anisotropic dielectric response for the NW metamaterials that displays both
epsilon-near-zero (ENZ) and epsilon-near-pole (ENP) resonances. We show
that a fundamental difference in the behavior of NW metamaterials from
metal-dielectric multilayer (ML) metamaterials is the differing directions of the
ENZ and ENP dielectric responses relative to the optical axis of the effective
dielectric tensor. In contrast to multilayer metamaterials, nanowire metamate-
rials exhibit an omnidirectional ENP and an angularly dependent ENZ. Also
in contrast to ML metamaterials, the NW metamaterials exhibit ENP and
ENZ resonances that are highly absorptive and can be effectively excited from
free space. Our fabrication allows a large tunability of the epsilonnear-zero
resonance in the visible and near-IR spectrum from 583 to 805 nm as the gold
nanorod fill fraction changes from 26 % to 10.5 %. We support our fabrication

process flow at each step with rigorous physical and optical characterization.
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Energy dispersive x-ray (EDX) and x-ray diffraction (XRD) analyses are used
to ascertain the quality of electrochemically deposited Au nanowires prior to
and after annealing. Our experimental results are in agreement with simula-
tions of the periodic plasmonic crystal and also analytical calculations in the
effective medium metamaterial limit. We also experimentally characterize the
role of spatial dispersion at the ENZ resonance and show that the effect does
not occur for the ENP resonance. The application of these materials to the
fields of biosensing, quantum optics, and thermal devices shows considerable

promise.

2.1 Introduction

Nanowire (NW) and multilayer (ML) metamaterials made of plasmonic metals
are the two most promising designs for device applications that show tunable
epsilon-near-zero (ENZ) [21], epsilon-near-pole (ENP) [22], and hyperbolic re-
sponses [23]-[25]. These three exotic electromagnetic responses arise from the
coupled plasmon-polaritons in the multilayer superlattice and nanowire ge-
ometries. Although both the NW and ML metamaterials can be characterized
by an effective uniaxial dielectric tensor the key characteristics of the types
of plasmons supported by each of these two structures cause the two materi-
als to display very distinct electromagnetic responses (see figure 2.1). While
ML metamaterials are generally easier to fabricate, NW metamaterials offer
significant benefits in terms of higher transmission, lower loss, and a broad
tunability across the visible frequency range [21], [23], [26], [27]. As a result,
NW metamaterials are expected to have dramatic impacts in fields such as
superresolution imaging [28], polarization control/filtering [29], thermal pho-
tovoltaics (TPV) [22], [30]-[33], and biosensing [26].

Several procedures have been used by different groups to achieve metama-
terials of metallic nanowires in a dielectric matrix. The most common and
by far the easiest way to fabricate nanowire arrays is to deposit metal via
electrodeposition into the pores of anodic aluminum oxide (AAO) templates.

These templates are commercially available [24]; however, additional control
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over the template properties can be gained by fabricating them in-house on
either Al foil substrates [34]-[36] or Al thin films that have been deposited
onto transparent substrates [23]. Depending on sample constraints, metallic
nanowires (typically Au or Ag) can be deposited by either AC [34] or DC [23],
[24], [35], [36] electrochemical deposition. A simple yet effective technique to
characterize and confirm the ENZ, ENP, and hyperbolic responses of the sys-
tems is to study spectrally resolved angular transmission measurements [34],
[37]. More sophisticated characterization techniques, such as Brewster angle
discontinuity reflection measurements [24], shifting of Fabry—Perot oscillations
[35], and near-field scanning optical microscopy [36], allow for a deeper under-
standing of the optical response of the nanowire metamaterials. In this paper,
we report on the optical and physical characterization of nanowire metama-
terials emphasizing the key differences between ML and NW metamaterials.
Even though a body of research exists on these two nanostructured media,
we show that the difference in resonant characteristics arises from the oppo-
site orientations of the ENZ and ENP responses. Our work also shows for
the first time the role of the ENP metamaterial and its omnidirectional na-
ture, which was recently predicted to have applications in Salisbury screens
[38]. For completeness, we present the in-depth fabrication procedure of an ar-
ray of vertically aligned gold nanowires housed in an AAO matrix supported
by an optically transparent glass substrate. To optimize the quality of our
NW materials we have analyzed the fabrication with rigorous material charac-
terization and structural analysis using scanning electron microscopy (SEM),
energy dispersive x-ray (EDX), and x-ray diffraction (XRD) characterization
techniques at each step of the process flow. Reliable estimates of NW fill
fractions are extracted using postprocessing of SEM micrograph images. The
tunabilities of the ENZ and ENP absorption resonances of the nanowire meta-
materials were observed using white-light transmittance measurements and
are presented as extinction spectra for metamaterials containing different fill
fraction/ nanowire diameters. Theoretical analysis and modeling in the form
of effective medium theory (EMT) and full-wave numerical simulation (com-

mercial software CST) [39] show excellent agreement with experimental data.
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Finally, we experimentally contrast the spatially dispersive properties of the
ENZ and ENP resonances. This work will help researchers adopt our approach
to large-area nanowire fabrication and characterization for possible quantum,

thermal, and imaging applications [40]—[43].

Multilayer Metamaterial Nanowire Metamaterial
ENP . EEI\EO
Ezz_>c>o ] P - f =
€. —00
E/{,C_’O XX
ENZ ENP

Weak ENZ/ENP resonances Strong ENZ/ENP resonances

Figure 2.1: Schematic depiction of multilayer versus nanowire metamateri-
als cross section and the orientation of the ENZ and ENP directions. The
difference in directions causes a stark contrast in resonant properties.

2.2 Theory

ML metamaterials have a periodic structure of alternating subwavelength
metal and dielectric layers in one dimension (2). In contrast, NW metamateri-
als have a periodic structure in two dimensions (Z and ¥). Both structure types
are characterized by an effective dielectric tensor that is uniaxial anisotropic
that displays ENZ, ENP, and hyperbolic dispersion. However, the directions
in which the ENZ and ENP occur are opposite for two structures. Interest-
ingly the NW metamaterials exhibit an angularly dependent ENZ resonance
whose spectral location is highly tunable and can be controlled by adjusting
the metal nanowire fill fraction. Even though ML metamaterials also exhibit
ENP and ENZ resonances as the NW metamaterials do, their resonance char-
acteristics are significantly weaker due to free electron motion in the # and

directions leading to high reflection of incoming propagating fields [22], [32],

[44]. A useful metric to quantify the absorption spectra of the metamaterials
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is the extinction (optical density, OD) spectrum. In this study, the extinc-
tion spectrum is defined as OD = —logyo(T"), where T is the transmittance
through the sample. This definition is used theoretically in simulations as well
as experimentally to characterize absorbing plasmonic resonances. Peaks will
occur in extinction spectra at locations of low transmission. Diffuse reflection
measurements indicate that reflection and scattering is relatively weak for our
NW samples in the visible and near-IR spectrum. This implies that peaks in
the extinction spectra can be associated with absorption through plasmonic
resonances. The extinction peaks in this study are solely a result of the local-
ized and collective plasmon resonances of the nanowire arrays. There are no
Fabry—Perot effects observed in these samples. Additional Fabry—Perot reso-
nant reflection (low transmittance) peaks are only observed in samples with
nanowires above 700 nm in length. Longer nanowires result in stronger absorp-
tion peaks for our samples but do not change the location of the peaks because
they are well below the 700 nm threshold. At the ENZ wavelength, there exists
field enhancement inside the metamaterial for the component of the electric
field normal to the metamaterial air interface for (p)-polarized light. However,
continuity of the displacement field (g4, (E™¢+ ET¢) = ¢, E'ro™*) dictates that
this phenomenon can occur only if the dielectric constant with the ENZ occurs
in the direction perpendicular to the interface (¢, — 0). Thus, ML metama-
terials which have ENZ in the parallel component of the permittivity tensor
(ez — 0) do not exhibit the same field enhancement and absorption at ENZ
wavelengths present in NW metamaterials. Furthermore, the NW ENP reso-
nance is polarization insensitive and omnidirectional because the parallel com-
ponent of the dielectric tensor (e,) interacts with both (s)- and (p)-polarized
light. This makes ENP metamaterials attractive for thermal applications [22],
[30]-[33] and Salisbury screens [38] where omnidirectionality and polarization
insensitivity is important. Our experimental work explains these effects using
EMT.

Using EMT we can calculate the effective permittivities of the nanowire

metamaterial, which are described by the following equations:
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(2.1)

Ero = Emp + a(l — p) (2.2)
where g4 is the permittivity of the dielectric host, €, is the permittivity of
the metal nanowires, and p is the metal fill fraction ratio, which is defined as

nanowire area

P = \nit cell area (23)
For p < 1 the ENP is weakly dependent on the fill fraction and the condi-
tion reduces to €, +4 =~ 0. On the other hand the ENZ resonance is strongly
dependent on the fill fraction and can be tuned by exploiting this fact.
Figure 2.2 (a) shows the complex permittivity of a nanowire array with a
fill fraction of 22% [45]. A pole exists in Re(e,,) which dictates the location
of the ENP resonance, while a zero exists in Re(e,,) dictating the location
of the ENZ resonance. We confirm this through EMT and CST extinction
simulations presented in figure 2.2 (b). ML metamaterial permittivities are
shown in figure 2.2 (c) for a five-period structure with a fill fraction of 20%.
An ENZ is present in this plot as well as a much weaker ENP. The extinction
spectrum of the ML structure simulated through EMT and CST is presented

in figure 2.2 (d), where the absence of sharp absorption peaks (that are present

in the NW extinction) can be noted.

2.3 Fabrication Procedure

Transparent NW metamaterial thin films are fabricated on clear rigid sub-
strates. Glass slides are first cleaned with a 15 min Piranha bath (3:1 sulfuric
acid:hydrogen peroxide). A 20 nm TiO, layer is deposited as an adhesion layer
between the glass substrate and a gold layer using atomic layer deposition. A
subsequent 7 nm Au layer is deposited using DC magnetron sputtering, which
will later act as a cathode during electrodeposition. Finally, a 700 nm layer of

Al is deposited on top of the Au layer using DC magnetron sputtering.

22



8 ‘ ‘ ‘ : 14
a) ENP ENZ
2> 6f \ b
=
= \ — L
E af I {1 g
€ VAR =
9] \ o 8°F
a 2 'ﬁ\ \ o
L TE=zTC T
% o ~= P Qeessrzzzzz] 5 o6
(0] I ~ =
3 Rele,.] 5
a - -Im[erm] ..% 4
-2 >
2 Rele..] o 5
- all=- -Imfe,.]
o= [
‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ | :
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)
6 ; \ \ ; : : 8 ; ; \ ; \ :
C) ENp ENZ d) [—p0CsT -2
- 4l | 77 s CST 1
£ — - - -p EMT
b= = 6
£ = - = =-s EMT
€ 2 ,’\ "9
& ben- 2
v =" R =2 -
g ¢ [ 5
% Rele..] g
% 2 |= = =Imle,,] e
2 Rele..] i
3 -4 |~ = -Im[e..]
e ‘ L. | | ‘ ‘ 1 ‘ ‘ . ‘ ‘ ‘
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 2.2: real and imaginary parts of effective medium theory (EMT) permit-
tivity in the parallel (¢,,) and perpendicular (g,,) directions of (a) Au nanowire
array in alumina matrix metamaterials and (c¢) Au-alumina multilayer (five pe-
riod) metamaterial with a fill fraction of 22% and 20%, respectively. Simulated
extinction spectra of (b) Au nanowire array in alumina matrix metamaterial
on glass substrate and (d) Au-alumina multilayer (five period) metamaterial
from EMT and CST (full-wave simulation) under s and p-polarization at 600
plane wave incidence. Dashed blue line and dashed red line are extinction from
EMT under s-polarization and p-polarization, respectively. Solid blue line and
solid red line are extinction from CST under s-polarization and p-polarization,
respectively. The parameters we use for (a) and (b) are as follows: nanowire
radius 16 nm, nanowire length 300 nm, and nanowire spacing 65 nm, which
gives a fill fraction of 22%. The wavelength of T resonance and L resonance
from CST is 524 and 602 nm, respectively (523 and 624 nm from EMT). The
parameters we use for (c) and (d) are as follows: Au thickness 10 nm, alu-
mina thickness 40 nm, five periods, total thickness 250 nm, which gives a fill
fraction of 20%. The multilayer structure shows no absorption resonances un-
like the nanowire design even though both designs possess epsilon-near-zero,
epsilon-near-pole, and hyperbolic response.
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A two-step anodization procedure is performed on the Al layer to trans-
form the Al metal into nanoporous Al,O3 called AAQO. Fortuitously, pores are
formed via self-assembly in a quasi-hexagonal closed pack structure. The same
electrolyte is used for each step [46] and this helps to improve pore order over
a one-step procedure. The first anodization step uses 3% oxalic acid with a
30 V bias for 9 min. This initial Al,O3 oxide layer is removed with a wet
etch in chromic phosphoric acid at 60°C for 2 h. A second anodization step
is performed again using 3% oxalic acid at ~0°C with a 30 V bias until the
entire aluminum layer is anodized through, making the sample transparent.
This usually takes ~14 min at which point the anodization current begins to
rise and is allowed to reach ~50 mA. The bias is subsequently decreased to 25,
20, and 15 V for durations of 1 min each. This step-wise decrease in voltage
helps to thin the oxide barrier layer that exists at the bottom of the pores
after anodization, exposing the underlying Au cathode. To further thin the
barrier layer, a wet etch in 5% phosphoric acid is performed for 20 min at room
temperature. This wet etch removes any remaining barrier layer while slightly
widening the pores, giving us control of nanowire diameter and fill fraction.

