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ABSTRACT
The proposed research mainly focuses on employing tunable materials to achieve

dynamic control of radiative heat transfer in both far and near fields for thermal
management. Vanadium dioxide (VO,), which undergoes a phase transition from
insulator to metal at the temperature of 341 K, is one tunable material being applied. The
other one is graphene, whose optical properties can be tuned by chemical potential
through external bias or chemical doping.

In the far field, a VO,-based metamaterial thermal emitter with switchable
emittance in the mid-infrared has been theoretically studied. When VO, is in the
insulating phase, high emittance is observed at the resonance frequency of magnetic
polaritons (MPs), while the structure becomes highly reflective when VO, turns metallic.
A VOy-based thermal emitter with tunable emittance is also demonstrated due to the
excitation of MP at different resonance frequencies when VO, changes phase. Moreover,
an infrared thermal emitter made of graphene-covered SiC grating could achieve
frequency-tunable emittance peak via the change of the graphene chemical potential.

In the near field, a radiation-based thermal rectifier is constructed by investigating
radiative transfer between VO, and SiO, separated by nanometer vacuum gap distances.
Compared to the case where VO, is set as the emitter at 400 K as a metal, when VO, is
considered as the receiver at 300 K as an insulator, the energy transfer is greatly
enhanced due to the strong surface phonon polariton (SPhP) coupling between insulating
VO, and SiO,. A radiation-based thermal switch is also explored by setting VO, as both
the emitter and the receiver. When both VO, emitter and receiver are at the insulating

phase, the switch is at the “on” mode with a much enhanced heat flux due to strong SPhP



coupling, while the near-field radiative transfer is greatly suppressed when the emitting
VO, becomes metallic at temperatures higher than 341K during the “off” mode. In
addition, an electrically-gated thermal modulator made of graphene covered SiC plates is
theoretically studied with modulated radiative transport by varying graphene chemical
potential. Moreover, the MP effect on near-field radiative transport has been investigated

by spectrally enhancing radiative heat transfer between two metal gratings.
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CHAPTER 1 INTRODUCTION

Far-field thermal radiation considers the radiative heat transfer between two
objects separated by a distance d which is much larger than the wavelength of interest,
i.e., d >> 1. Besides the geometric view factor, the surface emissivity, which is generally
a function of wavelength, polarization, direction, surface roughness and temperature, is a
crucial material property to determine the amount of radiative heat transfer, which,
however, has to be smaller to the blackbody limit in the far field. Tailoring the surface
emissivity could find numerous applications in various energy systems for power
generation and thermal management, optics, microelectronics, and so on. On the other
hand, when the two objects are brought close together such that the distance d is much
smaller than wavelength, i.e., d << A, the evanescent waves, whose amplitude
exponentially decays away from the surface and thus does not transport energy in the far
field, starts to dominate the radiative transfer over the propagating waves in the so-called
near-field regime. Due to the coupling of evanescent waves, in particular resonant surface
modes, it has been demonstrated theoretically and experimentally that the radiative
transfer in the near field could exceed the far-field blackbody limit by several orders of
magnitude, depending on the materials and the vacuum gap distances, which enables
promising applications like energy harvesting, thermal management, imaging and
manufacturing. This chapter reviews the state-of-the-art research on selective control of
tunable far-field thermal emission and near-field radiative heat transfer enhancement,

followed by the objectives of the proposed PhD research tasks.



1.1 Selective and Tunable Emission/Absorption in Far Field

Great progress has been made on both selective absorbers and thermal emitters in
the past decade, and various applications like radiative cooling [3], sensing [4] and
energy conversion systems [5, 6] have been found. As a pioneering work in coherent
thermal sources, Greffet et al. demonstrated both temporal and spatial coherence of
thermal emission from SiC gratings by exciting surface phonon polaritons (SPhP) [7].
Similarly, surface plasmon polaritons can be employed in metallic micro/nanostructures
such as one-dimensional (1D) complex grating [8], 2D tungsten grating [9], and photonic
crystals [10-12] for tailoring thermal emission. The cavity resonant mode excited in the
so-called Salisbury screen [13] and Fabry-Perot cavity [14] is another way to achieve
coherent emission. However, beyond the static selective emission or absorption,
vanadium dioxide (VO,), which has been known for its phase transition at temperature of
68°C [1, 15], was used to achieve active control of selective emission or absorption.
Tunable metamaterial absorbers in the microwave [16] and THz regimes [17] were
designed by using VO, film as the ground plane to modulate the impedance match
conditions for split-ring resonators (SRRs). Dicken et al. [18] reported a resonance
frequency tunable metamaterial in the near-infrared by depositing split-ring resonators on
a continuous VO, film, which modulates surface plasmon at different phases. Similarly, a
thermally tunable mid-infrared metamaterial made of a Y-shape plasmonic antenna array
on a VO, film was demonstrated [19]. Dicken et al. also proposed an ultra-thin tunable
perfect absorber based on the VO, phase transition [20]. Besides, Ben-Abdallah et al. [21]
proposed a phase-change thermal antenna made of patterned VO, gratings that exhibits

switchable thermal emission enabled by surface plasmon polaritons excited with the
2



metallic phase of VO,. Designs reported above were mainly realized by modulating the
excitation condition of surface plasmon polariton (SPP), and the tunability was quite
limited.

Graphene, whose optical properties can be electrically tuned by changing its
chemical potential [22-24], has been recently employed in the novel designs of
switchable and tunable metamaterials. Tunable selective transmission has been
investigated in patterned graphene ribbon arrays by actively exciting plasmonic
resonances [25, 26]. One step further, Chu et al. introduced an active plasmonic switch
with dynamically controlled transmission in both single and multi-layer graphene ribbon
arrays [27]. In addition, tunable perfect absorbers were investigated with graphene ribbon
array on dielectric spacer and metallic substrate [28, 29]. Fang et al. demonstrated tunable
selective absorption in graphene disk arrays [30]. Enhanced light absorption was also
observed in graphene layer integrated with a metamaterial perfect absorber [31].
However, graphene-based tunable coherent thermal emission has not been demonstrated

yet.

1.2 Enhanced and Tunable Radiative Heat Transfer in Near Field
Significant research progress has been made during the past decade on thermal
management with phonon-based thermal rectifiers [32-35] and transistors [36]. Thermal
switches have also been realized by making and breaking thermal contact between two
interfaces applications [37-39]. However, the repeating mechanical movement limits the
lifetime of these switches and phonon-based thermal device might suffer from low speed

due to inherent behavior of the energy carrier, while photon transport has certain

3



advantages such as much faster speed. The researches on nanoscale thermal radiation
have showed that the radiant energy exchanges in near field can exceed that predicted by
Planck’s law by a few orders of magnitude [40-44]. The surface plasmon or phonon
polaritons (SPhPs) effect [45, 46] can significantly enhance the near-field thermal
radiation. These facts make it possible to use thermal radiation for thermal management
by manipulating heat flow in the near field.

Otey et al. [47] were the first to propose a vacuum thermal rectifier based on the
near-field radiation made of two semi-infinite isotropic SiC-3C and uniaxial SiC-6H
plates with temperature dependent dielectric functions. Later, lizuka and Fan [48] looked
into the effect of a dielectric coating on one SiC plate. Basu and Francoeur [49]
investigated the thermal rectification between a film and half-space of doped silicon with
different doping concentrations. Wang and Zhang [50] explored the rectification effect
between intrinsic bulk silicon and a dissimilar material at higher emitter temperatures.
However, in order to obtain significant thermal rectification, the previously proposed
radiation-based thermal rectifiers require either high temperatures or extremely small
vacuum gaps of several nanometers between two planar surfaces, which is by far not
practical to achieve. By taking advantage of the characteristics of near-field thermal
radiation, Zhu et al. [51] described a bistable thermal switch made of two SiC plates with
different polytypes placed in close proximity with a nanometer vacuum gap, but high
temperature above 800 K was required to achieve thermal switch effect.

On the other hand, as a two-dimensional semiconductor, graphene supports
tunable surface plasmon in the terahertz and infrared region with variable chemical
potentials induced by external voltage biases [22-24]. Recent theoretical studies have

4



looked into the modulation of near-field radiative heat transfer between graphene-based
materials [2, 52-56]. Volokitin et. al [52] studied the near-field radiative energy transfer
between graphene and an amorphous SiO2 substrate, and contributions from quantum
fluctuations with a drift velocity between the free carries in the graphene and the
substrate were also considered besides the thermal fluctuations. Later, tunable near-field
radiation transfer between two closely separated graphene sheets was implemented by
changing the graphene chemical potential and electron relaxation time [53]. Besides the
suspended graphene sheets, the near-field radiation transfer between graphene covered
dielectrics was modulated via changing graphene chemical potential [54]. Lim et al. [55]
further investigated the near-field radiative transport between graphene covered doped
silicon plates. It showed that the radiative heat flux could be modified by both graphene
chemical potential and silicon doping level. Recently, Liu et at. [2] demonstrated that the
near-field radiative transport could be enhanced between graphene covered gratings
compared to plates. A near-field thermal radiation based heat flux splitter was even
constructed by looking into the heat transfer between three graphene disks with different

chemical potentials [56].