Au nanowires are deposited in the pores of the template using DC elec-
trodeposition with a gold electrolyte (prepared using 0.05 M HAuCly, 0.42 M
NaySO3, and 0.42 M NayS,03) and a bias of ~1 V [23], [47]. Au from the
electrolyte begins to plate the pore bottom as the exposed Au thin film acts
as a cathode. Nanowire length is controlled by the duration of deposition and
can range from tens of nanometers to the entire length of the pore in the AAO
thin film. Deposition for our samples was carried out for a total of roughly
1-2 min resulting in a nanowire length of approximately 400 nm.

Depending on the AAO film thickness and the nanowires length, there
may be some over or under deposition, leaving excess gold on the surface of
the template or a void at the top of the pore. To level off the surface of the
sample, an ion milling dry etch is performed. This leaves a surface where the
Au nanowires are flush with the AAO thin film.

The samples are also annealed for 2 h in an inert Ar atmosphere at 300°C

[1]. This helps to increase the grain size of the metallic nanowires, allowing
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the electrons to have longer mean free path and reduced Drude damping.
Figure 2.3 is a schematic that outlines the complete process flow. All steps
are included in the schematic other than the annealing step as annealing does

not alter the structure of the device.
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Figure 2.3: Schematic of process flow of device fabrication. Physical dimen-
sions (diameter and length) and spacing of nanowires can be controlled by
adjusting certain variables within the process flow. Our approach gives rise to
large area uniform fabrication for the nanowire metamaterial.

2.4 Materials Characterization

To confirm the presence of Au nanowires, SEM, EDX, and XRD analyses are
performed on the samples. Gold is chosen because it is an easy material to
work with, it electrodeposits with a high yield of nanowires, does not oxidize
easily, and has a dielectric response that is ideal for plasmonics in the visible
spectrum. Figure 2.4 shows the pore ordering of the template surface. Using
this image we can obtain values for pore diameter (d) and spacing (S) and
calculate the metal fill fraction (p) using the following equation (assuming

perfect hexagonal structure):

B wd?
P 21/352

A more rigorous method to extract the fill fraction from the above SEM

(2.4)

image was also done to confirm an accurate fill fraction. The image is run
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through a code that outputs the ratio of “dark” pixels to “light” pixels. Given
an accurate contrast threshold for the pore wall, “dark” pixels are defined as
those pixels with a contrast below the boundary and represent the pore in
the structure (where the metal is later deposited). Consequently, the “light”
pixels are those with contrast above the threshold and represent the AI203
matrix. Figure 2.5 shows the gold nanowire array after the alumina matrix
has been removed using a 1 mM NaOH wet etch. This wet etch can cause the
nanowires to clump together in groups due to the surface tension of the drying

rinse water, as seen in the top-view SEM micrograph image shown in figure

2.4 (a).

SEI 50kY¥ X100,000 100nm WD 9.0mm

Figure 2.4: SEM image of AAO template quasi-hexagonal porous structure.
Nanopore (and hence nanowire) diameter is approximately 30 nm; center to
center pore spacing is approximately 66 nm. This produces a fill fraction of
p = 19%. The template parameters (pore diameter, pore spacing, ordering,
film thickness) can be altered by adjusting the anodization parameters.

2.4.1 Energy Dispersive X-Ray Spectroscopy

EDX analysis of an AAO template with gold nanowires deposited in the pores
is compared with that of a template with empty pores to show which peaks are
arising from the background elements present in the sample’s substrate and
matrix and which peaks can be attributed to the gold nanowires. There are
several peaks visible in both sample spectra [figure 2.6 (a)] which correspond
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Figure 2.5: SEM images of (a) top down and (b) oblique views of Au nanowires
grown in the pores of AAO templates. The AAO matrix has been removed in
these images to view the nanowires, but is still present in the samples during
transmission measurements. Because the template removal is done using a wet
etch, the surface tension of the etchant/water pulls the nanowires together in
to clumps as it dries. This is evident in (a) as the nanowires can be seen
leaning on each other in groups.

to the elements Si, Ca, Na, Mg, K (the glass substrate is predominantly Si
with contaminants of Ca, Na, Mg, K), Ti (an adhesion layer of TiO, exists
under the Au thin film), and Cr (a few nanometers of Cr is sputtered on top
of all samples prior to SEM to ensure samples are suitable for SEM and to
prevent surface charging artifacts in SEM images). In figure 2.6 (a), we notice
peaks present only in the gold nanowire sample at 2.1229 and at 9.7133 keV.
These are the two main characteristic peaks for gold, which are a result of the

M,1 and L,; electron transmission lines, respectively [48].

2.4.2 X-Ray Diffraction Analysis

To improve the optical properties of the gold nanowire arrays we investigated
the effects of annealing on the crystallinity of the gold NWs. XRD was per-
formed on samples prior to and after annealing. Gold peaks are observed in
all samples for the (111), (200), (220), (311), (222), and (400) crystal planes
[figure 2.6 (b)]. Annealing has reduced the FWHM values of all Au plane
peaks, as shown in figure 2.6 (b). This suggests an increase in the overall
grain size of the nanowires resulting in a larger mean free path of conduction
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Figure 2.6: (a) Energy dispersive x-ray analysis of empty template versus gold
nanowire-filled template. Peaks corresponding to the elements Si (primary
element in glass), Ca (glass impurity), Na (glass impurity), Mg (glass impu-
rity), K (glass impurity), Ti (present in TiO adhesion layer), and Cr (few
nanometer conductive layer deposited on all samples for SEM imaging) are
observed in both samples. Only in the gold nanowire sample spectrum are
peaks observed at 2.1229 and 9.7133 keV, which correspond to the M,; and
L1 electron transmission lines, respectively, the characteristic lines of gold.
(b) X-ray diffraction pattern of gold nanowire samples before and after an-
nealing. FWHM values are presented directly below each peak. Note that the
FWHM value is larger prior to the annealing step for each individual peak.

electrons. A larger electron mean free path allows for lower optical losses.
This ultimately leads to more efficient plasmon generation and higher-quality

factor resonances in the nanowires.

2.5 Experimental Results

Angular transmission spectroscopy is performed on several samples with fill
fractions ranging from 10.5% to 26% using an Ocean Optics fiber optic spec-
trometer and linearly polarized white light. Within the extinction spectra, two
features can be observed in every sample (figure 2.7). One absorption peak,
located at ~530 nm, is attributed to the ENP resonance and another absorp-
tion peak, which is highly tunable in a range from 583 to 805 nm, is attributed
to the ENZ resonance. These two absorption resonances are the result of lo-
calized plasmon polariton resonances supported by the NW structure. The

ENP, also known as the transverse electric (TE) mode, is omnidirectional and
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its location is generally dependent on the materials used, although it is also
very weakly dependent on the fill fraction. This is reflected in figure 2.7 as
well as figure 2.8 (b). Both show an ENP in the range of ~530 £+ 10 nm that
is fixed in wavelength for any given angle of incident light. The TE mode is a
plasmonic mode with resonant electron motion perpendicular to the nanowire

axis and therefore is excited by both (s) and (p)-polarized light [21].
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Figure 2.7: (a) Experimental setup showing how the extinction of our samples
was measured. p-polarized light is defined as light with a maximum F-field
perpendicular to the metasurface [z direction in (a)] for a given angle while
s-polarized light has its E-Field in the plane of the metasurface [xy-plane in
(a)] at all angles. (b)—(d) The experimental extinction spectra for p-polarized
light of a gold nanowire system with fill fraction (b) 26%, (c¢) 23%, and (d)
10.5%. The ENP resonance is the shorter wavelength resonance for all three
samples and occurs at Agyp ~ 530 £ 10 nm. The ENZ extinction increases in
intensity with an increase in incident angle from 0° to 60°. The location of the
ENZ resonance shifts to longer wavelengths when we decrease the fill fraction
from (b) Agnz = 583 nm to (¢) Agnz = 664 nm to (d) Agnz =~ 805 nm.
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The second absorption peak, located at the ENZ point, is known as the
transverse magnetic (TM) mode. Contrary to the TE mode, the excitation
efficiency of the TM mode is angularly dependent and highly sensitive to the
fill fraction as well as the materials used. Also, this resonance is only present
in the absorption spectra using p-polarized light and does not exist for s-
polarized light. The TM mode is a plasmonic mode with electron motion
parallel to the nanowire axis [21], [49]. As the incident angle of light increases
[measured from the normal as 6 in figure 2.7 (a)], so does the amplitude of
the absorption peak. The growing electric field vector parallel to the nanowire
axis with increasing angle is the cause of this angularly dependent behavior.
Using Au/Al,O3 nanowire arrays as has been fabricated in this report, the TM
mode can be tuned from 583 nm (corresponding to a fill fraction of 26%) to
805 nm (corresponding to a fill fraction of 10.5%). Beyond the ENZ resonance
wavelength the dielectric component ¢,, becomes negative and the sample is
hyperbolic. This forms the best approach to characterize the NW metamaterial
with hyperbolic dispersion.

Scattering is one major source of uncertainty in extinction measurements
as it is difficult to determine what fraction of the total power is being absorbed
as opposed to scattered by the metamaterial. In an effort to remove scattering
effects from our measurements, we have plotted T, /T [figure 2.8 (a)], which
allows scattering effects to be canceled out as they are expected to affect s and
p-polarizations equally. We see a good agreement between CST simulations
and our experimental data.

The ENZ and ENP points for the samples plotted in figure 2.7 (b)-(d)
are shown in figure 2.8 (b) along with the theoretical ENZ and ENP curves
predicted by EMT [equations (2.2 2.1)]. It is shown that the experimental
and theoretical ENP resonances are very weakly dependent on the fill fraction
values. Although it is stated earlier that this is only valid for p < 1 we can see
that experimentally this holds true for much larger values of p. Alternatively,
the ENZ point varies drastically along with the fill fraction and can be tuned
within the range of 583-805 nm. Furthermore, within each ENZ point, a

shifting of the ENZ resonance occurs as the angle of incident light is increased
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Figure 2.8: (a) p-polarized transmittance divided by s-polarized transmittance
from experiment and CST simulation at 30° incidence. In experiment the sur-
face roughness always leads to scattering thus usually lower transmittance.
By comparing the transmittance ratio we can greatly reduce the scattering ef-
fect from optical measurement. The agreement between experiment and CST
further confirms the experimental realization of nanowire metamaterial. (b)
Varying sized data points show experimental ENZ and ENP resonant wave-
length’s dependence on fill fraction and angle. The ENP resonance stays at a
relatively fixed wavelength (= 530 £ 10 nm) for multiple fill fractions, whereas
the ENZ resonance can shift dramatically from ~ 583 nm all the way to ~ 805
nm for changing fill fractions. Data points are plotted for angles from 10/circ
to 60° (symbol size is proportional to angle value) showing the spatial dis-
persion effect of the ENZ resonance. Solid lines show the theoretical location
of the ENZ and ENP resonances as a function of fill fraction predicted using
EMT [equations (2.2 2.1)].
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[larger symbols in figure 2.8 (b)] and corresponds to larger incident angles.
The slight shift in peak wavelength of the plasmonic resonances is due to the
interplay of competing effects of material loss and nonlocality. This will be
addressed in future work. An overview of nonlocal effects can be found in
[21]. Note the ENZ resonances are only present for p-polarized light. In stark
contrast, the ENP resonance does not show within experimental uncertainty
any spatial dispersion effects and has a fixed wavelength for varying angles of

incident light.

2.6 Conclusion

We have contrasted the behavior of the omnidirectional and fixed wavelength
ENP resonance with the angularly dependent and tunable ENZ resonance.
While the ENP resonance remains at a wavelength of ~540 nm in all samples,
the ENZ resonance is highly dependent on the fill fraction of metal nanowire
(p) and can be designed to exist in the range from ~583 to 805 nm, correspond-
ing to fill fractions of ~ 26% — 10.5%, respectively. We have distinguished the
different structure and behavior of NW metamaterials from that of ML meta-
materials and our experimental results agree with EMT and CST simulations.
Future work will explore quantum, thermal, and biosensing applications of

such nanowire arrays.
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Chapter 3

Dual-Band Quasi-Coherent
Radiative Thermal Source

Thermal radiation from an unpatterned object is similar to that of a gray body.
The thermal emission is insensitive to polarization, shows only Lambertian
angular dependence, and is well modeled as the product of the black-body dis-
tribution and a scalar emissivity over large frequency bands. Here, we design,
fabricate and experimentally characterize the spectral, polarization, angular
and temperature dependence of a microstructured SiC dual band thermal in-
frared source; achieving independent control of the frequency and polarization
of thermal radiation in two spectral bands. The measured emission of the
device in the Reststrahlen band (10.3-12.7 pum) selectively approaches that of
a black-body, peaking at an emissivity of 0.85 at A\, = 11.75 um and 0.81 at
Ay = 12.25 pm. This effect arises due to the thermally excited phonon polari-
tons in silicon carbide. The control of thermal emission properties exhibited
by the design is well suited for applications requiring infrared sources, gas or
temperature sensors and nanoscale heat transfer. Our work paves the way for

future silicon carbide based thermal metasurfaces.

3.1 Introduction

Thermally excited light is traditionally thought of as being incoherent, un-
polarized and spectrally broad. These notions have been challenged in the

past decade to overcome incoherent properties of thermal radiation sources.
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Many different approaches have been used to engineer the spectrum [2], [3],
[50], coherence [6], [51], polarization [51], [52] and directionality properties [6],
[51], [53] of thermally emitted radiation. Proper design of ruled gratings in
metals [11], [53], [54] or polar dielectrics [6] have been successfully employed
to couple thermally excited surface waves into far-field thermal radiation. A
selection of studies have also built on this concept to generate beamed thermal
emission from 2D gratings [8], [51], [52], [55]. Another popular design for con-
trolled thermal emission is the use of photonic crystals patterned in to metals
or polar dielectrics [56].

The control of a material’s epsilon-near-zero (ENZ) and optical topological
transition characteristics has also proven to be a promising route for thermal
emission engineering [3], [22], [50], [57]. Plasma frequency tunable materials
such as aluminum zinc oxide (AZO) or gallium zinc oxide (GZO) can provide
a platform for implementation of this idea [22], [50]. Intriguingly, a single
thin layer of epsilon-near-zero material can function as a spectrally selective
thermal emitter without the need for any nanostructuring. Multilayer thermal
metamaterial designs have also experimentally demonstrated that thermal ra-
diation can be controlled by engineering the optical topological transition [3].
Such advances in thermal radiation control can impact a variety of commercial
applications such as coherent infrared sources [6], [51], [58], [59], thermophoto-
voltaics [7], [8], [22], [54], [60], radiative cooling [9], [61], temperature sensors,
gas sensors [62], nanoscale heat transfer [63]-[66] and general thermal man-
agement.

Designs that exhibit dual band emission are also of interest and several
studies towards this type of emission pattern have been published [2], [55]. By
designing emitters to have multi-band emission, we can increase functionality
of the device for certain applications (e.g. sensing) by dedicating each emission
band to perform a specific function. Despite the potential benefits of dual
band emitters, all current designs have been limited to metallic structures
and few have been experimentally demonstrated [2], [55]. Furthermore, these
demonstrations do not simultaneously control all emitter properties (spectrum,

polarization, directionality, coherence) necessary for multiplexing of thermal
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signals.

In this article, we design, fabricate and experimentally demonstrate a 2D
bi-periodic SiC grating infrared source with orthogonally polarized, angularly
coherent, dual band thermal emission in the mid-IR regime. We present a
comprehensive experimental study of the thermal properties of this device
by characterizing the spectral, polarization, angular, and temperature depen-
dence of its thermal emission. The polarized emissivity spectrum is measured
as both a function of temperature and emission angle within the Reststrahlen
band of semi-insulating 6H-SiC (10.3-12.7 pum). Two emission bands, termed
Az and Ay, are observed at normal incidence. This effect fundamentally arises
due to thermally excited phonon polaritons in silicon carbide. The peak emis-
sivity achieved for A, and A, are 0.85 and 0.81 respectively. The main emis-
sion peaks of each band shows an angular dependence, red shifting at higher
emittance angles. A red shift of the emission peaks is also observed with in-
creasing temperatures. The peak of the A\, band shifts by 70 nm over a 255
K temperature change, while the peak of the A, band shifts by 60 nm over a
temperature change of 259 K. Using a temperature dependent Drude model
of SiC [67] in rigorous coupled wave analysis (RCWA) numerical simulations,

strong agreement with our measurements is observed.

3.2 Design, Fabrication and Characterization
of Structure

3.2.1 Surface Phonon Polaritons in Polar Dielectrics

Polar dielectric materials possess a spectral region known as the Reststrahlen
band where a negative &’ (¢’ is the real part of the complex dielectric permit-
tivity) leads to metal-like behavior with high reflectivity. This region exists
between the transverse (7°0) and longitudinal optical (LO) phonons where
polar lattice vibrations (phonon-polaritons) act to effectively screen electro-
magnetic waves, leading to high reflectivity analogous to a metal. Within the
Reststrahlen band, coupled photonic-phononic surface waves, called surface

phonon polaritons (SPhP), are supported, due to the interface between neg-
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ative ¢’ and positive & materials [68]. By attaching a piece of this material
to a thermal bath (in our case a substrate heater), we can thermally populate
these surface waves. Since the SPhP has a well defined dispersion relation,
this provides a unique opportunity to engineer thermal emission in the Rest-
strahlen region in to well defined angular direction and spectral bands. SiC is
one such polar dielectric that has been a popular choice for engineering ther-
mal emission due to its high thermal stability (up to 3000 K) and its ability
to support SPhP waves.

3.2.2 Design of Bi-Periodic Grating

Previous works have shown that the SPhP of SiC can be thermally excited
and efficiently coupled to free space using 1D and 2D gratings [6], [51]. Here,
we have designed and fabricated a bi-periodic grating to couple the thermally
excited SPhP of SiC in to two bands of far-field propagating waves. The center
wavelength of each emission peak can be independently tuned by modifying
the x or y directions grating period as defined in figure 3.1 a). The structure
is engineered such that each grating period (A, and A,) will efficiently couple
the SPhP in to a single band of emission (A, = 11.75 pm and A\, = 12.25 um)
that propagates with a k-vector normal to the surface (6 = 0 as defined in
figure 3.1 a)). Because surface waves are by nature p-polarized, the two engi-
neered emission bands are orthogonally polarized in the far-field, providing an
additional degree of discrimination.

Figure 3.1 b) shows the real and imaginary permittivity of SiC, calculated
using a Lorentz model [51] with the Reststrahlen band highlighted by the
shaded region. On top of this we have plotted the measured emissivity of a
bare SiC wafer at 1000 K (0.3 mm thick). Within the Reststrahlen band, low
emissivity is indeed observed. This result supports Kirchoft’s law as one would
expect to see a high reflectivity here.

To calculate the emissivity spectrum in figure 3.1 b) (as well as emissivity

spectra in later figures), the following approach was used from reference [69]:
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where Sg is the sample spectrum, Ty is the temperature of the sample,
Sp is the spectrum of the black-body calibration source, Tz is the tempera-
ture of the black-body calibration source, Sg is the background spectrum at
room temperature, Tg is room temperature and L(\,T') is Planck’s law at

temperature T

3.2.3 Kirchoffs Law and Reflectivity /Emissivity Calcu-
lation

According to Kirchoff’s law of thermal radiation, a body that is in thermal
equilibrium with its environment must have €(\, ) = «(\,0) where €(),0)
is the emissivity spectrum and «(\,#) is the absorptivity spectrum of the
material. It follows that if we are considering a material that is optically thick
(transmission = 0) we can calculate the emissivity of a material as e(\, 0) = 1—
R(\, 0), where R(), 0) is the reflectivity spectrum. For typical polar materials,
such as SiC, this condition is met for thicknesses greater than about 100 um
[70].

The permittivity function of a polar dielectric material is commonly mod-
eled as a Lorentz oscillator [6]. However, it is known that at elevated temper-
atures the dielectric function of SiC changes. Here, we take in to account the
changes in this material property at elevated temperatures by using a modified

Drude model described by Hervé et al. [67].

2
Qp
W+ i)

N S0?
P = 205 A (@) + T (@)

(3.2)

5(w):soo[1—w(

This model consists of two pieces: a high frequency contribution, e,, multi-
plied by a Drude term, with (2, acting as the plasma wavenumber, and =, the
Drude damping factor; and a phonon term [71] with S denoting the oscillator
strength, Q the wavenumber of the bare resonance frequency and > [A + iT']

the self energy contribution. For simulations presented in this study, we have
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Figure 3.1: a) Schematic of sample with axes, grating periods and emission
angles defined. b) Real (solid red) and imaginary (dashed red) dielectric func-
tions are plotted with the Reststrahlen band shaded. The blue curve shows
measured emissivity at normal angle of emission of a bare SiC wafer. A low
emissivity spectrum within the Reststrahlen band suggests high reflectivity,
supporting the approximation e(\) = a(A) =1 — R(A).

taken constants from ref. [67] at 996 K to compute the permittivity near our
typical operating temperature.

The two grating periods are designed such that the SPhP is coupled in
to two directional emission bands almost normal to the surface. The two
emission bands center wavelength of A\, = 11.75 pm and A, = 12.25 pum are

chosen so that they lie in the middle of the Reststrahlen band. We use RCWA
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simulations with the above dispersion relation to simulate the reflectivity of our
design and determine the grating periods of A, = 9.6 pm and A, = 11.5 um
that are required to achieve the designed emission pattern. Furthermore, the
dimensions W, W,,, L, and L, (as labeled in figure 3.1 a)) of the cross structure
within the bi-periodic grating are optimized for efficient coupling of SPhP to

achieve the maximum possible peak emissivities.

3.2.4 Fabrication and Characterization

V-doped semi-insulating 6H-SiC wafers were purchased from Xiamen Power-
way Advanced Material. Figure 3.2 a) shows a conventional lift off process flow
used to fabricate the nickel mask for device fabrication. First, a 400 nm thick
layer of PMMA A4 resist is spun on the SiC wafer and pre-baked at 180°C
for 90 s. Then, the resist layer is patterned by an electron-beam lithography
(EBL) system and developed in a MIBK:IPA (1:3) solution for 1 min. Next,
a 100 nm thick Ni metal film is deposited on the wafer using electron beam
evaporation and a lift-off process is implemented using acetone as the solvent.
The SiC wafer is then dry etched 700 nm deep using an SF6-based chemistry,
creating a grating in the wafer. Finally, the Ni hard mask layer is removed by
Piranha solution and the final structure is obtained. Figure 3.2 b) is an SEM

of the final structure from a normal view.

3.3 Emissivity Measurements

The emissivity spectrum of our structure is directly measured through ther-
mal emission measurements. The signal is generated by controlled heating of
the device on a substrate heater in vacuum. Detection is performed using a
Thermo Scientific Nicolet is50 fourier transform infrared (FTIR) spectrometer.

The measurement methods and results are described below.