1.3 Primary Objective of the Proposed Research
The primary objective of the proposed research is to achieve dynamic control of
radiative heat transfer in both far field and near field using tunable material. The
following Chapter 2 will give the theoretical background, which include optical
properties of VO, and graphene, and numerical methods to calculate radiative properties
in far field and radiative transport in near field. Next, proposed work and results on far-
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field tunable emission will be discussed in Chapter 3, followed by the investigation of
near-field tunable radiative heat transfer in Chapter 4. The effect of magnetic polaritons
on near-field radiation has been investigated for the first time, which will be discussed in
Chapter 5. As the last section, the conclusion and recommendations will be provided in

Chapter 6.



CHAPTER 2 THEORETICAL BACKGROUND

2.1 Optical Properties of Vanadium Dioxide (VO,) and Graphene
As mentioned above, VO, undergoes a phase transition at 341 K, below which it
is an insulator. The monoclinic insulating VO, exhibits anisotropic dielectric responses,
and here we consider the two crystalline orientations to be in and out of the surface [1,
57]. In this case, the insulating VO, can be treated as a uniaxial medium with ordinary
and extraordinary dielectric responses when the electric field is perpendicular or parallel

to the optical axis (i.e., surface normal), respectively.
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Figure 2.1 The dielectric functions of VO,: (a) real part &' and (b) imaginary part &".
The insulating VO, is a uniaxial medium with ordinary (&) and extraordinary dielectric
functions (&), while the metallic VO, is an isotropic medium, whose dielectric function
is denoted as (&y). The optical constants of VO, are taken from Ref. [1].
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the angular frequency, ey is the phonon vibration frequency, y is the scattering rate, S;
represents the oscillation strength, and j is the mode index. The experimentally fitted
parameters from Barker et al. [1] are used to obtain the ordinary (&) and extraordinary
(ee) dielectric functions of insulating VO,. A total of eight modes are considered for &
while nine modes are used for &. Figure 2.1 plots the real (¢') and imaginary (&") parts
of the dielectric functions for both components. Several strong phonon modes are clearly
seen for both components in the infrared region from 3x10™ rad/s to 1.5x10" rad/s.
When the temperature is above the phase transition temperature of 341 K, VO, becomes
metallic. The isotropic dielectric response of metallic VO, can be described by a Drude

model &, =-w’¢, /(a)2 - ia)F), where ¢, =9, the plasma frequency w,= 8000 cm™ and

collision frequency I'= 10000 cm™ [1]. As shown in Fig. 2.1, the metallic VO, has no
phonon modes in the considered infrared region, and the imaginary part of the dielectric

function increases with lower frequency towards its plasma frequency.

Electrical permittivity of graphene is obtained by ¢, =io, / (t,wg,) [23, 24, 59],
where o is the conductivity of graphene, t; is the thickness of a single graphene layer,
o 1S the angular frequency, and ¢, is the permittivity of vacuum. Note that t; =0.5nm s

assumed for this proposed research. The conductivity of graphene is acquired by

os; =0, +0, . Note that o, corresponds to the intraband electron-photon scattering,
while o, is associated with interband electron transition. o, and o, can be calculated

by:

; 2
op = | 2ekeT In| 2cosh| —£ (2.1)
2k, T

o+ilt zh’ B
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kgT kT kg T

time which is chosen as 107"s, e is the elementary charge, k, is the Boltzmann’s

constant, » is the reduced Planck’s constant, temperature T is taken as 300 K, and ,is

chemical potential of graphene.
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Figure 2.2 (a) Real part and (b) imaginary parts of electrical conductivity of graphene

monolayer at different chemical potentials at the temperature of 300 K.

Figure 2.2 shows the real and imaginary parts of graphene electrical conductivity
at room temperature. As shown in Fig. 2.2, the amplitude of graphene electrical
conductivity o can be tuned by orders with chemical potential 4. It can be observed from
Fig. 2.2(a) that larger chemical potential will introduce a larger real part of the graphene
electrical conductivity at lower angular frequency, and a smaller one at higher angular
frequency. Note that a larger real part of graphene electrical conductivity indicates a
larger imaginary part of graphene electrical permittivity, which means a more lossy
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material. However, as presented in Fig. 2.2(b), a larger chemical potential always gives a

larger imaginary part of graphene electrical conductivity along the whole spectral range.

2.2 Numerical Methods to Calculate Radiative Properties of Nanostructure

Rigorous coupled-wave analysis (RCWA) is a widely used method to obtain
radiative properties of periodic grating nanostructures. The main idea of this method is
based on Floquet’s theorem that the solutions of periodic differential equations can be
expanded with Bloch waves. After multiple scattering in the periodic grating structure,
the reflected electromagnetic wave is expanded to a series of diffracted ones with
different orders. Assuming a 1D grating periodically arranged in x direction, the x
component of the wavevector for jth order ky; is determined from the Bloch-Floquet

condition

X

k .:2—ﬁsin¢9+2—ﬁj (2.3)
A A

where 4 is the wavelength, @ is the incident angle, and A is the grating period. After
matching the boundary conditions at each interface, the reflectance for each diffraction
order can be calculated, and the total reflectance is summation of them. RCWA is a well-
developed method to calculate radiative properties of periodic grating nanostructures, and
the details can be found in Refs. [60-62]. Note that the convergence of RCWA strongly
depends on the total diffraction orders, and they have been carefully checked to be
sufficient for the following calculations. RCWA is efficient to obtain radiative properties
for 1D gratings, but very computationally expensive for 2D gratings and even more

complex nanostructures.
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The finite-difference time-domain (FDTD) method (Lumerical Solutions, Inc.) is
another numerical analysis technique used for solving Maxwell equations in time domain,
which was employed to numerically calculate the spectral-directional reflectance R and
transmittance T of nanostructures, and the spectral-directional absorptance of the
metamaterial structure was obtained as « = 1-R-T. Sufficiently fine meshes were used to
ensure the numerical convergence. Different boundary conditions, like periodic, Bloch
and perfect matched layers, were considered for different cases. One advantage of FDTD
method is its generality for various nanostructures, and the time consumed for 2D

gratings modelling is much less than that of RCWA.

2.3 Fluctuational Electrodynamics Theory to Calculate
Near-Field Radiative Heat Transfer
Fluctuational electrodynamics[63], based on the stochastic nature of thermal
emission, was used to calculate the near-field radiative heat fluxes. For the purpose to be
general, the radiative heat transfer between a thin film emitter and a thin film receiver

with substrates is considered as shown in Fig. 2.3.
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Figure 2.3 Schematic of near-field radiative heat transfer between a thin film emitter and
a thin film receiver with substrates, which is separated by a vacuum gap d. The emitting
and receiving thin film thicknesses are denoted as t; and ts, respectively. The emitter and
receiver temperature are set as Ty and Ty, respectively. The directions of the wavevectors

are also shown.

The analytical expression for the radiative heat flux between two thin films with

substrates at temperatures of Ty and T, is [40, 64]

@'~ [, dole(@T) 0@ ]|, &@.Mpdp (2.4)

Here, ©(o,T)=ha![exp(hw/k,T)—1] is the mean energy of a Planck oscillator at

thermal equilibrium temperature T, where 7% and kg are the reduced Planck constant and
the Boltzmann constant, respectively. The energy transmission coefficient &w,f) for

propagating waves (f < wl/c) and evanescent waves (f > w/c) is different and can be

written as
12
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where £ is the parallel-component wavevector, y is the vertical-component wavevector,
Ro10(234) 1S respectively the reflection coefficient from the vacuum gap to either emitter
(i.e., Ra1p) or to the receiver (i.e., Ra34), Which can be calculated by thin-film optics for

both s and p polarizations [65, 66]
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where rjj is the Fresnel reflection coefficient at the single interface from medium i to
medium j, while the subscripts 0, 1, 2, 3, 4 represent the emitter substrate, emitting thin
film, vacuum gap, receiving thin film, and receiver substrate, respectively, as indicated
in Fig. 2.3. Note that when the thin films (i.e., layer 1 or 3) become semi-infinite, the
thin-film reflection coefficient Ra10 (0r R234) will be replaced by the reflection coefficient
ra; (r2s) at a single interface. In addition, if the film substrate (i.e., layer O or 4) is vacuum,

the energy associated with propagating waves will not be absorbed when it transmits into
the vacuum substrate. In this case, (1—‘Rijk‘2) will be replaced by (l—‘Rijk‘2 —‘Tijk‘z) in Eq.

(2.5a), where Tjj is the transmission coefficient from layer i to layer k through a thin
layer j, obtained by thin-film optics [65, 66]
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where tj is the transmission coefficient at the single interface from medium i to medium j.

For isotropic emitter and receiver, the reflection coefficient at the emitter-vacuum
and receiver-vacuum interface can be calculated by isotropic wave propagation [58].
However, when the emitter or receiver becomes uniaxial, anisotropic wave propagation
has to be considered. Taking the same consideration as the structure of nanoporous SiC
plate [67], the ordinary component & and extraordinary component g of dielectric
function were used to calculate the reflection coefficient. For s polarized wave, the

electric field is always perpendicular to the optical axis, and thus only the ordinary

response is considered such that r; =(y’ —7])/ (7’ +7]), t =2y 107 +7;), wWhere

7= \/5io (w/c)’ — % and i refers to layer index [58, 67, 68], where the superscript “s”

refers to the s-polarization. While for p-polarized wave, both ordinary and extraordinary
dielectric responses have to be considered since the electrical field would always have

components perpendicular to and parallel to the optics axis. The reflection coefficient for

p polarized waves can be obtained from rP =(g,07" —&or})/ (607" +&07]), and

t) =2e007 1 (e07 +E0rT), Where yf = \fsio(w/ )’ —&.B8° | & [67, 68]. Note that the

expressions are also valid for an isotropic medium, for which & and & are identical.
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CHAPTER 3 FAR-FIELD TUNABLE THERMAL EMISSION

Three main nanostructures are introduced in this chapter for far-field tunable
thermal emission. Note that spectral directional emittance is equal to spectral directional
absorptance due to Kirchhoff’s law, so the discussions below will only focus on thermal
emission, which is also applicable for thermal absorption. Firstly, a VO,-based
metamaterial with a VO, thin film sandwiched by a periodic one dimensional Au grating
and an Au substrate is employed to achieve switchable thermal emission in the mid-
infrared. Followed by another VO,-based metamaterial, which consists of a MgF, thin
film sandwiched by a periodic one dimensional VO, grating and a VO, substrate, tunable
thermal emission in the mid-infrared is obtained when VO, undergoes the phase
transition. The third one is to cover a graphene layer on top of a one dimensional SiC
grating, and the tunability of spectral emittance comes from the graphene chemical

potential variation.