3.3.1 Experimental Thermal Emission Measurements

Thermal emission measurements are taken by collecting the temperature (7°)

and angular (f) dependent emission signal of the patterned SiC wafer. The
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Figure 3.2: a) Lift off process flow used to pattern bi-periodic grating in SiC.
b) SEM image of final patterned structure with A, and A, periods labeled.
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emitter is attached to a high temperature substrate heater inside a custom
built vacuum chamber and heated to temperatures from 689 to 963 K under
vacuum (1077 mbarr). The emission signal is sent through a ZnSe window to
allow for ex situ analysis and detection. Once the signal exits the chamber,
its propagation path is confined to a nitrogen purged environment to reduce

atmospheric absorption. The experimental set up is shown in figure 3.3.
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Figure 3.3: Schematic of Experimental set up. Patterned sample is placed on
the substrate heater inside the vacuum chamber. Emission signal is collected
with a 4”7 focal length parabolic mirror and is directed out of the chamber
through a ZnSe window. A nitrogen purged signal transport box couples the
signal in to the FTIR with proper alignment while housing optical analyz-
ing elements (slits, polarizers etc.). For emissivity measurements from this
structure, a MCT detector is typically used for high sensitivity in this spectral
region.

After exiting the chamber, the signal passes through a slit to isolate the
planar emission from one grating period (A, or A,) at a time. The signal is
then polarized using a KRS-5 wire grid linear polarizer. The combination of
these two optical elements allows us to isolate s or p polarized light originating
from either grating period of the structure. The slit is 22.86 mm long and
3 mm wide. With the collimating parabolic lens placed at its focal focal

distance of 101.6 mm (4”), this corresponds to a collection angle of 12.8°
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and 1.7° respectively. For these measurements the FTIR spectrometer uses a
KBr beam splitter and a mercury cadmium telluride (MCT) detector. The
combined responsivity of the detection method spans the range of 1.4-16.7 um
and is shown in figure 3.3. Measured spectra is averaged over 32 scans with a
data spacing of 0.48 em™!.

To accurately determine the temperature of the emitter, we use the Chris-
tiansen wavelength method [70]. The Christiansen wavelength is a particular
point in polar dielectric materials where there is a low extinction coefficient
and the refractive index is 1. At this wavelength, there is a low impedance with
free space so the reflectivity tends to 0. If the material is sufficiently thick such
that the transmission is also 0 (as in this case), then it follows that absorptivity
tends to 1. One can then justify, using Kirchoft’s law of thermodynamics, that
emissivity tends to 1 and at the Christiansen wavelength the material behaves
like a black body. The emission of the device at this wavelength can be com-
pared to Planck’s law to accurately determine the temperature of operation.
For SiC this occurs at 10.1 pm [51].

Figure 3.4 shows the experimentally measured p-polarized emissivity of
the SiC device at 963 K and 6 = 0° and its agreement with RCWA numerical
simulations. Indeed we see two emission bands at A\, = 11.75 pum and \, =
12.25 pm. Of note is a second shoulder peak present in the emission spectrum
of the A\, band. This shoulder peak results from the first order diffraction of
the SPhP traveling in the opposite direction (—kgppp). Figure 3.5 a) shows
the temperature dependent p-polarized emission spectra resulting from the
A, grating period (¢ = 0°). A shift of 70 nm in the peak wavelength is
observed over a temperature change from 708 to 963 K. Figure 3.5 b) shows
the temperature dependent p-polarized emission resulting from the A, grating
period (¢ = 90°). A shift of 60 nm in the peak wavelength is observed for
a temperature change from 689 to 948 K. This is consistent with previous
studies and the temperature dependence of emission from SiC based grating

structures is discussed in detail by Hervé et al. [67].
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Figure 3.4: Experimental (dot) vs simulated (line) p-polarized emissivity Spec-
trum of patterned SiC bi-periodic grating taken at normal angle of emission.
The first peak located at 11.75 pm is due to A, = 9.6 um while the second
emission peak located at 12.25 pum is due to A, = 11.5 pum.

3.3.2 Angularly Dependent Emission Spectra

To further confirm the behavior of our bi-periodic grating design, angularly
resolved numerical simulations are performed and compared to experiment.
The simulated spectrum as a function of emission angle () is presented in
figure 3.6 a)-d) where the 4 permutations of polarization (s or p) and grating
period (A, or A,) are shown separately. We can see that for a normal angle of
emission (6 = 0°) in figures 3.6 a) and b), there exists a high emissivity peak
at 11.75 pm and 12.25 pm for p-polarized waves (the polarization for which
this structure was designed to have high efficiency coupling between SPhP and
free space propagating waves).

Figures 3.6 ¢) and d) shows that there exists a high emissivity peak for
s-polarized waves. While our emitter is not designed to have such an emission
pattern, it can be explained by out of plane scattering of SPhPs. Once a p-
polarized surface wave is scattered to any wavevector that is not in the plane
defined by the grating vector and the surface normal vector, a portion of it
will then be s-polarized. This is common when coupling surface waves to free
space and has been reported in previous studies [4], [51].

Figure 3.6 e)-h) shows the measured angularly resolved emissivity mea-
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Figure 3.5: a) Temperature dependent emission spectrum of the p-polarized
A, emission band. b) Temperature dependent emission spectrum of the p-
polarized A\, emission band.

surements. Measurements were taken at every 1° from 0°-40° with an angular
resolution of 1.7°. For the two p-polarized cases figures 3.6 e) and f), we see
an extremely good agreement between simulation and experiment. The main
peak in the p-polarized emission is observed to shift to longer wavelengths
at higher angles of emission (#). This can be attributed to the fact that the
SPhP needs a larger angle (6) to be properly phase matched with free space
propagating waves as described by the typical grating law:
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where Esphp is the SPhP wave vector, m is the diffraction order integer
(m = 41,42, ...), A is the grating period, w is the angular frequency and 0 is
the angle from the surface normal.

Additionally, there is good agreement between the experimental angular
dependence of s-polarized emission and their theoretical simulations as shown
in figures 3.6 g) and h). However, unlike the p-polarized case, the wavelength
of this emission peak is not highly dependent on 6. This is to be expected as
the origin of this emission peak lies in the out of plane emission originating
from the grating period orthogonal to the one being measured (grating period
of = 0 when ¢ = 90 is being measured). For this reason, there is no 6
dependence as described in equation (3.3).

Of note is some disagreement between simulation and experiment for the
s-polarized case of A,. This discrepancy can be attributed to the use of a
slit for isolation of emission angles. In this particular case, the length of the
slit is aligned along the Y period, allowing a large angular spread (12.8°) of
emission through the slit. This allows emission from the A, shoulder peak to
be detected as we can see it present in figure 3.6 g). This is not present in
simulations as they are performed at precise angles and do not account for
the finite window of angles being detected. Furthermore, because the main
p-polarized )\, peak is highly sensitive to small changes at low ¢ angles, this
leads to a reduced observed magnitude of the main peak (12.25 pum at 6=0°)
in figure 3.6 g).

3.4 Conclusion

We have successfully engineered a dual-band thermal emitter within the Rest-
strahlen region of semi-insulating SiC. The two spectral peaks are produced by
coupling the SPhP in to free space propagating waves using a bi-periodic grat-
ing structure. We have fully characterized thermal emission from the device

by analyzing its polarization, spectrum, angular emission pattern and tem-
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Simulation Experiment
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Figure 3.6: a)-d) Simulated angular absorption/emission spectra of p-polarized
(a) and b)) and s-polarized waves (c) and d)). Figures a) and c) are for
emission that is propagating in the x-z plane (¢ = 0°) and figures b) and
d) are for emission that is propagating in the y-z plane (¢ = 90°). RCWA
numerical analysis is used to generate these simulations. e)-h) Experimental
angular emissivity spectra of p-polarized (e) and f)) and s-polarized (g) and
h)) waves. Figures e) and g) are for emission that is propagating in the x-z
plane (¢ = 0°) and figures f) and h) are for emission that is propagating in
the y-z plane (¢ = 90°).

perature dependence. The center wavelength of the orthogonally polarized
emission peaks can be independently controlled by adjusting the two grat-
ing periods. We have directly measured the the emissivity spectrum of the
device through thermal emission measurements in vacuum and show that an
emissivity of 0.85 is achieved for the A\, = 11.75 wm band and 0.81 for the
Ay = 12.25 pm band. Our measurements are compared to RCWA numerical
simulations and show they are in agreement when the temperature dependent
material permittivity is accounted for.

While this study reports on a SiC based device to exploit it’s SPhP, the
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design principles can be easily transferred to metallic systems with surface

plasmon-polaritons or other materials supporting surface waves.
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Chapter 4

Direct Measurement of Thermal
Emission from Polaritonic
Particles

Thermal emission of disordered SiO, and SiC polaritonic particles is directly
measured by thermally exciting their localized surface phonon polariton modes.
We show that strong, near black-body emission can be achieved (¢ = 0.9 for
1 pum SiOg p-spheres and € = 0.8 for 2 pym SiC particles). Emissivity spectra
of the polaritonic particle systems are compared to extinction spectra (from
transmission measurements) as well as simulations from Mie theory and show
strong agreement. We also discuss how this metrology technique can be used
to indirectly measure the absorption spectrum of arrays of subwavelength par-
ticles. These results demonstrate broad applicability in fields such as passive

radiative cooling, thermal infrared sources and astronomical spectroscopy.

4.1 Introduction

The efficiency with which sub-wavelength particles scatter electromagnetic
(EM) radiation is highly dependent on particle size and shape and is well
described by Mie theory [20]. Additionally, if they are made of polaritonic
materials, these sub-wavelength features will couple radiation to their polari-
tonic modes, leading to enhanced absorption efficiency. Metallic particles are
good candidates when engineering interaction in the ultraviolet (UV) [72], vis-

ible [73] and near infrared (NIR) [74] frequency ranges due to the plasmon
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energies of metals like Au and Ag. For infrared frequencies, phonon polari-
tonic materials such as SiC, SiOy or hBN provide optical phonons that are
also able to couple to mid-IR radiation.

When photons interact with sub-wavelength particles, it becomes difficult
to detect a scattered photon due to the probabilistic nature of scattering events
(figure 4.1 a)). For this reason, true absorption spectroscopy necessitates the
use of an integrating sphere. However, we know that for systems in thermal
equillibrium, Kirchoft’s law states that the linear angular absorptivity spec-
trum is equal to the angular emissivity spectrum (a(A) = €(\)). Using this
relation, we can indirectly measure the absorption spectrum through ther-
mal emission measurements. With thermal emission measurements, radiation
originates from the particle (or other emitting system) and propogates to your
detector without experiencing a scattering event (figure 4.1 b)). This allows
us to separate the emissivity/absorptivity spectrum from the scattered spec-
trum. Thermal emission from subwavelength particles has seen a spark in
interest due to potential applications like narrowband IR sources [68], thermal
antennas [12], passive radiative cooling [10], [75], [76] and astronomical spec-
troscopy due to the formation of SiC particles in carbon rich stars [77]. More
broadly, thermal emission from other nanostructures such as photonic crystals
[56], [78], [79], gratings [6], [51], [80] and metamaterials [3], [22], [30], [50], [81]
has seen increased attention due to research interests like thermophotovoltaics,
super-planckian radiation[57], circularly polarized thermal emission [82], [83]
and quasi-coherent thermal sources [6], [11], [80].

In this study we will look at thermal emission from disordered SiC and
SiOy p-particle films. These two material systems have optical phonons in
the range of &~ 8-21 ym (1250-476 cm™!), making them strong candidates for
thermal emission applications at or above room temperature. Moreover, they
are high temperature stable with melting points of 1986 K (SiO2) and 3100
K (SiC) [84]. Figure 4.1 shows a schematic of the two experiments that are
performed and the information that can be obtained from each measurement.

The permittivty of polar diatomic crystals can be modelled using a Lorentz

model shown in equation (4.1).
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Figure 4.1: Schematic of experimental set up to measure a) extinction through

transmission measurements and b) emissivity/absorbtivity through thermal
emission measurements.
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Where ¢ (£”) is the real (imaginary) part of the dielectric permittivity,
wro (wro) is the longitudinal (transverse) optical phonon, e, is the high
frequency limit permittivity and ~ is the damping coefficient. For SiC, we use
the parameters wro = 970 em™!, wrp = 797 ecm ™1, €5 = 6.76 and v = 35
cm~!. These parameters were calculated by fitting equation 4.1 to IR reflection
data of a semi-insulating 6H-SiC (a-phase) wafer. However, the v value has
been increased (original v = 2.46 cm™!) due to increased damping of optical
phonons in p-particles [85]. The permittivity of SiOs was taken from references
[86], [87].

The complex dielectric permittivity for both SiC and SiO, are plotted in
figure 4.2. Also highlighted in this figure are the main Reststrahlen bands for
both material systems. To determine the LO and T'O phonon frequencies in
Si0O2 responsible for the two main Restrahlen bands shown in figure 4.2, the
SiO, data was fit using equation (4.1) with two Lorentz oscillators. This gives
phonon frequencies of wrp = 1220 cm™1 (529 ecm™1) and wro = 1074 cm™1
(466 cm™1) with damping coefficients of v = 43 cm™1 (19 cm™1) for the high
(low) frequency Reststrahlen bands and a high frequency limit permittivity of

£y, = 2.10.
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Figure 4.2: Real (solid) and imaginary (dashed) parts of the dielectric permit-
tivity for SiOs (black) and SiC (red). The Restrahlen bands for both materials
are also highlighted. SiC (green area) exists between 10.3-12.5 pm. SiOs has
two bands that exist between 7.9-9.3 ym (purple area) and 19.7-21.5 pum (blue
area).

4.2 Resonances in Polaritonic Particles

The absorption and scattering of electromagnetic radiation from particles is
well described by Mie theory [20]. A useful measure for determining how the
size of a spherical particle influences the Mie absorption or scattering efficiency
is the size parameter x = kqor, where kg is the free space wave-vector and 7 is
the particle radius. For small size parameter particles (kor — 0), we approach
the quasi-static limit where a uniform electric field occupies the entire volume
of the particle and therefore can be approximated as a dipole. In this regime
there is a single resonance known as the Frohlich mode [68], [88], [89] that can

be calculated using equation (4.2).

2 2 2em
wLO+wT0_g
wWp = = 4.2

' \/ L+ g )

wp is the resonant frequency of the Frohlich mode and ¢, is the permittivity
of the surrounding matrix (we will consider ¢, = 1).
Table 4.1 shows the Frohlich resonance frequencies for SiOs and SiC par-
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Table 4.1: Polaritonic particles Frohlich mode resonant frequencies

Material | Restrahlen Band | wro wro €00 WFg AR
lhigh/low (w)] | [em1] | [eom™] fom™1] | [um]

Si0, high 1220 1174 | 2.10 | 1154 | 8.68
Si0, low 529 466 | 2.10 | 499 | 20.02
SiC - 970 797 | 6.76 933 10.71

ticles within the quasi-static limit as well as the optical phonon frequencies
(wro and wre) and high frequency permittivity (£4,) used to calculate them.
For SiC, we used the optical phonon frequencies presented earlier. For SiOs,
we use the optical phonon frequencies from the fitting procedure described
earlier. At these Frohlich mode frequencies, polaritonic particles are known to
have large absorption cross sections [77], [89].

For larger sized particles that are outside of the quasi-static limit, there are
additional higher order modes present. These modes are expected to be in the
same frequency range as the Frohlich mode giving a broader spectral response
than the single Lorentzian oscillator shape of the Frohlich mode. Mie theory
can be used to calculate scattering and absorption efficiencies [20], [90] for
these larger particles, accounting for these higher order terms. The efficiency
(Q;) represents a particles ability to interact with EM radiation and is defined
as the scattering cross section normalized by the particles spatial cross section

(mr? for a sphere) as shown in equation (4.3).

0;

Q; = (4.3)

r?

Where ¢ represents extinction (ext), scattering (sca) or absorption (abs).
o; is the scattering cross section and r is the radius of the particle. The
calculations for ().,; and (. are described in the supplementary informa-
tion/appendix C.

Figure 4.3 shows the a) absorption (Qus) and b) extinction (Qer¢) efficen-
cies for 1 and 4 pum SiOj spheres (r = 0.5 um and r = 2 pm respectively)
as well as 2 pm SiC spheres (r = 1 pm). For these simulations, we used the
permittivities shown in figure 4.2. Within the absorption spectra of the three
particles, we can see the main dipolar Frohlich mode at ~ 8.6 pum (20.0 pm)
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for the SiOs high (low) frequency Restsrahlen band and =~ 10.7 pm for SiC.
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Figure 4.3: a) Absorption (solid lines) and b) extinction (dashed lines) effi-
ciencies of 4 pm (blue lines) and 1 pum (red lines) SiOy spheres (r = 2 pym and
r = 0.5 pm) and 2 pm SiC spheres (black lines) (r = 1 pm).

4.3 Infrared Transmission Spectroscopy

To investigate the extinction spectra of our particle films with transmission
measurements, we must deposit them on an IR transmissive substrate. We use
a Si wafer which has ~5-40 % transmission from 4-25 ym. While transmission
is relatively low at shorter IR wavelengths, it is sufficient to allow enough source

signal through for our measurements. SiOs particle dispersions are made by
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Figure 4.4: SEM images of a) 4 um SiOs spheres, b) 1 um SiOy spheres and
¢) 2 um SiC particles.

mixing 1 mL of 5% aqueous SiO, p-spheres (Sigma-Aldrich) with 4 mL of
isopropyl alcohol to dilute the particle dispersion. SiC particle dispersions
are made by adding 2 pm a-particle powder (Alfa Aesar) to ethanol in a 10
mg/mL concentration. Several drops of the particle dispersions are place on Si
substrates and allowed to dry. SEM images of the disordered particle systems

are shown in figure 4.4.
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Transmission measurements are performed with a Thermo Fisher Scientific
Nicolet is50 FTIR spectrometer using the Polaris long lifetime IR-source
and a deuterated triglycine sulfate (DTGS) detector. Figure 4.5 shows the
extinction (-logio(7")) spectra for the SiOy and SiC disordered particle films.
Qualitatively, these spectra match very well with the extinction efficiency spec-
tra in figure 4.3. Of note in the SiO, spectra are the two Frohlich resonances
at =~ 8 pym and ~ 21 pym. Additionally, we can see a strong SiC extinction
peak at ~ 11-12 pm. This main peak appears to be broader and slightly red
shifted when compared to the predicted peak in figure 4.3. This difference
can be attributed several causes including particle size and shape variation
since the particles are not spherical and a large distribution of particle size
can be seen be figure 4.4. Additionally, long range coupling of SiC particles in
3D arrays is predicted by Tervo et al. [91], leading to a similar spectral peak
shape to the one observed here. While Tervo et al. only consider an ordered
3D array, we believe that long range coupling of these SiC particles persists to
some degree for our disordered systems. This has also been observed in other
experimental transmission measurements on SiC a-particles [77], [85]. Lastly,
we can see the broadband scattering regions begin at ~ 4, 7 and 10 pum for
the 1 pm SiOy, 4 pm SiO5 and 2 pum SiC particles respectively. Again, this

agrees with the broadband scattering regions predicted in figure 4.3.

4.4 Thermal Emission Spectroscopy

Thermal emission measurements are taken using a custom built high temper-
ature vacuum chamber coupled to the FTIR spectrometer. The experimental
set up is described in reference [80]. Emissivity spectra are calculated using

equation 4.4.

€() = Ss(A\,Ts) — Sr(\, Tg)
L(>\7 TS)Rdet(/\)AspotQ

where €(\) is the emissivity spectrum, Sg(A, Ts) is the measured sample

(4.4)

signal at sample temperature T, Sg(A, Tg) is the measured background signal
signal at room temperature Tg, L(\, Ts) is the Planck distribution for a black-
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Figure 4.5: Extinction spectra for 4 pym (blue) and 1 um (red) SiOy spheres
(r =2 pm and r = 0.5 pm) and 2 pum SiC particles (black) (r ~ 1 um).

body at temperature Ts, Ay, is the spot size area on the sample, Q2 is the
solid angle of collection and Rge:(A) is the responsivity of our detector. For
thermal emission measurements, we use a mercury cadmium telluride (MCT)
detector and the responsivity of it is calibrated using a black-body cavity
source (Infrared Systems Development Corp. IR-518). An MCT detector has
higher sensitivity in in the 2-16 pm spectral region and is used for this reason.
Furthermore, a ZnSe window is used to outcouple thermal signal from our
vacuum chamber (see ref. [80]) which cuts off radiation at ~ 20 pm, limiting
our long wavelength detection capability.

The polaritonic particles must be placed on a low-E (emissivity) substrate
that is capable of reflecting thermal infrared radiation generated by the heater.
A low-E substrate reduces background emission allowing the signal from po-
laritonic particles to be easily resolved. We sputter a 300 nm thin film of
tungsten on a silicon substrate with a 10 nm titanium film to improve adhe-

sion. Tungsten is a refractory metal that has high IR reflectivity (> 90%) [92],
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[93].

Figure 4.6 shows the emissivity spectra of our polaritonic particle samples
on tungsten thin films at 823 K. For reference, the emissivity spectrum of a
bare tungsten thin film is included as a baseline. Contrary to the extinction
spectra of SiOy particles shown in figure 4.5, we see that the 1 pum spheres
have a stronger peak. This demonstrates that while 1 um SiO, particles have
stronger absorption/emission efficiencies, 4 ym SiOy particles have stronger
scattering efficencies. This is described by Mie theory and predicted in figure
4.3. The main resonance peak (Frohlich mode) is still observed around 9 pm.
However, it is slightly red shifted, which is to be expected as optical phonon
frequencies red shift as a polaritonic material’s temperature is elevated [67],
[80]. An addition peak at 12.3 um is clearly visible and is the result of another
oscillator resonance that is also observed as an extinction peak in figure 4.5

and a peak in €§;,, in figure 4.2.
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Figure 4.6: Emissivity spectra for 4 pm (blue) and 1 pm (red) SiOy spheres
(r =2 pm and r = 0.5 pm) and 2 pm SiC particles (black) (r ~ 1 pym) at 823
K. The emissivity spectrum of a tungsten thin film (green) is included as a
baseline reference for all samples.
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The emissivity spectrum of SiC particles is again qualitatively similar to the
extinction spectrum shown in figure 4.5. The main resonance peak (Frohlich
mode) is centered around ~ 12 pum (however, slightly red shifted). The shape
of the emission resonance mirrors that in figure 4.5 and those described in ref’s
[77], [85], [91]. The obvious and striking difference between the emissivity and
extinction spectra is that the baseline emissivity appears to be significantly
higher than that of the SiO5 samples or the bare tungsten thin film. Several
reasons can be cited to explain this increased baseline emissivity for SiC. First,
we know that for polar dielectric particles, the damping coefficient is larger
than that of its bulk crystalline counterpart. Additionally, we know that
increasing the temperature of a polar dielectric material can also increase the
damping coefficient of that material. Lastly, the SiC pu-particle powder is
quoted as being 99.8% pure, suggesting 0.2% of the powder is free Si and
C. These impurities can act as a soot leading to broad black emission. We
attribute the increased baseline emissivity of SiC particles to the combination
of these effects. This broad emission/absorption can also be seen in figure
4.3. The absorption efficiency of SiC particles show broad nonzero absorption
(Qaps ~ 0.05) from 2-9 ym, whereas for SiO, it is near zero (Qups ~ 107%). To
reduce this broad background emissivity one can use either smaller particles

(=~ 1 pm) or address the inflated damping coefficient.

4.5 Radiative Cooling Power

Due to the strong overlap between the polaritonic emission bands and the at-
mospheric transmission window, such a device is well suited for passive radia-
tive cooling applications. To estimate the cooling power of a device fabricated
from these polaritonic particles, we have performed a cooling power calcula-
tion, the details of which can be found in appendix B. Figure 4.7 shows the
results of the calculation.

In panel a) we see the emissivity spectrum of the energy radiated out by
the emitter in red. The blue area represent the energy that is being absorbed

from the atmosphere and the black area represents the power being absorbed
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Figure 4.7: a) Emitted radiation spectrum of emitter (red) and absorbed spec-
tra from the sun (black) and the atmosphere (blue). b) The radiative cooling
power of the LSPhP particle device as a function of temperature (blue) com-
pared to an ideal broad (red) and ideal narrow (black) emitter.

by the sun (we take 5% of the total AM1.5 solar spectrum). Additional as-
sumptions for this calculation are that h. = 6 W/m?K and that the ambient
air temperature is 27°C' (300K). We can see that for our emitter, the equi-
librium temperature would be approximately 6°C' cooler than ambient. In
addition, when the emitter is at the same temperature as the ambient air, we
see a cooling power of ~ 50 W/m?). This level of cooling is similar to what has
been observed in other works [9], [10]. However, this design has the additional

benefit of low cost, easy manufacturing.