3.1 Switchable Thermal Emission with VO,-Based Metamaterial
In this work, we propose a switchable metamaterial absorber/emitter by turning
on or off the excitation of magnetic resonance using a VO, spacer layer upon its phase
transition. Figure 3.1(a) depicts the proposed structure, which consists of a 1D gold
grating with period A =1 um, stripe width w = 0.5 um, and height h = 80 nm on a
bottom Au substrate separated by a thin VO, spacer layer with thickness d = 80 nm. The
bottom Au substrate could be as thin as 100 nm as long as it is optically opaque. Here, the

phase transition of VO, is driven by a temperature-controlled stage which the structure is
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placed upon, while the heating or cooling could be realized by other means in a particular

application.

(a) (b)
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Figure 3.1 (a) Schematic of the proposed switchable metamaterial absorber/emitter made
of one-dimensional gold grating (period A = 1 um, strip width w = 0.5 um, and height h =
80 nm), a thin VO layer (thickness d = 80 nm), and an opaque bottom gold substrate. (b)
Spectral absorptance of the switchable metamaterial at normal incidence and TM wave

polarization upon phase transition of VO, at 68°C, suggesting the “on” and “off” modes.

The finite-difference time-domain (FDTD) method (Lumerical Solutions, Inc.)
was employed to numerically calculate the spectral-directional reflectance R, from which
the spectral-directional absorptance of the metamaterial structure was obtained as « =
1-R. A unit cell with a domain size of 1 um x 1 um x 6 um was simulated, and
sufficiently fine meshes were used to ensure the numerical convergence. Periodic

boundary conditions were used in both x and y directions at normal incidence, while
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Bloch boundary condition was implemented at oblique incidence. Perfectly matched
layers with reflection coefficients less than 10™° were applied in z direction. The
transverse magnetic (TM) waves, at which the magnetic field H is parallel to the grating
grooves, were considered here because magnetic resonance can be excited only under this
polarization in 1D grating structures [69, 70]. The optical properties of gold were taken
from Palik [71]. The dielectric function of the metallic VO, was obtained from a Drude
model, while the insulating phase was modeled as a uniaxial medium with a dielectric

function tensor [1]

(e

(0]

0 )
0 (3.1)
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0
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o L o

where ¢, and ¢ are the ordinary (i.e., when incident electric field is perpendicular to its
optical axis) and extraordinary (i.e., when incident electric field is parallel to its optical
axis) components, respectively, whose expressions were listed in Section 2.1. Note that,
only ¢, plays a role at normal incidence, while & has to be considered at oblique
incidence [72].

Figure 3.1(b) shows the spectral absorptance of the metamaterial structure at
normal incidence in the mid-infrared regime from 3 um to 8 um in wavelength upon VO,
phase transition. When the structure temperature is below 68°C, i.e., VO, is in the

dielectric phase, a large absorption peak occurs with perfect absorption at

Amax = 4.96 um. The full width at half maximum (FWHM) for this peak is AA = 0.72 um,

resulting in a quality factor of 6.89, defined by Q =4, /A4 . However, when the
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temperature is further increased beyond the phase transition temperature, VO, turns into
metal and the absorption peak disappears with absorptance less than 0.15 at the same
wavelength. The structure essentially becomes reflective in the considered mid-infrared
regime. Therefore, simply by controlling the temperature around 68°C, the absorption
peak around 5 um could be turned “on” or “off”, suggesting a switchable selective
metamaterial absorber upon VO, phase transition. It is worth noting that the spectral-
directional absorptance is equal to spectral-directional emittance, according to
Kirchhoff’s law. Therefore, such a metamaterial structure could potentially be a
switchable infrared thermal emitter, which would facilitate the applications in space
cooling, building energy management, and energy-efficient light sources.

To illustrate the underlying mechanism for the switchable metamaterial

absorber/emitter, the electromagnetic field distributions at the peak absorption
wavelength A, =4.96 pm were plotted at the “on” and “off’ modes respectively shown

in Figs. 3.2(a) and 3.2(b). The cross section of two unit cells was presented with the top
gold grating, VO, layer and bottom gold film delineated. The arrows represent the
electric field vectors, while the background contour indicates the relative strength of

magnetic field to the incidence as logio|H/Ho[
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Figure 3.2 Electromagnetic field distributions at the peak wavelength A, =4.96 um in

the switchable metamaterial with VO, in the (a) dielectric phase and (b) metallic phase.
The magnetic resonance is excited with dielectric VO,, resulting in strong field

confinement and thus absorption, while it is turned off when VO, becomes metallic.

As seen in Fig. 3.2(a), in which the VO, is in its dielectric phase, strong magnetic
field energy by two orders of magnitude larger than the incidence is localized inside the
insulating VO, layer between top and bottom gold layers, which is responsible for the
strong resonant absorption at this particular wavelength. Moreover, the electric field
vectors around the localized magnetic field suggest a current loop. This is the exact
behavior when magnetic resonance is excited, which has been previously studied in the
similar metamaterial structures with metal-insulator-metal configurations [69, 70, 73, 74].

When magnetic resonance is excited, anti-parallel electric currents are formed
around the antinode of the localized magnetic field. The anti-parallel electric currents are
due to the non-uniform charge distribution within the metal surfaces at the top and
bottom of the dielectric VO, spacer. Charges with opposite signs accumulate at the left

and right edges of the gold strip and the bottom gold film across the dielectric spacer.
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When the VO, is a dielectric, the charges form a capacitor C,, between top and bottom
metals, while the metals serve as inductors, as illustrated in Fig. 3.3(a). The existence of
the capacitor or the insulating VO, is critical in this inductor-capacitor (LC) circuit to
excite the magnetic resonance at a particular wavelength, which is to be discussed in
detail.

However, as shown in Fig. 3.2(b) when the VO, becomes metallic, the strong
magnetic field confinement disappears, which results in the absorption peak to be
switched “off”. This can be explained by the fact that the capacitor C, can be no longer
formed when VO, is metallic. In other words, the top and bottom metals are shorted by
the metallic VO, such that charges with opposite signs cannot accumulate across the VO,
spacer layer to form a capacitor. Without a capacitor, the resonance of an LC circuit

cannot be excited.

(a) (b)

Wavelength, A (um)

0.4 0.5 0.6 0.7
Strip Width, w (um)

Figure 3.3 (a) Schematic of the LC model that explains the physical mechanism of the
switchable absorption peak due to excitation of magnetic resonance upon VO, phase

transition. (b) Contour plot of normal absorptance as a function of wavelength and strip
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width of the switchable metamaterial at the “on” mode. The predicted condition for

magnetic resonance from the LC model is shown as triangular markers.

To further explain the underlying physics, detailed analysis with the LC model is
presented here. Based on the insights gained from the electromagnetic field distribution
on the charge distribution, the top and bottom metals can be treated as inductors, which
include two components as mutual inductance L, and kinetic inductance Ly per unit

length along the grating groove direction with the expressions as [69, 70]

L, =0.5¢,wd (3.2)
W
L=-———
‘ wzgog;\uaAu (3.3)

where 4, is the magnetic permeability of vacuum, & is the electric permittivity for
vacuum, e is the angular frequency, €, is the real part of the permittivity of bulk gold,

and 0, is the penetration depth of bulk gold. The insulating VO, spacer helps to form a

parallel-plate capacitor Cr,, which can be expressed as [69, 70]

C. = C@;ﬂ (3.4)

where c¢; = 0.22 is the coefficient that accounts for non-uniform charge distribution at the
metal surfaces, and ¢4 is the permittivity of insulating VO,, which has to be positive.
Metallic VO, possesses a negative permittivity, which fails to form a capacitor [72].
Magnetic resonance occurs when the impedance of the LC circuit becomes zero, which

results in a resonance condition determined by

e =276, J(L+L,)C,, (3.5)
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For the structure with insulating VO, considered in Fig. 1(b), the LC model predicts the
magnetic resonance to occur at A,z =4.86um , which yields a 2% relative error

compared to the FDTD simulation. Similar LC circuit models have been successfully
employed to verify the physical mechanism and predict the magnetic resonance
conditions in plasmonic metamaterials [75-77]. It is worth mentioning that, there is an
additional capacitance, called gap capacitance Cg, which considers the electromagnetic
coupling between the neighboring gold strips [69, 70]. However, calculation showed that,
Cy is less than 2% of Cy, in the present study and thus is reasonably neglected here.