4.6 Conclusion

In summary, we have measured the emissivity spectrum of SiOs and SiC po-
laritonic particles through direct thermal emission measurements and shown
that they qualitatively agree with measured extinction spectra and simulations
from Mie theory. We have demonstrated that that these particle resonances
can be be used to generate strong thermal emission bands near the black-body
limit (¢ = 0.9 for 1 pum SiOs p-spheres and ¢ = 0.8 for 2 um SiC particles)
and could lead to the development of commercial products in the fields of

passive radiative cooling or thermal IR sources. These particular samples are
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not optimized for any one application. Particle size, shape, crystal structure
and material can be considered when trying to control the spectral shape,
bandwidth or location of engineered thermal emission bands. This thermal
measurement technique can also be applied to other systems to indirectly
measure the IR absorption properties of scattering elements or subwavelength
particles, deconvolving it from the scattering spectra without the use of an

integrating sphere.
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Chapter 5

High Temperature Polaritons in
Ceramic Nanotube Antennas

High temperature thermal photonics presents unique challenges for engineers
as the database of polaritonic materials that can withstand the extreme en-
vironments necessary are very limited. Hexagonal boron nitride (hBN) is an
emerging high temperature stable 2D material that possesses low-loss polari-
tons in two spectrally distinct frequency bands. The hyperbolic nature of these
frequency bands leads to a large local density of states (LDOS). In 2D form,
these polaritonic states are dark modes, bound to the material. In cylindrical
form, boron nitride nanotubes (BNNTSs) create subwavelength particles capa-
ble of coupling these dark modes to radiative ones. In this study, we leverage
the high frequency optical phonons present in BNNTSs to create strong mid IR
thermal antenna emitters. Through direct measurement of thermal emission
of a disordered system of BNNTs we confirm their radiative polaritonic modes
and show that the antenna behavior can be observed even in a disordered
system. To our knowledge, these are the highest frequency optical phonon
polaritons that exist and could be used as high temperature mid-IR thermal

nano-antenna sources.

5.1 Introduction

The field of thermal photonics aims to control the radiation emitted by objects

due to thermal fluctuations within the medium. The field has experienced re-
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newed interest due to the promise of emerging technologies such as thermopho-
tovoltaics [3], [19], [22] and passive radiative cooling [9], [10]. By careful consid-
eration of an objects material composition as well as its micro/nanostructure,
studies have shown it is possible to control spectrum, polarization, coherence
and directionality of thermal radiation. The subset of high temperature ther-
mal photonics presents a unique set of challenges as materials need to be stable
in these extreme environments and, in some cases, access higher energy po-
laritonic resonances commensurate with energy densities of a black body at
higher temperatures.

Since Rubio et al’s prediction in 1994 [94], the potential of boron nitride
nanotubes (BNNTSs) and its 2D counterpart, hexagonal boron nitride (hBN),
has spread to many scientific communities because of their unique set of prop-
erties such as high thermal conductivity, thermal stability, mechanical strength
and neutron absorption [95]-[97]. This combination of properties makes BN-
NTs appealing for many applications in the aerospace industry, among others,
where materials need to routinely sustain extreme environmental conditions.
The last decade has also seen the materials make waves in the fields of nanopho-
tonics and quantum optics due to their ability to support phonon polaritons
98], [99] and behave as single photon emitters [100], [101].

Plasmonic metamaterials [3], [50], [79], [81] have been proposed as systems
for controlling radiative thermal emission but the high-loss and low melting
point of metals has stunted their progress. Polar dielectric materials support-
ing phonon polaritons have also been investigated with great success [5], [6],
[12], [68], [80] but these materials are limited to low frequency mid-IR optical
phonons < 1200 cm™! (> 8.6 um). Interestingly, hBN is a natural hyperbolic
material that has shown thermal stability at temperatures up to 1173 K [95].
The combination of thermal stability, low-loss and hyperbolic permittivity of
hBN and BNNTs make them excellent candidates for high temperature in-
frared photonics. In this study, we look at the radiative thermal emission
spectrum of a disordered system of BNNT nanoantennas.

hBN is a 2D material that has the same hexagonal crystal structure as

graphene but with alternating boron and nitrogen atoms in place of carbon.
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These 2D layers can be stacked on top of each other to form bulk hBN. Opti-
cally, this polymorph forms an extremely anisotropic material, with the per-
pendicular () and parallel (¢)) components of permittivity well modelled as

Lorentz oscillators:

2 2
e(w)=¢+ie" = e (1 + 2wLO QwTO, ) . (5.1)
Who — w? — Wy

We know that the resonant frequency of a Lorentz oscillator is inversely
proportional to the square root of the mass of the oscillator (wro o 1/4/m).
Because boron and nitrogen are among the lightest elements capable of forming
polar crystals, hBN and BNNTs produce the highest known optical phonon
frequencies. Table 5.1 shows the optical phonon frequencies used to model the
perpendicular (¢,) and parallel (¢)) components of permittivity for hBN as
well as other commonly used materials with optical phonons. All other listed
materials possess lower frequency optical phonons than the in plane phonons
of hBN (g)). Interestingly, because both components of permittivity have
a spectrally distinct Reststrahlen band, hBN posseses both types of optical
hyperbolicity. Type I, which has one negative component and two positive
components (¢, < 0 & 5“ > (), exists between 760 and 825 cm™! and Type
II, which has two negative components and one positive component (&', >
0 & ¢} < 0), exists between 1360 and 1614 cm™! [44]. Figure 5.1 a) shows
the permittivity of both components highlighting the two Reststrahlen bands
(regions of hyperbolicity).

The hyperbolic topology of the isofrequency surface of hBN leads to a large
local density of states (LDOS) in hBN as a 2D material. This is due to the
unbounded nature of a hyperboloid, which is in contrast to isotropic materials
that posses bounded isofrequency contours of spherical or ellipsoidal topology.
One can calculate the LDOS in the near-field above a surface of hBN [57],
[109], [110]. Figure 5.1 b) shows the LDOS at several near-field distances
above a hBN-vacuum interface. Both Reststrahlen bands show large LDOS
in the extreme near-field but decay as we move away from the interface. This

implies that for hBN, these are dark modes that are not present in the far-
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Table 5.1: Optical phonon frequencies of common phonon polaritonic materials
show that the in plane optical phonons of hBN have the highest frequencies.

Material wro (Aro) wro (Aro) v €00 Ref.
Permittivity | [em™!] (um) | [em™!] (gm) | [em™!]
hBN (e)/et0) | 1614 (6.20) | 1360 (7.35) | 7 | 490 |  [93]
LBN (e /e,) | 825 (12.12) | 760 (13.16) | 2 |6.76|  [9]
cBN 1340 (7.46) | 1065 (9.39) 40.5 4.5 [102]
1186 (8.43) | 1167 (8.67) | 4.43
1112 (9.00) | 1046 (9.56) | 15.53
Si0, 1106 (9.04) | 1058 (9.45) | 0.42 |2.09 |  [103]
814 (12.29) | 799 (12.52) | 12.94
525 (19.05) | 434 (23.04) | 54.14
Sic 969 (10.32) | 793 (12.61) | 476 | 6.70|  [B1]
788 (12.69) | 543 (18.42) | 17.0
SITiOs | 474 (21.10) 175 (57.14) | 5.4 | 5.10 | [104] [106]
172 (58.14) | 91 (109.89) | 15.0
a-GaN 740 (13.51) | 530 (18.87) 7 5.40 [107]
B-GaN | 739 (13.53) | 553 (18.08) | 7 |535| [107]
GaP 403 (24.8) | 367 (27.25) | 1.29 | 9.09 [108]

field and would not produce strong thermal radiation. However, by creating
sub-wavelength particles (BNNTS) out of phonon polaritonic materials (hBN)
we can introduce a mechanism to couple the dark modes to radiation in the
far-field.

By rolling a sheet of hBN in to a tubular geometry we can form BNNTs
(figure 5.2), which are analogous to their carbon counterpart carbon nanotubes
(CNTs). In doing so, we form an extremely anisotropic nanotube who’s axial
(and tangential) permittivity is equivalent to the parallel component of hBN
(6] = €1a) and who's radial permittivity is equivalent to the perpendicular
component of hBN (e, — ¢,). The orientation of permittivities for hBN and
BNNTs is shown in figure 5.2 which depicts the atomic crystal structure of

the two.

5.2 Optical Phonons in BNNTs

Mie theory is used to calculate the absorption resonances present in BNNTSs.

Figure 5.3 a) shows the absorption efficiency of an infinitely long isotropic
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Figure 5.1: a) Real (solid) and imaginary (dashed) parts of the dielectric per-
mittivity for hexagonal boron nitride in the perpendicular (blue) and parralel
(red) directions. For the cylindrical geometry of a nanotube, the perpendicu-
lar component becomes radial (¢, = ¢,) and the parrallel component becomes
the axial (¢ = ¢,) and tangential (g = ;) component of permittivity for a
BNNT. The two Reststrahlen bands are highlighted in magenta (upper band)
and green (lower band). b) LDOS above a hBN-vacuum interface at various
distances from 50 nm (top) to 1000 nm (bottom).

cylinder for the two permittivities of hBN [111], [112]. There are three resonant

polaritonic modes that lead to strong absorption. First, at 1573 cm™!, is
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© Boron @ Nitrogen

Figure 5.2: Schematic of the atomic structure of hBN from a) plane view
showing ¢ and b) side view of bulk hBN showing €. c) side view of BNNT
showing ¢, and d) end view of BNNT showing ¢, and ¢;. e¢) SEM image of
disordered BNNT system that transmission and emission measurements are
taken from.

the tangential (T) mode that results from B-N stretching in the tangential
direction (g;) [113], [114]. The second, at 1356 cm ™, is the longitudinal (L)
mode and results from B-N stretching in the axial direction (e,) [113], [114].
Third is the radial buckling (RB) mode, at 817 cm™!, which is the result of
B-N oscillations between tubes of multi-walled BNNTSs (sheets of hBN) in the
radial direction (e,) [113].

IR transmission measurements are performed to confirm the presence of the
predicted absorption resonances. To do this, multi-walled BNNTs of average
diameter 50 nm and lengths of 5-20 pm are dispersed on to a polished Si wafer
that is partially transmissive from 4-25 ym. The transmission measurement is
plotted as the extinction spectrum (-logio(7")) and is shown in figure 5.3 b).

Figure 5.3 b) clearly shows the three absorption resonances predicted by
Mie theory in figure 5.3 a). The L mode occurs at 1367 cm ™! which we consider
to be a negligible shift from 1356 cm™t. The T mode is now located at 1540
cm™!, a 33 cm~! shift from predicted. This is likely due to a shift in the
optical phonon frequencies caused by the curvature of the nanotube geometry,
which is supported by other studies that observe a shift in the frequency of
this mode for varying nanotube radii [114]. This would also suggest that for

disordered systems of BNNTs with varying radii, a slight broadening of this
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Figure 5.3: a) Absorption efficiency for an infinitely long cylindrical hBN
nanotube. The T and L modes correspond to the upper frequency oscillator
(€1,) and are shown in red, while the RB mode corresponds to the lower
frequency oscillator (&,) is shown in blue. Schematics of each mode are shown
and illustrate the boron (pink) and nitrogen (blue) ion movement for a given
incident field. b) Extinction spectrum for the disordered system of BNNTSs.
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mode should be observed, as is seen here. A sharper T mode emission peak
should be possible with precise control over nanotube radii. Interestingly,
the weak RB mode appears to have split in to two peaks located at 807 and
820 cm~!. While this “splitting” has been observed before in other BNNT
studies [114], the origin is not well understood. Further calculations from first
principles are needed to identify the cause but speculatively it could be the
result of complex interaction between multiple layers of a multi-walled BNNT

with different chiralities [114].

5.3 Thermal Emission Spectroscopy

Kirchoff’s law states that the linear spectral and angular emissivity (e(w, 0)) is
equal to the spectral and angular absorptivity («(w,#)) [1]. This suggests that
the same absorption bands seen in transmission measurements should also be
present in thermal emission measurements. By thermally exciting the BNNT's,
we can investigate the optical phonon modes via IR spectroscopy as they are
IR active and will radiate at elevated temperatures.

Thermal emission measurements are performed with a custom high tem-
perature vacuum chamber IR spectroscopy set up shown in figure 5.4 and
described in more detail in reference [[80]]. To isolate thermal emission from
the BNNT's one must suppress background thermal radiation generated by the
substrate heater. To achieve this the disordered BNNT system is deposited
on a refractory high IR reflectivity thin film (300 nm of tungsten). Figure 5.5
shows the emissivity spectrum of the disordered BNNT system on a 300 nm
tungsten thin film at 938 K.

The emissivity spectrum is calculated as:

SS(w7 07 TS) — SR<W7 TR)
L<W7TS)Rdet(w)AspotQ ’

where Sg(w, 0, Ts) is the spectral angular radiance of the sample at tem-

E(W,Q,TS) = (52)

perature Tg and angle 0, Sg(w, Tg) is the background spectral radiance of the
room and optical elements in the beam path at room temperature, L(w,Ty)
is the spectral radiance of a black-body at temperature T, Rger(w) is the cal-
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Figure 5.4: Schematic of experimental set-up of thermal emission vacuum
chamber spectrometer.
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Figure 5.5: Spectral emissivity of BNNT system on tungsten thin film (solid
red) at 938 K. The emissivity spectrum of a tungsten thin film is shown (solid
black) for reference.

ibrated responsivity function of the detector, A,y is the collection spot size
on the sample and €2 is the solid angle of collection.

In the emissivity spectrum we see the three spectrally distinct absorption
bands seen in the Mie absorption efficiency spectrum (figure 5.3 a)) as well as

the extinction spectrum (figure 5.3 b)). The T and L modes now exist at 1510
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and 1344 cm™! respectively. The “splitting” of the RB mode is still observed
in emission measurement and are now located at 803 and 814 cm~!. This red

shifting of optical phonon modes is discussed in the following section.

5.3.1 Temperature Dependence of Spectral Emissivity

To characterize the red shift of the absorption bands at elevated temperatures,
we measure emissivity from 560 to 938 K. Over this temperature range we
observe a frequency shift of ~ 18 cm™! for the T mode and ~ 13 cm ™! for the
L mode. This is the result of red shifting of optical phonon frequencies of hBN
at elevated temperatures [80] likely caused by thermal expansion. We note
that the shift in the RB mode appears to be less pronounced, now occurring
at 803 and 814 cm~!. However, if you analyze the peak shifting in terms
of wavelength, all modes shift by ~ 50 nm over the full temperature range
(560 - 938 K). Also of note is that for more moderate temperatures (560 K),
the L mode peak approaches the black-body limit achieving an emissivity of

e = 0.97. This is due increased polaritonic damping at higher temperatures.
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1 T T T T T T T T
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Figure 5.6: Temperature dependence of BNNT emissivity.
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5.3.2 Thermal Antenna Effect in Disordered Nanotubes

In general, a disordered system of particles such as this should exhibit no
angularly dependent emission behavior. However, for our system, there is one
degree of quasi-order, which is that the nanotubes are predominantly lying
down with their axis parallel to the substrate plane. Using this fact, we can
take polarized angularly dependent thermal emission measurements to further
probe and experimentally distinguish the optical phonon modes of BNNTSs.
Because the L mode results from ion oscillations along the nanotube length,
the radiation emitted from this mode will be polarized along the nanotube
axis. Figure 5.7 shows the two basis orientations that a nanotube can have
and the electric field polarization for each. If we consider each nanotube as
a dipole antenna, we know that the radiation pattern is strongest when the
wave vector is perpendicular to the nanotube axis ( kL l;) and does not radiate
parallel to the nanotube axis (k || ). We can therefore attempt to remove
the L mode resonance from the emissivity spectrum by collecting emission at
highly oblique angles (6 — 90°) to suppress E, polarized emission and use a
wire grid IR polarizer to remove Ey polarized emission.

Figure 5.8 shows the z-polarized emissivity spectrum as the angle is varied
from 6 = 0° — 70°. We can see the main L. mode peak is suppressed at higher
angles, while the other modes (T and RB) are largely unchanged. If precise
control over the orientation of the BNNT system was possible, we would be
able to more effectively suppress the L mode leaving only the T and RB mode
present in the emissivity spectrum. The relative presence of the L mode is an
indication that for our sample, some BNNTs are not purely in the plane of the

substrate and have a slight angle relative to the substrate surface.

5.4 Conclusion

In summary, we have measured the emissivity spectrum of a disordered BNNT

system and show its thermal antenna behavior can be observed even in a

disordered system. Three emission bands located at 1510, 1344 and 810 cm ™!

(6.6, 7.4 and 12.3 pum) are present in the emissivity spectrum (at 938 K),
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Figure 5.7: Schematic of the L. mode radiation pattern and polarization ori-
entation. Emission is measured in the z-direction.

which are result of optical phonon modes supported by BNNTs. The emissivity
spectrum is compared to the measured extinction spectrum and Mie absorption
efficiency and show strong agreement. At normal incidence, the emissivity of
the L. mode approaches the black body limit (¢ = 0.97 at 560K).

We would like to highlight that due to the low mass of boron and nitrogen
atoms, hBN possesses the highest known optical phonon frequencies. More-

over, although the hBN LO frequency is generally not observed in planar forms
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Figure 5.8: Angular dependence of E, polarized BNNT emissivity at 783 K.

of the material, it is present in the tubular form of BNNTs. To our knowledge,
the T mode present in the emissivity spectrum of our BNNT system is the
highest frequency thermal polariton mode ever measured, making it an excel-
lent candidate for high temperature thermal photonics. A proposed system
that would isolate the emission of this T mode from its neighboring L. mode is
a forest of vertically standing BNNTs. In such a device, The L. mode emission
would radiate parallel to the samples plane with the T and RB modes prop-
agating normal to the sample (@ = 0°). The theoretical absorption/emission
efficiency of this proposed system at normal incidence is shown in figure 5.9.
With interest in BNNTs expanding, we believe the measured emissivity
spectrum and antenna behavior will prove valuable, especially for researchers
exploring the potential of this exciting material for extreme environment and

high temperature applications.
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Chapter 6

Summary

Complete control of thermal energy and radiation remains an open and chal-
lenging problem to this day. However, the results of this thesis show that the
future of thermal photonics is bright. Here, we will summarize the findings
and contributions presented in the former chapters.

Our study began in Chapter 1 where we discussed the fundamental physics
of polaritons that we use to engineer resonances and control light matter in-
teractions. The concept of emissivity was introduced to describe how thermal
energy is lost to radiation. The thesis and field of thermal photonics was mo-
tivated here by introducing the technologies of passive radiative cooling and
thermophotovoltaics.

Chapter 2 began by looking at plasmonic resonances in 2D metallic nanowire
metamaterials. We show strong plasmon polaritonic resonances can be engi-
neered to enhance visible frequency absorption. The behavior of the metamate-
rial is simulated using effective medium theory as well as full wave simulations

with commercial software. Key results from this chapter include:

e Strong visible frequency absorption resonances can be engineering using

plasmonic nanowire metamaterial designs.

e The strong absorption resonances in nanowire metamaterial can have

superior performance over multilayer metamaterials.

e The low melting point of metals limits the applicability of plasmonic
metamaterials.

5



In Chapter 3, we move to a polar ceramic material system that also sup-
ports polaritonic oscillations. A 2D bi-periodic grating is patterned in to a
SiC wafer to couple bound surface phonon polaritons with free space. Notable

achievements include:

e Demonstration of dual-band thermal emission within the Reststrahlen

band of SiC.

e Angularly dependent measurements show the dispersive behavior of sur-

face waves and agree well with simulations.

Chapter 4 looks at the potential of LSPhP as thermal emitters. SiO, and
SiC p-particles are deposited on a low-e substrate to obtain thermal emission
measurements and calculate emissivity spectra. These emission measurements
are compared with absorption measurements as well as Mie theory simulations

and show strong agreement. This work shows:

e Si0y and SiC p particles can be used as strong emitters of thermal ra-

diation.

e Their polaritonic resonances overlap well with the atmospheric transmis-
sion window, suggesting they are well suited for passive radiative cooling

applications.

e Cooling to temperatures ~ 6°C' below ambient could be achieved with

such designs.

Chapter 5 explores the unique material system of BNNTs for high tem-
perature, high-frequency optcial phonon thermal emission. Through thermal
emission and absorption measurements, we are able to investigate the strong
anisotropic behavior of BNNT phononic modes. The findings of this work

show:
e BNNTSs possess the highest known optical phonon frequecies to date.

e BNNTSs show strong radiative properties in extremem environments up

to (938K).
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Appendix A

Detector Calibration

Arguably, the most important measurement in any experiment is the calibra-
tion measurement. Without a well calibrated detector, the accuracy of any
subsequent measurement is uncertain. Most spectrometers come calibrated or
have a calibration source included, such as a mercury lamp for visible spectrom-
eters. In the infrared, a commonly used calibration standard is polystyrene
which has a well known IR fingerprint. The Thermo Fisher Scientific is50
FTIR used in these experiments comes with a polystyrene standard included
for spectral calibrations.

Another variable that must be calibrated for when calculating emissivity
is the responsivity of the detector. This is a more complex procedure and
not typically measured by FTIR manufacturers. To calibrate the responsivity
of IR detectors, black-body cavity sources are often used as they the theo-
retical spectral radiance of a black-body is well known. Typically a single
measurement is used to calculate the responsivity of a detector and eventually
the emissivity of a sample. However, one must be careful when doing this as
nonlinearities in detector response can give erroneous results.

In this section we will describe the method used to calibrate our FTIR’s
mercury cadmium telluride (MCT) detector with a black-body cavity source.
Our method will uncover potential nonlinearities while measuring the detec-
tor’s response function. Figure A.1 shows a picture of our vacuum chamber

and FTIR thermal emission experiment.
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amber

Figure A.1: Picture of vacuum chamber and FTIR thermal emission experi-
mental set up.

A.1 Black-body Cavity Measurement

First we use the raw spectral radiance of the black-body cavity source at tem-
perature ranging from 473 to 1273 K. Because we want to be able to measure
polarized thermal emission properties and there are a number of mirrors and
beam splitters in the beam path, we need to take calibration measurement for
both polarizer orientations, the detector will have a different responsivity to
horizontally or vertically polarized light. Figure A.2 shows the raw spectral
radiance as measured by the FTIR for different temperatures.

The intensity I(\,T') spectra shown in figure A.2 can be represented by:

2hc? 1

h )
AP ekk;T —1

IN,T) = R(NQAgp0t

(A.1)

where R()\) is the responsivity of the detector, € is the solid angle of
collection, A, is the focal spot size, A is wavelength, h is the Planck constant,
kg is the Boltzmann constant, ¢ is the speed of light in vacuum and T is
the temperature in Kelvin. To calibrate the detector, we need to know its

responsivity as a function of wavelength. To do this, we plot the intensity
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Figure A.2: Raw emission signal collected by FTIR detector for two polariza-
tion states of the black-body cavity source at different operating temperatures.

detected at a given wavelength as a function of temperature (shown in figure

A3,
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Figure A.3: Example of fitting procedure to calibrate responsivity. Intensity
of 4 pm light is plotted as a function of temperature.

We can then fit the data points according to equation A.1 using only R(\)
94



as our fitting parameter. This fitting procedure is repeated for the entire
wavelength space to produce the responsivity function for each polarization,

shown in figure A.4.
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Figure A.4: The response function of the detection system for horizontal (H-
Pol) and Vertical (V-Pol) polarized radiation.

Now that the responsivity of the detector for each polarization is known.
We can use this to calculate the emissivity spectrum of any arbitrary material
or sample. To calculate the emission spectrum of of the black-body cavity
source, we plot the calibration corrected emission spectrum in figure A.5 using

the equation:

Spe(A\,T)
R(N)QA 0

We can now see that for both polarizations, we observe the same spectral

Igp(\,T) = (A.2)

radiance which is to be expected if they are measuring the same emission signal.
Also plotted in figure A.2 is the theoretical black-body spectral radiance (thin

black lines) at the same measured temperatures

2hc? 1

h
AP e kpT

LNT) = (A.3)
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Figure A.5: The emission spectra of the black-body cavity after being corrected
using the response function of FTIR detector in figure A.4.