Figure 3.3(b) presents the contour plot of the normal absorptance of the proposed
switchable metamaterial as a function of wavelength and strip width when it is at the
“on” mode with insulating VO,. The bright contour band indicates the absorption peak
associated with the excitation of magnetic resonance. It is clearly seen that, the resonance
peak shifts to longer wavelengths when the strip width increases from 0.3 um to 0.8 um,
suggesting that the peak could be easily tuned to obtain the selective absorption at desired
wavelengths by varying different geometric values during the structure design process, to
meet different application needs.

The predicted resonance wavelengths from the LC model were also plotted as
triangular makers for comparison, which match well with the resonance band from the
FDTD simulation, undoubtedly confirming the underlying physics as magnetic
resonance. The geometric dependence of the resonance wavelength is also clearly
suggested from the inductance and capacitance expressions. When strip width w
increases, Ln, Lk and Cp, will become larger according to Egs. (3.2-3.4), and thereby the

resonance wavelength from Eq. (3.5) increases.
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The behavior of the switchable metamaterial absorber/emitter at oblique angles is
also important for sensing and energy related applications. The absorption or emission
associated with excitation of magnetic resonance has been demonstrated with angular
independent behaviors, but previously studied metamaterial structures were made of
isotropic materials [69, 70, 73]. In our proposed structure, the insulating VO, is a uniaxial
medium and exhibits anisotropic optical behaviors at oblique incidences. The effect
of VO, anisotropy on the magnetic resonance and the radiative properties of the

switchable metamaterial absorber/emitter need to be studied and understood.

—90° L
TM Waves 0 02 04 06 08 1

Figure 3.4 Polar plot of the directional absorptance of the switchable metamaterial at the
“on” mode with insulating VO, as a function of incident angle at the peak wavelength

(1=4.96 um) under TM incidence

Figure 3.4 plots the directional absorptance of the switchable metamaterial with
insulating VO, at the magnetic resonance wavelength of A, =4.96um in the
hemisphere with the incident angle varying from —90° to 90° at TM polarization from the
FDTD simulation. The absorptance remains near unity from normal direction to €= 30°,

slightly decreases to 0.83 at @ = 60°, and then drops quickly when it approaches the
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grazing angle. Surprisingly, the phase-change metamaterial absorber still exhibits strong
diffuse behavior at the absorption peak even though the insulating VO, is anisotropic at
oblique angles. This can be explained by the insignificant difference between the
ordinary and extraordinary dielectric functions of insulating VO, [72]. Materials with
larger anisotropy like hyperbolic metamaterials might affect more the radiative properties

at oblique angles [78].

3.2 Tunable Thermal Emission with VO,-Based Metamaterial

In this study, we present a tunable infrared metamaterial by exciting magnetic
resonance at different conditions with either metallic or dielectric VO,, leading to highly
tunable resonant wavelength upon the phase transition of VO,. Figure 3.5 depicts the
proposed tunable metamaterial structure, which is made of a one-dimensional VO,
periodic grating structure (period A = 1.5 um and strip width w = 1.25 um) on stacked
MgF, and VO film. The thicknesses of the VO, grating and thin films are h = 0.5 pum, d;
= 0.3 um, and d, = 1 um. In practice, the VO, grating could be formed by the strain
mismatch method from a VO, film on a flexible substrate [79, 80], while the temperature

of the structure can be modulated to thermally control VO, phase transition.
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Figure 3.5 Proposed 1D tunable structure with period A = 1.5 pum, strip width w = 1.25

um, layer thicknesses # = 0.5 um, d; = 0.3 um, and d> = 1 um. The phase transition of

VO, can be controlled by modulating the temperature.

The finite-difference time-domain method (Lumerical Solutions, Inc.) was used to
numerically calculate the spectral reflectance R and transmittance 7 of the proposed
tunable metamaterial above and below the VO, phase transition temperature of 68°C. The
optical constants of MgF, were obtained from Palik’s data. A linearly-polarized plane
wave was incident normal to the metamaterial structure with transverse-magnetic (TM)
incidence, in which magnetic field is along the grating groove direction. Note that
magnetic resonance can be excited only at TM polarization in 1D grating based
metamaterials [69, 70]. A numerical error less than 2% was verified with sufficiently fine
mesh sizes. The spectral normal absorptance in the infrared region was thus obtained by
o= 1-R-T based on energy balance.

As shown in Fig. 3.6, when the temperature is above 68°C, the VO, is at metallic
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phase and the metamaterial exhibits a broad absorption band peaked at the wavelength of
10.9 um with almost 100% absorption. However, when VO, becomes dielectric at
temperatures less than 68°C, the absorption band is narrower and shifts to a peak
wavelength of 15.1 um with maximum absorptance of 0.97, resulting in a relative 38.5%
peak wavelength shift upon the VO, phase transition from metal to dielectric induced
thermally. Note that there exist three bumps on the shoulder of absorption peak around 13
pm, 16.5 um and 19 pum, which are caused by the abrupt change in the optical properties
of dielectric VO, associated with several phonon absorption modes at these wavelengths.
In fact, both absorption peaks are caused by the excitations of magnetic resonance
at both phases of VO,. But the fundamental difference is that, one is assisted by free
charges or plasmon in metallic phase, while the other is mediated by optical phonons in
its dielectric phase. The different resonance conditions and thus the resulting large
resonance wavelength shift are due to different optical behaviors of different energy

carriers that excite the magnetic resonances.
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Figure 3.6 Simulated normal absorptance of proposed tunable absorber in the mid-
infrared upon VO, phase transition, showing a relative 38.5% shift of resonant absorption

peak wavelength.

To illustrate the underlying mechanism responsible for the large absorption peaks,
electromagnetic field distributions at the cross section of the metamaterial structure were
plotted at the resonance wavelengths with metallic and dielectric phases of VO, as
shown in Figs. 3.7(a) and 3.7(b), respectively. The arrows indicate the strength and
direction of the electric field vectors, while the contour shows magnetic field strength

normalized to the incidence as |H/Hy|* at different locations.
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Figure 3.7 Electromagnetic field distribution at resonance peak wavelengths when VO, is
at (a) metallic or (b) dielectric phase. The field patterns show the exact behavior of
magnetic resonance with both phases of VO,, but assisted by plasmon in metallic VO,

and mediated by optical phonons in dielectric VO, respectively.

When VO; is in the metallic phase, the electric field vectors inside the MgF, layer

underneath the VO, strips indicate an anti-parallel current loop, along with the strong
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localization of magnetic field, as shown in Fig. 3.7(a). The localized energy is more than
five times higher than the incidence. This is the exact behavior of magnetic resonance
that has been intensively studied in similar 1D grating based metamaterials [69, 70]. Due
to the oscillating movement of free charges in metallic VO,, the sandwiched MgF, layer
serves as a capacitor, while top metallic VO, strip and the bottom metallic VO, film
function as inductors, forming a resonant alternating-current circuit. When the magnetic
resonance occurs, the external electromagnetic energy at the resonant wavelength of 10.9
um is coupled with the oscillating plasmon, resulting in almost 100% absorption inside
the metamaterial structure.

When VO, becomes dielectric with a temperature below 68°C, the
electromagnetic field shown in Fig. 3.7(b) presents a similar behavior of magnetic
resonance with an induced anti-parallel electric current loop and confined magnetic field
inside the MgF, layer but at a different resonance wavelength of 15.1 um. The localized
energy strength is about five times to the incidence. Note that, this resonant wavelength is
within the phonon absorption band of the ordinary component of dielectric VO,, in which
negative permittivity exists. When optical phonons vibrate at high frequency, the fast
movements of bound charges or ions form oscillating electric currents and an inductor-
capacitor resonant circuit, resulting in the excitation of magnetic resonance. Since the
energy carrier changes from free electrons to optical phonons upon the phase transition of
VO, from metal to dielectric, a large shift in resonance wavelengths occurs. It should be
noted that, similar to the surface phonon polariton with polar materials [7], which is a
counterpart of SPP in the infrared regime, phonon-mediated magnetic resonance [81] is

the counterpart of magnetic resonance in plasmonic metamaterials made of metallic
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nanostructures [69, 70, 73].

Finally, we would like to show that, a hybrid magnetic resonance mode could also
occur by the phonon-plasmon coupling from a modified tunable metamaterial by
replacing the bottom VO, layer with a gold film, as shown in the inset of Fig. 3.8. The

period and strip width of the top VO, grating are kept unchanged, while the thicknesses

of the grating and the MgF; spacer layer are h =d; = 0.5 um.
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Figure 3.8 Normal absorptance of the tunable structure with gold substrate instead of the
bottom VO, layer. The absorption peaks still exists because of a hybrid magnetic

resonance mode due to phonon-plasmon coupling between top dielectric VO, and bottom

gold.

The spectral normal absorptance of the hybrid structure is plotted in Fig. 3.8.
When VO is in either metallic or dielectric phase, the absorption peaks remain almost at

the same resonance wavelengths, suggesting that magnetic resonance can still be excited
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in both phases of VO,. However, maximum absorptance drops slightly to 0.85 for the
peak with metallic VO,, while the absorption peak with dielectric VO, becomes narrower,
after the bottom VO, film was replaced by a gold substrate. The successful excitation of
magnetic resonance between metallic VO, strips and the bottom gold film is easy to
understand, as there exist free charges in both metals. However, the peak absorptance
drops because by the plasmonic coupling between metallic VO, and Au, whose strength
is weaker compared to that between two identical materials with matching plasmonic
properties. On the other hand, it would be expected that it would fail to excite phonon-
mediated magnetic resonance due to the removal of the bottom VO film. Surprisingly,
the strong absorption with dielectric VO, could still occur. This can be understood by the
excitation of a hybrid magnetic resonance mode due to the strong coupling between
optical phonons in dielectric VO, and plasmon in the bottom gold substrate. The
vibration of optical phonons at high frequency at the top interface of the MgF, spacer
along with the movement of plasmon at the bottom interface could still form a close-loop
inductor-capacitor circuit, which successfully excites magnetic resonance at the
wavelength of 14.8 um. Note that the absorption peak becomes narrower because Au has

less intrinsic loss compared with the VO, substrate.

3.3 Tunable Thermal Emission with Graphene Covered Metamaterial
In this work, we numerically design an infrared frequency-tunable thermal emitter
whose spectrally-selective emission peak can be shifted by varying graphene chemical

potential. Figure 3.9 schematizes the proposed tunable metamaterial structure, which is

made of a graphene-covered 1D SiC grating array with period A =5 um, groove width b
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= 0.5 um, and grating height h = 1 um. SiC is chosen as the thermal emitter material due
to its excellent high temperature stability. The SiC grating with submicron feature sizes
considered here can be practically realized with advanced nanofabrication techniques
such as electron-beam lithography or high-throughput low-cost nanoimprint, deep-UV, or
laser interference lithography. The graphene layers can be deposited onto the grating
layer from chemical vapor deposition. The tunable coherent emission in this study is
achieved via the modulation of phonon-mediated MP condition by tuning the optical

properties of graphene.

Figure 3.9 Schematic of the proposed tunable IR coherent emitter made of graphene-

covered SiC gratings.

3.3.1 Tunable spectral normal emittance with varying graphene chemical potential
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The spectral emittance at normal direction for transverse-magnetic (TM) polarized
wave (i.e., magnetic field is along the grating groove) is plotted in Fig. 3.10 with varying
graphene chemical potential z. For the bare SiC grating without graphene layer on top,
there exists a temporally-coherent emission peak at ves = 853 cm™' with an peak
emittance of 0.73. As studied by Ref. [81], this coherent emission peak is caused by the
excitation of phonon-mediated MP inside the SiC grating structure, realized by the
collective oscillation of optical phonons or bound charges at the magnetic resonance that
form resonant inductor-capacitor (LC) circuitry. The physical mechanism of MP and
resulting coherent emission behaviors in the bare SiC gratings have been thoroughly

discussed in Ref. [81].
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Figure 3.10 Spectral normal emittance of the tunable coherent emitter at different

graphene chemical potentials for TM polarized wave. The geometric parameters for the
SiC gratingare A=5um,b=0.5um,and h =1 um.
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When a graphene sheet with a chemical potential 4 = 0 eV is coated onto the SiC
grating, the emission peak location barely shifts, but peak emittance increases to
0.96, close to the blackbody emission. When the graphene chemical potential x increases
from 0 to 1 eV, the emission peak frequency s monotonically shifts from 853 cm™ to
887 cm™!, resulting in a relative tunability of 4% in peak frequency. As summarized in

Table 1, the quality factor Q=v,/Av for the emission peaks varies from 31.6to

42.2 with different x values, where Av is the peak full width at half maximum.

Chemical
potential (eV) 0 02 04 06 08 1
?ua"ty 316 391 361 39.8 40.1 422
actor
Peak frequency from

RCWA, vies (cm™) 853 861 868 875 882 887

MP frequency from LC

i 841 850 862 874 886 897
model, vic (cm™)

Table 3.1 Quality factor for coherent emission peaks with different graphene chemical
potential. Resonance frequency obtained from RCWA calculation and LC model are also

presented.

3.3.2 Electromagnetic field distribution with and without monolayer graphene at MP
resonances
To explain underlying mechanism responsible for the effect of graphene layer on
the coherent emission peak, the electromagnetic (EM) field distributions are plotted for
SiC grating structures without and with graphene (x = 0 eV) respectively in Figs. 3.11(a)
and 3.11(b) at the same MP resonance frequency ves = 853 cm™'. In the EM field plots,

arrows indicate the strength and direction for electric field vectors, while contour
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represents the intensity of magnetic field normalized to the incident wave as IoglO|H /HO|2.

Note that the EM field distributions are presented at the cross section of the 1D SiC

grating, i.e., the x-z plane.
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Figure 3.11 Electromagnetic fields at MP resonance frequency of ves = 853 cm™ for SiC
grating (a) without graphene and (b) with monolayer graphene at chemical potential #=0
eV. The geometric parameters for the SiC grating are A = 5um, b = 0.5um, and h =

I pum.

Figure 3.11(a) illustrates the EM field distribution for SiC grating without the
graphene sheet at resonance frequency ves = 853 cm™'. It is observed that the electric
current oscillates near the surface of SiC around the grating groove, forming a resonant
current loop. The magnetic field is significantly enhanced within the groove, with a
magnitude of 2 orders stronger than incidence. The EM field pattern presented in Fig.
3.11(a) distinctly shows the behavior of phonon-mediated MP [81], at which vibration of

optical phonons or bound charges in SiC resonates with incident EM field. The resonance
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induces an oscillating current with significantly enhanced magnetic field inside, and the
emission peak arises as a consequence of this diamagnetic response.

Figure 3.11(b) shows the EM field in the SiC grating structure coated by a
monolayer graphene sheet with = 0 eV at same resonance frequency. It can be found
that the resonant current loop is also excited, within which the magnetic field is still
confined but a little bit weaker inside the grating groove in comparison to that in Fig.
3.11(a) without graphene monolayer. This is because the graphene sheet is lossy and
more optical energy is absorbed by graphene at magnetic resonance. Although a free-
standing graphene monolayer has a small absorption of 3% or so in the infrared, it could
absorb much more when strongly enhanced EM field more than the incidence impinges
on the graphene due to the strong localization of electromagnetic energy at magnetic
resonance. As absorption is enhanced with graphene-covered SiC grating at the MP
resonance, the thermal emission is equivalently strengthened according to the Kirchhoff’s
law under local thermal equilibrium than the case without graphene. This observation and
explanation is also consistent with the study by Zhao et al [82] on the enhanced
absorption of a graphene monolayer in the near-infrared due to the magnetic resonance

excited inside the cavity of metallic gratings.

3.3.3 LC circuit model
As observed in Fig. 3.11, when MP resonance is excited in the graphene-covered
grating, a resonant current is induced at the surfaces around the groove, which can be

symbolized by an LC circuit, as shown in Fig. 3.12(a). The inductance of SiC is
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determined by Li. =L, +L,, where L, and L are respectively the kinetic and mutual

parts with expressions as [81]:

h' &4
L =— sic 3.6
© 508 (e + 5k (-6)

L, =—h(b+0) (3.7)

Note that 5§ =1/4zk is the penetration depth of SiC, where A is the wavelength in
vacuum and k is the extinction coefficient of SiC. h’ is the effective path length that the
current flows at the SiC surface. &5 and & are real and imaginary parts of permittivity
of bulk SiC. u,is the vacuum permeability. It should be mentioned that the resonant
current is not only oscillating at the very surface of SiC but within a depth of 6. Therefore,

we consider that the current oscillates in the central plane with a distance of 5/2 away

from SiC surface, which yields h'=2h+b+25. The vacuum gap in the groove forms a
capacitor with capacitance C,, =C.&h/b, where ¢, is the coefficient responsible for the
non-uniform charge distribution inside the capacitor [81]. Note that, both the effective
path length h’ and the factor c, might vary with different geometric parameters and
numbers of graphene layers, and thus their expression and values are approximations.
c,=0.5 is taken as a nominal value considering that the bound charges are linearly

distributed at the SiC surfaces and thus treated constant in the present study.
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Figure 3.12 (a) Schematic for the LC circuit model that predicts MP resonance frequency.

(b) Value of z,/z,. in the LC circuit with different graphene chemical potentials.

When a graphene layer is attached to the SiC grating, an inductor L, associated
with the graphene sheet should be considered due to the kinetic energy of graphene
plasmon. Following the kinetic inductance of SiC in Eq. (3.6), the inductance of

monolayer graphene can be modelled as:

_b+s  of
o (0% +ol)

Ly (3.8)

where o and o are respectively real and imaginary parts of the graphene conductivity.

As shown in Fig. 3.12(a), the graphene inductor L is in parallel with C_ . Therefore, the

total impedance of the LC circuit becomes:

. iw
Loy = Lsic + L =lolge + ﬁ (3.9)
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The phonon-mediated MP is excited when Z.,, =0, which leads to maximum resonance
strength. All the inductance, capacitance, and impedance are defined on the per unit
length basis along the groove direction. Note that when x# =0 eV, the graphene has
positive real part of permittivity at frequencies larger than 898 cm™" . In this case, the
graphene sheet cannot be considered as an inductor but a capacitor instead [83].

The resonance frequency v c predicted by the LC model is calculated for
graphene-covered SiC grating structures with g varying from 0 to 1 eV. The comparison
to the numerical results from the RCWA calculation shows reasonable prediction by the
analytical LC model on the MP resonance frequency with a relative difference less than
1.5%. The good agreement on the resonance frequencies of the tunable coherent emission
peak between the LC model and RCWA calculation is summarized in Table 3.1, which
undoubtedly confirms the excitation of MP and the dependence of MP frequency on the
graphene chemical potential for the novel graphene-covered tunable coherent thermal
source.