To bolster our confidence in the calibrated responsivity function, we fit
the peak emission wavelength as a function of black-body temperature. The
relation between peak emission wavelength and temperature for a black-body

emitter should follow Wien’s displacement law

Mol T) = (A4)

where \,,4. is the peak wavelength at temperature 7" and b = 2897.7pymK is
Wein’s constant. The peak wavelength for each temperature is fit and marked
in figure A.2 with an x and vertical line. These wavelengths (A,4,) are then
plotted as a function of temperature in figure A.6 as black circles. These
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data points are then fit with Wien’s law using b as the only free variable. The
resulting fit is plotted in figure A.6 as the dashed red line. Also for comparison
we included Wiens law using the literature accepted value of b = 2897.7um#K.
We can see our experimentally obtained value for Wein’s constant differs by

only 2% which is a good agreement.
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Figure A.6: Wien’s displacement law for the MCT detector with two orthog-
onally polarized signals. The fit value of Wein’s constant b is close to that of
the literature accepted value for Wein’s constant (b = 2897.7um - K).
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Appendix B

Radiative Cooling

In this appendix we define the terms used in calculations of passive radiative
cooling power and spectra. Also described is a calculation for two types of

radiative emitters, comparing their cooling power at different temperatures.

B.1 Radiative Cooling Interaction Terms

A radiative cooler will interact with radiation from the sun, the atmosphere

and deep space (~=3K). The net cooling power P,,,; can then be calculated as:

Pcaal (T) - Prad(Ts) - Patm(Ta) - Psun - Pcond—l—cmw (B]->

Here, P,..4(T) is the power radiated out by the radiative cooler at temper-

ature T and can be calculated as:

PralT) = 4 [ dkcos(®) [ iApnOL Theua00)  (B2)

Where [dQ =2m f027r dfsin(0) is the angular integral over the hemisphere
and 6 is the polar angle measured from the zenith. Igg(Ty) = QQ—SQW
is the spectral radiance of a blackbody at temperature Ts. €.4q()\,6) is the
emissivity spectrum of the radiative cooler. While it is in general angularly
dependent, we will consider non angularly dependent emissivity to simplify
the calculation.

P (Ty) is the power absorbed by the radiative cooler from the atmosphere

and is:
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Patm(Ta) =A / dQCOS(Q) /OO d)\]BB()‘> Ta)erad()‘7 Q)Eatm()‘> 9) (BB)

Where €, (A, 0) = 1 — (X)) is the angularly dependent emissivity of
the atmosphere and ¢(\) is the transmission spectrum of the atmosphere.
Py is the power absorbed by the radiator from the sun and can be calcu-

lated as:

Psun - / d/\erad(/\a esun)]AMl.S(/\) (B4>
0

Where 4371 .5(\) is the solar spectral irradiance (direct + circumsolar) and
Osun is the fixed angle of the sun, so no integration is required. To simplify the
calculation we will assume the radiator is facing the sun such that 6,,, = 0.

Peondicony 1S the non-radiative energy transfer between the environment
and the radiative cooler taking in to account both conduction and convection.

It is calculated as follows:

Pcond+conv = Ahc(Ta - Ts)a (B5>

Where h. = heong+ Peons 18 the combined non-radiative heat coefficient that
accounts for both conductive and convective heat gain. While it is important
to consider all terms when calculating total cooling power, P4+ cony does not
depend on optical properties of materials. Therefore, it can be neglected when

optimizing or comparing net cooling power across designs.

B.1.1 Radiative cooling power

By using the near ideal heat sink of deep space, in principle, one could reach a
high energy transfer efficiency (n = (1 — %) x 100%). To achieve this, we must
target maximal overlap between the radiators emissivity spectrum with the
transmission spectrum of the atmosphere. Figure B.1 shows the transmission
spectrum of the atmosphere (blue area) as well as the spectral radiance of
black-body at 300 K (red line). We can see that there exists a large overlap
in the two spectra between approximately 8 and 13 pum. This is often referred
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to as the atmospheric transmission window and is typically the spectral region

most often targeted to achieve maximal cooling in radiative cooling designs.
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Figure B.1: Relevant spectra involved in radiative cooling. Green line is the
solar spectrum (AM1.5). Red line is a black-body at 300 K. Blue shaded
area is the transmission spectrum of the atmosphere. Red area is the ideal
emissivity of a broad emitter (e = 1 [\ > 5um]). Black area is the emissivity
of an ideal narrow emitter (¢ = 1[7.8um < A < 13.7um]).

Of equal, if not more, importance is the spectral region below 5 um where
the strong solar spectrum exists (green line in figure B.1). Because the radia-
tive cooler must face the sky to take advantage of deep space as a heat sink,
it necessarily must also be exposed to the sun in the daytime hours. For this
reason it is essential that any device reflect this radiation back to the atmo-
sphere. Absorption of solar radiation can hinder or completely eliminate any
cooling effect from a radiative cooler.

We will look at the cooling power for two idealized emitters. The first
“broad” emitter having ¢ = 1 for A > 5 and second, a “narrow” emitter
having € = 1 for 7.8um < A < 13.7um. To analyze the performance of these
two types of emitters, we have plotted their net cooling power as a function
of emitter temperature in figure B.2. For these calculations, we have assumed
an atmospheric temperature of 300 K, the emitter absorbs 5% of the sun’s

energy (Ps.,), and that the conductive and convective heat transfer (Pe.,)
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is a nominal 2 W/m?K. We see that for higher temperatures, the device
benefits from having broader emissivity and therefore higher emissive power.
In contrast, the ideal emitter has higher cooling power once the temperature
of the device drops below 291 K. It is also able to reach a lower equilibrium

temperature, which occurs once P,,,; = 0.
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Figure B.2: Relevant spectra involved in radiative cooling.
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Appendix C

Mie Scattering Calculation

C.1 Mie Coefficients for Spherical Particle

For spherical particles we can calculate the extinction, scattering and absorp-

tion efficiencies using equations (C.1), (C.2) and (C.3) [90]

Nmax

23 @nt Danl + 15aP) 1)

Qsca -

Nmazx

2
Qent = = ;(271 + 1)Re(ay + by) (C.2)

Qeact = Qsca + Qabs (03)

Where x is the size parameter (kor). a, and b, are the Mie coefficients.
For spherical particles of dielectric materials as we are considering, they can
be calculated using equations (C.4) and (C.5).

o i (ma)fag ()] = o ) i (ma)]

CA4
m2j, (mx)[xh) ()] — b (x)[maj, (mx)] 4y
b, — _In () n (2)) = o)l () o

Ju(ma)[zhi) (@) — b (@) [maj, (mz))’ €9

Here, hg)(m) = jn(x)+iy,(x) are the spherical Hankel functions of order n,
Jn(z) and y,(x) are the spherical Bessel functions of order n, m is the relative
refractive index of the particle medium and again x is the size parameter.

As the particle size becomes larger it is able to support more polar modes
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with the particles volume and therefore we need to consider more terms in the
summation within equations C.1 and C.2. Bohren and Huffman [112] propose
that the infinite series can be truncated to n,,.e = x + 423 + 2 which is also

used here.

C.2 Mie Coefficients for Cylindrical Particle

For cylindrical shaped particles with high aspect ratio, we can approximate
the scattering and absorption widths as that for an infinitely long cylinder. If
we consider normal incidence (light propogating perpendicular to the cylinder

axis), we can have two polarizaton states

(i) £ =
Con= 23 P (C.6)
sca kjor S~ n b N
Cun= 23" (“Reb, — [b[?) (.7)
abs /{307” Rl n n ) .
Cop = — 2 nf(Reb) (C.8)
ext — kfo’f‘ L n)s .
with

" /{Zgg]n(kﬂ’)H{l(ko’f’) — k’ZJn<kZT>Hn(l€07”) ’ ’

where ky = 5}\//[2w /c, ki = e'/2w/c are spherical harmonics and .J,, and

H,, are cylindrical Bessel and Hankel functions respectively.

(i) £ Lz
Csea = — "g |an|? (C.10)
sca k’o’]" S~ n ) N
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2 n=oo

= § — — |an|? 11
Clabs o n:_oo( Rea, — |a,|), (C.11)
=23 (Rea,) (C.12)

ext — ]{707" Rt An 9 .

with

(C.13)

an

Following these equations we can calculate the scattering, absorption

and extinction efficiencies as

_ G
o

where b = abs, sca, ext. The methodology for calculating the absorption,

Qo (C.14)

scattering and extinction efficiency of cylindrical particles is taken from [89],

[112].
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Appendix D

Tungsten Sputtering

To measure thermal emission from polaritonic particles, they must be de-
posited on a substrate with a low emissivity to suppress background thermal
radiation. Highly reflective metal thin films are a natural choice. However, are
not stable at the temperatures we wish to achieve. Tungsten is a refractory
metal with high reflectivity in the infrared that has the ability to sustain high
temperature environments.

To find the best conditions for depositing a highly reflective thin film, we
span argon sputtering pressure and DC power supplied to the tungsten target
during sputter deposition. Table D.1 shows the parameters used for different

deposition runs.

Table D.1: Table of tungsten Sputtering parameters

Sample no. Power Ar Pressure time thickness
[W] [mTorr] [mm:ss] [nm]
1 120 7 5:00 -
2 120 5 5:00 -
3 120 3 5:00 60.2
4 120 2 5:00 54.3
5 120 2 27:34 300

The IR reflectivity of the resulting films is measured using a home built
FTIR reflection set up. We can see in figure D.1 that for lower pressures
and a power of 120 Watts, we are able to achieve reflectivity values of ;90%
throughout the mid-IR region. The green highlighted set of parameters in table

D.1 are the final parameters used for tungsten thin films used throughout this
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thesis. Its reflectivity spectrum is also the green line in figure D.1.
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Figure D.1: Infrared reflectance of sputtered tungsten thin films deposited
using different argon pressure.

To confirm the tungsten thin film has low emissivity behavior even at high
temperatures, thermal emission measurements are taken of the thick highly
reflective film and the emissivity spectrum at varying temperature is shown in
figure D.2. We see that even at high temperature, tungsten thin films exhibit

emissivity values of =~ 0.1 throughout the mid-IR spectrum.
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Figure D.2: Thermal emission spectrum of 300 nm tungsten thin film on a Si
substrate.

107



	Introduction
	Thermal Emission Engineering
	Motivating Technologies
	Passive Radiative Cooling
	Thermophotovoltaics

	Permittivity and the Lorentz Model
	Drude Model for Free Charge Carriers
	Lorentz Model for Polar Dielectrics

	Polaritons
	Surface Polaritons and Gratings
	Localized Polaritons and Particles

	Overview of Thesis

	Optical Characterization of Epsilon-near-zero, Epsilon-near-pole, and Hyperbolic Response in Nanowire Metamaterials
	Introduction
	Theory
	Fabrication Procedure
	Materials Characterization
	Energy Dispersive X-Ray Spectroscopy
	X-Ray Diffraction Analysis

	Experimental Results
	Conclusion

	Dual-Band Quasi-Coherent Radiative Thermal Source
	Introduction
	Design, Fabrication and Characterization of Structure
	Surface Phonon Polaritons in Polar Dielectrics
	Design of Bi-Periodic Grating
	Kirchoffs Law and Reflectivity/Emissivity Calculation
	Fabrication and Characterization

	Emissivity Measurements
	Experimental Thermal Emission Measurements
	Angularly Dependent Emission Spectra

	Conclusion

	Direct Measurement of Thermal Emission from Polaritonic Particles
	Introduction
	Resonances in Polaritonic Particles
	Infrared Transmission Spectroscopy
	Thermal Emission Spectroscopy
	Radiative Cooling Power
	Conclusion

	High Temperature Polaritons in Ceramic Nanotube Antennas
	Introduction
	Optical Phonons in BNNTs
	Thermal Emission Spectroscopy
	Temperature Dependence of Spectral Emissivity
	Thermal Antenna Effect in Disordered Nanotubes

	Conclusion

	Summary
	References
	Appendix Detector Calibration
	Black-body Cavity Measurement

	Appendix Radiative Cooling
	Radiative Cooling Interaction Terms
	Radiative cooling power


	Appendix Mie Scattering Calculation
	Mie Coefficients for Spherical Particle
	Mie Coefficients for Cylindrical Particle

	Appendix Tungsten Sputtering