The tuning effect of graphene chemical potential on the coherent emission
frequency associated with MP can be further understood from the LC model. The

graphene inductance L; is strongly dependent on g, which would ultimately modulate
the MP resonance frequency at zero total impedance with Z; /Z,. =-1 indicated by Eq.
(8). To quantitatively explain the increase in resonance frequency with larger graphene
chemical potentials, the value of Z_ /Z. is plotted in Fig. 3.12(b) with different z values.
Note that only Z; changes with graphene chemical potential, while Z. is independent

on u. It is observed that since Z; and Zg. are comparable, the change of Z; induced by
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varying p will greatly shift the MP resonance frequency. It is also found that Z; / Z.

decreases with increased . Therefore, the resonance frequency of coherent emission

peak at which Z; / Zy. =-1 increases with larger x values.

3.3.4 Geometrical dependence of coherent emission from graphene-covered SiC

gratings

In light of structural design for practical applications with specific requirement on
the coherent emission peak location and strength, the effect of geometric parameters on
the coherent emission of the graphene-covered SiC grating is investigated. Figures
3.13(a), 3.13(b) and 3.13(c) are respectively the contour plots of spectral normal
emittance as a function of grating height (h), groove width (b), and grating period (A) at
TM waves obtained from RCWA calculation. The graphene chemical potential is fixed at
u = 0.5 eV, and the geometric parameters of the SiC grating are kept at the base values
(e, A=5um,b=0.5 um, and h =1 um). As shown in Fig. 3.13(a), when grating height
h increases from 0.5 um to 1.5 um, the MP resonance peak frequency decreases from vies
=910 cm™ to 834 cm™. This is because that, deeper grating grooves with larger h values
yield increased Cgap and |Lsic|, which results in increased Zg/ Zsic values according to the

LC model.
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Figure 3.13 Geometric effects of (a) grating height h, (b) groove width b, and (c) grating
period A on the spectral normal emittance of graphene-covered SiC gratings at TM waves.
The graphene chemical potential is fixed at 4 = 0.5 eV. The predicted MP resonance

frequencies from the LC circuit model are also plotted as green triangles for comparison

with RCWA simulation.

Different from the effect of grating height, the MP resonance frequency
monotonically increases from 1 = 820 cm™ to 891 cm™ when the groove width b
increases from 0.1 um to 1 um as presented in Fig. 3.13(b). The effect of groove width b
on the MP resonance frequency can be explained by the decrease of Zg/ Zsic values as
Cyqap decreases with b. However, the variation of grating period almost does not affect the
resonance frequency as shown in Fig. 3.13(c), simply because grating period has no effect
on the MP resonance frequency according to the LC circuit model. The resonance
frequencies predicted by LC circuit model for different grating geometries are also
plotted as the green triangles, and the good agreement between LC circuit model
prediction and RCWA simulation clearly confirms the geometric effects on the MP
resonance condition and underlying physical mechanisms. The geometric dependence of

the coherent emission from the graphene-covered SiC gratings would also provide
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guidelines for balancing optimal performance from materials design and manufacturing

tolerance in fabrication processes.

3.3.5 Angular dependence of coherent emission from graphene-covered SiC gratings
As studied previously, coherent emission due to MP resonance in bare 1D SiC
grating structures exhibit directional independence [81]. Therefore, it is worthwhile to
investigate the angular behavior and possibly confirm the unique omni-directional
thermal emission associated with MP resonance when a graphene monolayer is coated
onto bare SiC gratings. Figure 3.14 plots the spectral emittance of graphene-covered SiC
gratings as a function of wavenumber v and in-plane wavevector ks = (a@/Co)siné, where
@is the angle of incidence. The graphene chemical potential is = 0.5 eV, and the grating
geometry is set as h = 1um, b = 0.5 um, and A= 5 um. TM-wave polarization is
considered here, only in which the MP could be excited in 1D gratings [81]. A flat
selective emission band around ves = 873 cm™ is observed in the contour plot, whose
physical mechanism is verified as MP resonance by excellent match with the LC model
prediction in green triangles (i.e., vic = 868 cm™ for selected angles from 0° to 80°.
Therefore, it is confirmed from both numerical simulation and analytical model that, the
tunable spectrally-selective thermal emission from the graphene-covered SiC grating also
exhibit strong directional independence, which is highly favorable for some applications

that require diffuse-like infrared thermal sources.
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Figure 3.14 Contour plot of the spectral-directional emittance of graphene-covered SiC
gratings as a function of wavenumber v and in-pane wavevector ky,. The parameters are
setash=1pum,b=0.5um, A=5um, and = 0.5 eV. The MP resonance frequency is
also predicted by the LC circuit model (denoted by green triangles), and the dispersion
curve of the surface modes at the vacuum-graphene-SiC interface is also plotted (as blue

curves).

Besides, there exists a relatively weaker resonance band at higher frequencies,
which is associated with the surface modes excited at the vacuum-graphene-SiC grating
interface. The dispersion relation of the surface modes can be solved via zeroing the

reflection coefficient at the interface given by [23, 55]

_ s =1t oy (wey) (3.10)

rp
&7 +7/1JFO'G7’07/1/(G)<900)

where the subscripts “0” and “1” represent vacuum and SiC medium, respectively. o, IS
the graphene conductivity described above. Here, graphene is treated as a sheet current
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added to the vacuum-SiC interface. &,, is the absolute dielectric function of vacuum.

7= \/m is the wavevector component vertical to the interface in medium j =
0 or 1. According to the grating function, k,; =k,,+i2z/ A, where i is the diffraction
order. By folding at k,, =1/2A , i.e., 1000 cm™* for A =5 um, the dispersion curve of the
surface modes is plotted in Fig. 3.14, which shows good agreement with the RCWA
calculation. Note that the resonance frequencies of the surface modes are highly

dependent on ks or incidence angle 6, which exhibits different behaviors from the

direction-independent MP resonance mode.

3.3.6 Multilayer graphene effect on tunable coherent emission

In order to possibly achieve a larger tunability for resonance frequency, radiative
properties of SiC gratings covered by multiple graphene sheets are further explored. The
geometric parameters of SiC gratings are A =5 um and b = 0.5 um, while grating height
h is changed from 1 um to 1.5 um in order to shift the MP resonance frequency at x =
0 eV to the lower phonon band edge of SiC. In this way, it is attempted to further tune the
emission peak to cover most of the phonon absorption band of SiC. The contour plots in
Fig. 3.15 display the calculated spectral normal emittance as a function of x from RCWA

for the SIC gratings covered with 1, 2, 3 and 4 layers of graphene sheets.
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Figure 3.15 Spectral normal emittance at TM waves as a function of graphene chemical
potential x for SiC gratings covered by (a) a single graphene sheet, (b) 2 layers, (c) 3
layers, and (d) 4 layers of graphene sheets. The geometric parameters for the SiC grating
are A=5um,b=0.5um,and h=1.5 um.

It can be observed that, as the number of graphene layer increases, the tunable
spectral range of selective emission peaks increases. Specifically, compared to a
monolayer graphene sheet with a tunable range from 820 cm™ to 850 cm™ in Fig. 3.15(a),
double, triple, and quadruple layers of graphene sheets lead to a higher upper limit of the
resonance frequencies associated with MP at = 1 eV (i.e., 870 cm™', 884 cm™, and
890 cm™', respectively). The lower limit of resonance frequency at x = 0eV barely
changes with more graphene sheets. As a result, the tunability of the peak emission

frequency is improved from 3.7% to 6.1 %, 7.8 %, and 8.5% when the number of

graphene sheets on top of the SiC grating is increased from 1 to 4. Besides, the resonance
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emission band tends to slightly broaden due to the increased loss with the additional
graphene sheets.

The effect of multilayer graphene in further tuning the emission frequency could
be understood with the help of the LC model. To account for the effect of multiple
graphene sheets coated on top of the SiC gratings, the inductance for multilayer graphene

sheets with a total of m layers becomes L;, =L;/m, where Lg is the inductance of

monolayer graphene given by Eg. (3.8). Here we neglect the inter-coupling between

graphene monolayers for simplicity. The impedance of the multiple graphene sheets is

then:
o e o
It can be inferred from Eq. (3.11) that |ZG,m increases with larger m, given the fact
that m—w’L;C,,, is negative in the considered spectral range. When larger |ZG'm| becomes

more dominant over Zg in the total impedance as Z, =Zq. +Z,,, the larger variation
of |z.,| with multiple graphene sheets will consequently lead to a larger shift of

resonance frequency than that with a single layer graphene. The predicted MP resonance
frequencies from the LC circuit model at different chemical potentials are presented in
Fig. 7 for graphene sheets with different layers. Excellent agreement of the tunable MP
resonance frequencies between the RCWA calculations and the analytical LC prediction
can be clearly observed. However, when the number of graphene layers further increases,
the resonance frequency at large graphene chemical potentials from the RCWA

calculation tends to saturate around v =900 cm™', which deviates from the LC prediction
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at higher resonance frequencies. This is because, in graphene-covered SiC grating
microstructures, grating-coupled surface modes existing at the air-graphene-SiC interface
are mediated by both the graphene plasmon and optical phonons of SiC at high
frequencies from v = 925cm™ to 1000 cm™'. Therefore, the graphene-tuned MP
resonance frequency is suppressed when it approaches the strong surface modes at higher
frequencies with larger g, resulting in altered MP resonance frequencies away from the
prediction by the LC model. Note that the simple LC model could not consider the
interaction effect between the surface modes and MP resonances.

To further understand the multilayer graphene effect on the MP resonance inside
the SiC grating, EM fields are calculated for graphene sheets with different layer numbers
at respective MP resonance frequencies, as presented in Fig. 3.16. The geometric
parameters of the SiC grating are the same with those for Fig. 3.15, while the graphene
chemical potential is fixed at ¢ = 0.5 eV, for which the MP is excited respectively at v =
835 cm™, 850 cm™, 862 cm™, or 871 cm™ for 1, 2, 3 or 4 layers of graphene sheets, as

indicated in Fig. 3.15.

46



z (um)

z (um)

X (um)

Figure 3.16 Electromagnetic fields at respective MP resonance frequency for SiC gratings
coated by multiple graphene layers with (a) a single graphene sheet at vies = 835 cm™, (b)
2 layers at vies = 850 cm™, () 3 layers at vies = 862 cm™, and (d) 4 layers at vies = 871 cm’
! The geometric parameters for the SiC grating are A = 5pm, b = 0.5 um, and h =
1.5 um. The graphene chemical potential is ¢z=0.5eV.

When graphene layer number increases, it can be observed that the H field
strength (shown as contour) around the graphene sheets becomes stronger and decays
further into the SiC groove. This is because at the chemical potential = 0.5 eV,
graphene acts as an inductor with negative & within the phonon absorption band of SiC.
As the number of graphene layers increases, larger electrical conductance will result in
stronger electrical currents, which leads to stronger H field strength decaying further
away from the graphene sheets. On the other hand, the strength of H field confined inside
the groove becomes weaker with more graphene layers, due to the fact that less energy

can penetrate into the groove with thicker conductive, i.e., more lossy, graphene sheets.
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Figure 3.16 clearly illustrates the electromagnetic interaction between multiple graphene
layers and the MP excited inside the grooves of SiC gratings. The EM field obtained from
the RCWA simulation shows consistency with the LC circuit model depicted in Fig.

3.12(a) with graphene sheets as an inductor.

3.4 Experimental Demonstration of MP in 2D SiC Gratings

3.4.1 Sample fabrication and SEM image of 2D SiC gratings

A few theoretical studies have been conducted to show coherent emission or
transmission by exciting MP in polar materials [81, 84, 85]. However, none of the
experimental work has been reported. To demonstrate the existence of MP in polar
materials in practice, 2D SiC gratings were fabricated via focused ion beam technique
and the SEM images are shown in Fig. 3.17. The fabrication started with a 340-um-thick,
double side polished crystalline SiC-6H film, and the size is 1 inch by 1 inch. A clear
sample image needs to be obtained at first under electron beam by tuning the sample
position, tilting angle, lens focus and light contrast. The focused ion beam with beam
current of 1 nA and the voltage of 30 kV was then applied to etch the 2D grating patterns
on the surface of the SiC film. The magnification was 2000x, and the processing time

was controlled to obtain different grating depth.
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Figure 3.17 (a) SEM image of a 2D SiC grating pattern fabricated by focused ion beam
technique on the surface of a thick SiC film. (b) The close-up SEM images of the pattern

edge and center areas. The SiC grating geometry parameters of period (A), depth (h) and

slit width (b) are presented as well.

As shown in Fig. 3.17(a), the size for one grating pattern is around 45 um x 45
um with nine periods at each direction with symmetry along both directions. The grating
pattern has three geometry parameters of period (A), slit width (b) and depth (h) as
presented in Fig. 3.17(b), all of which were measured at different locations and then
averaged to obtain the grating dimension. In order to investigate the grating geometry
effect on the MP resonance, three different grating patterns were fabricated. Pattern 1 has
the geometry of A =5.20 um, b =0.41 um, h = 1.15 um, and pattern 2 has A = 5.20 um,
b =0.37 um, h = 1.26 um, while pattern 3 is equipped with multiple depths of A = 5.20
um, b =0.40 um, h; = 0.68 um, h, = 1.10 um, hz = 1.50 um. Note that the SEM images

shown in Fig. 3.17 is for pattern 3 with multiple grating depths.
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3.4.2 Optical properties measurement in infrared region

After sample fabrication, the optical properties including spectral reflectance and
transmittance were characterized by the iS50 Fourier transform infrared (FT-IR)
spectrometer as shown in Fig. 3.18(a). The FT-IR bench is used to measure the optical
properties of samples in mm or cm sizes. Due to the small size of SiC grating patterns
around 45 um x 45 um, the FT-IR microscope, which could measure the sample as small
as 30 um x 30 um, was used to measure the spectral reflectance and transmittance. The
light spot needs to be focused on the sample surface and shrunk to be smaller than the
sample area before collecting data. Because of that the FT-IR microscope measurement is
very sensitive to the sample thickness, which would change the beam focus and light path,
the SiC clean surface, i.e. SiC film without Ga" doping, was set as the background
sample for the purpose of keeping the same light path for the background and other

samples.
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Figure 3.18 (a) Picture of FT-IR spectrometer with both the bench and microscope parts.
(b) The emittance as a function of the wavelength for different samples, including three

SiC grating patterns, SiC film with and without Ga™ ion doping on the surface.
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On the other hand, the absolute reflectance and transmittance of SiC clean surface
in the size of 1 inch by 1 inch, were characterized by the FT-IR bench, denoted as
Rimpench (Ttilmbench). The absolute reflectance or transmittance of patterned samples, i.e.
Ryratingssabs (Tgratings,ans), could be obtained as the product of those of SiC clean surface
absolute reflectance or transmittance measured in FT-IR bench and the relative
reflectance or transmittance of the sample measured in FT-IR microscope using SiC clean
surface as the background, which is Rgating micro/Rfitm,micro (Rgrating,micro/Rfilmmicro). Therefore,
it can be derived as Rguatingsabs = Rfilm,benchXRgratingmicro/Rfitmmicro  (Tgratingssabs =
Tritm,bench T grating,micro/ Tfilm,micro). 16 scans were averaged to get one measurement and the
data point resolution is 1 cm™ in wavenumber. Note that the numerical aperture of the
microscope objective is 0.58, which corresponds to the incidence angle up to 35°, so the
measured optical properties are based on the averaged ones for the incidence angle from
0 to 35° However, from the theoretical calculations as shown later, the difference
between different incidence angles from 0 up to 45 ° is quite small, so the measured
optical properties are considered as the normal ones for the following discussions.

The spectral emittance (&), which is calculated by ¢ = 1-R-T (R and T are
respectively spectral reflectance and transmittance measured in the FT-IR spectrometer)
due to Kirchhoff’s law and energy balance, is presented in Fig. 3.18(b) for different
samples. Actually, all the samples are opaque during the wavelength range shown in Fig.
3.18(b) with the transmittance equal to zero. For the case of SiC clean surface, which
refers to the intrinsic 340-um-thick SiC film, it is highly emissive from 8 um to 10 pum,

and then the emittance becomes very low from 10.5 um to 12.5 um and increases a little

bit after 12.5 um. This is the typical behavior of the optical properties when SiC supports
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phonon modes from 10.5 um to 12.5 um, during which it is highly reflective with low
emittance.

Compared to SiC clean surface, the SiC gratings, which represent the samples
with 2D gratings etched on the surface of the intrinsic SiC film, can follow almost the
same trend except the additional emittance peaks occurring in SiC phonon bands. These
additional peaks are caused by the excitation of MP, which will be verified later from
theoretical calculations. Comparing the MP resonance of SiC grating 1 and 2, they have
almost the same peak value as large as 0.8, while the resonance wavelength is shifted a
little bit. This is mainly caused by the difference of the slit width and grating depth
between grating 1 and 2, which play an important role in determining the MP resonance
wavelength. Different from grating 1 and 2 with a single grating depth, grating 3 has
multiple depths as mentioned above. The emittance peak due to MP excitation for grating
3 is broadened compared with grating 1 and 2, which is because MP is excited at multiple
wavelengths with multiple grating depths. The peak value is however smaller due to that
each MP resonance emits less when occupying only 1/3 number of the gratings.

Besides the existence of additional MP resonance peaks for SiC gratings
discussed above, the emittance for the whole spectral range from 10.5 to 12.5 pum is
higher than that of SiC clean surface. This enhanced emission is caused by the Ga" ion
left on the surface of SiC gratings when fabricating them through focused ion beam
technique. In order to confirm this reason, we made another sample with Ga™ ion beam
just shining on one area of the intrinsic SiC film surface without any pattern. The optical
properties were characterized and the spectral emittance is also presented in Fig. 3.18(b),

which is denoted as “Ga doped surface”. Compared to SiC clean surface, Ga doped
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surface emits more energy from 10.5 to 12.5 um, and different doping levels possess

different emission enhancements.

3.4.3 Optical properties measurement in both infrared and visible regions

In addition to the optical properties characterization in the infrared region using
FT-IR spectrometer discussed above, we also built a platform to measure the visible
transmittance and reflectance of SiC gratings. Figure 3.19(a) shows the schematic for the
light path of this platform, which mainly consists of a tungsten broadband light source, a
beam splitter, optical fibers, several collimators and focusing lens, an objective, a camera
and a CCD spectrometer. The light emitted from the tungsten lamp is collimated at first,
then incident on the beam splitter through optical fibers, and then the light is reflected
and focused through an objective on the sample placed on a holder. The light going
through the sample will be collected by a CCD spectrometer for the transmittance
measurement, and part of the light will be reflected to the camera for the purpose of
image. Note that for transmittance measurement, the background signal was taken when
no sample was placed on the holder. Similar to the infrared measurement through FT-IR
microscope, due to the focus effect of the objective, the measured optical properties were
based on the averaged ones for different incident angles. The numerical aperture for the

objective is 0.6, which means that the incident angle varies from 0 up to 37°.
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Figure 3.19 (a) Schematic for the light path of a home-made platform to measure visible

transmittance of microstructures. (b) Measured visible transmittance for both intrinsic

SiC film and SiC grating samples.

The visible transmittance measurements for both SiC grating, which refers to the
grating 1, and intrinsic SiC film are presented in Fig. 3.19(b). For the intrinsic SiC film,
the transmittance from 450 nm to 800 nm could be as high as 70%, while that for SiC
grating 1 varies from 30% to 50%. The correctness of the measurements using this
platform was verified through comparing the visible transmittance of the SiC film
measured in this platform with that from FT-IR bench, and the difference is within 5% at
most wavelengths. The low transmittance for SiC grating is mainly due to the Ga™ ion
absorption, which also affects the infrared optical properties measurement as discussed in
Fig. 3.18(b). From the theoretical calculations, which will be introduced in the following,
the visible transmittance difference between SiC film and SiC grating without
considering Ga* doping effect is negligible. We also want to mention that when we were

doing the transmittance measurement for SiC grating, the spot size after focus is 100 um

in diameter, which is larger than the grating pattern size of 45 umx45 um. This means
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that the measured transmittance of SiC grating shown in Fig. 3.19(b) include both the
patterned areas and the surroundings without patterns, which is not exactly the
transmittance of single SiC grating. The main reason to still present Fig. 3.19(b) here is to
show the high visible transmittance of SiC film and illustrate the Ga* doping effect in
visible range, and the next step will be trying to reduce the spot size to be smaller than

the pattern.

3.4.4 Comparison between experimental measurement and theoretical calculation

After introducing the experimental measurements for different SiC samples, we
also conducted the theoretical calculations through RCWA and compared them with the
measured data. Besides the spectral emittance coming from the experimental
measurement, the results of theoretical calculations from three different fitting models are
also presented in Fig. 3.20. For RCWA calculations, a total of 81 diffraction orders were
used after the convergence check, and it was assumed as normal incidence. An objective

function is firstly introduced as follows [14]

N

f= Z(gi,theo “Eiexp )2 (312)

i=1
where & meo and & exp represent the spectral emittance from theoretical calculations and
experimental measurements, respectively. N is the number of data points in the spectral
range. Note that the objective function f also depends on N and N = 609 is applied here.
For different fitting models, the optimization principle is basically minimizing the
objective function to get the minimum difference between theoretical calculations and

experimental measurements.
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Figure 3.20 Comparison of spectral emittance between experimental measurement and

theoretical calculations with different fitting models.
For the fitting model 1, the intrinsic SiC dielectric function with a Lorentz model

IS assigned.

2 2
VA — V-
Esic = &, (L+ 5——1—) (3.13)
Vio = VsicV —V

where the constants are set as &, =6.7, @, =969cm™, and w,, =793cm™, and v is

the wavenumber. The intrinsic SiC scattering rate of yg. =4.76cm™is set for fitting
model 1. Comparing the measured data and the theoretical one based on fitting model 1
in Fig. 3.20, it can be clearly observed that the theoretical one can capture the
experimental data very well, especially the MP resonance in both wavelength and peak
value. However, the enhanced emittance for the whole spectral range from 10.5 to 12.5

um due to Ga” ion doping can’t be captured in this model. The objective function for
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fitting model 1 is 1.12x10°. To include the Ga* ion doping effect in the theoretical model,
we considered the scattering between Ga* ions and SiC phonons, which would change the
scattering rate of intrinsic SiC [14]. Therefore, for the fitting model 2, instead of using
intrinsic SiC scattering rate, we tried to fit it to minimize the objective function. It was
found that f is minimized with a value of 3.40x10* when ssic = 12 cm™. Compared with
the fitting model 1, the model 2 has a better prediction for the enhanced emittance
coming from Ga" ion doping, but the emittance peak value from MP excitation is much
higher than the measured one.
On the other hand, another way to consider the Ga+ ion doping effect is adding a
Drude model to the material dielectric function as illustrated in fitting model 3.
E=éEgcté,, (3.14)

where the Lorentz model for SiC dielectric function &g is still used with the intrinsic

scattering rate of 4. =4.76cm™ . The Drude model ¢_. :_V;Ga*/(vz-i_i]/Ga*v) is

assigned to consider the additional emission from Ga" ion doping. Both the plasma

frequency Ve and scattering rate y_. need to be fitted to obtain the minimum
objective function. When Ve =950 cm™ and Yop =1050 cmtare set, the minimum

objective function of f = 6.02x10" is obtained.
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Figure 3.21 (a) Theoretical calculation of spectral emittance for SiC grating with different

incident angles or geometries in the infrared region. The SiC grating base geometry is set

as A =5um, b=05pumand h =1 um. (b) Theoretical calculation of spectral
transmittance for both SiC grating and film in the visible region.

The FDTD simulations were conducted to calculate the spectral emittance for SiC
grating with different incident angles or geometries in the infrared region as shown in Fig.
3.21(a). The SiC grating base geometry issetas A =5 um, b =0.5 umand h =1 pum, and
it is assumed as normal incidence by default. Comparing the spectral emittances of the
SiC grating with the base geometry at different incident angles of 0 and 45°, they are
almost the same, even at the MP resonance wavelength. The independence of MP
resonance on the incident angle has already been verified previously [81, 85]. As
mentioned above, due to the focus cone of the objective, the measured optical properties
using FT-IR microscope or home-made platform are actually averaged on the incident
angles varying from 0 to 35 or 37° The negligible difference between the optical
properties of the SiC grating at different incident angles also explains the reasonability
for the comparison between the measured data and theoretical calculations under normal

incidence as shown in Fig. 3.20.
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Figure 3.21(a) also presents the spectral emittance for the SiC grating with
multiple grating depths of h = 0.8, 1, 1.2 um or grating widths of b = 0.3, 0.5, 0.7 um.
Consistent with the measured spectral emittance of grating 3 shown in Fig. 3.18(b), the
emittance peak due to MP resonance is broadened with a smaller value when the grating
possesses multiple grating depths or slit widths. Figure 3.21(b) presents the visible
transmittance for both SiC grating and film through RCWA simulations. Both the SiC
grating and film are quite transparent in the visible range with the transmittance as high
as 70%. Comparing these calculated visible transmittances with the measured ones in Fig.
3.19(b), we can see that for SiC film, the visible transmittances from experimental
measurement and theoretical calculation are consistent, while those for the SiC grating
are not. This big difference is caused by the additional absorption from the Ga® ion,
which is not considered in theoretical calculations. One possible way to get rid of the Ga*
ion doping effect is using a different method to fabricate the SiC grating, like photo or

electron-beam lithography.

3.4.4 Raman spectrum of graphene covered SiC film

One potential application for the fabricated 2D SiC gratings is to demonstrate the
tunable infrared emittance shown in Fig. 3.10 in experiment by covering graphene on top
of it. Figure 3.24 shows the preliminary experimental results we have obtained. By
collaborating with Prof. Sefaattin Tongay’s group at ASU, graphene sheet was
successfully fabricated on the copper substrate by the chemical vapor deposition method.
A PMMA film was used to transfer the graphene from the copper substrate to the SiC

film.
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Figure 3.22 The offset Raman intensity for bare SiC film and graphene covered SiC film.

Raman spectroscopy was then applied to detect the existence of graphene and the
number of carbon atom layers. As shown in Fig. 3.22, for bare SiC film, there are only
several Raman intensity peaks for the Raman shift from 1600 to 2000 cm™. However, for
the SiC film with graphene attached, besides the intrinsic Raman intensity peaks from
SiC film, additional ones occur, which can be easily identified as the typical G and 2D
peaks from the graphene. Considering the similar magnitude between the G and 2D peaks
shown in Fig. 3.22, there is only one layer of graphene and it is attached very well on the
SiC film. The next steps will be transferring the graphene to the top of SiC grating
sample, depositing electrodes on both sides of the sample, then applying external bias to
tune graphene chemical potential and finally charactering the optical properties in the

infrared region through FT-IR microscope.
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3.4.5 Application of visibly transparent radiative cooling device

As discussed above, the 2D SiC grating possesses high transmittance together with
low absorptance in the visible region if not considering the Ga* ion doping effect from
the fabrication process, and relatively high emittance in the infrared region. This
particular optical properties selectivity holds great potential for the application of visibly
transparent radiative cooling devices. Figure 3.23(a) presents the idea to achieve a
cooling device with temperature below the ambient through radiative heat transfer while

keeping visibly transparent.
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Figure 3.23 (a) Schematic to show the idea of a visibly transparent radiative cooling
device. (b) The required spectral properties for an ideal cooling device along with the

solar spectrum and the transmittance of atmosphere.

It contains three main requirements for the spectral properties of the cooling device at
different spectrum ranges. In the solar radiation, especially the range of visible light, we
want the light to be transmitted for the purpose of illumination. In order to enhance the
thermal emission directly to the outer space, the emissivity of the cooling device during

the atmospheric window from 8 um to 13 pum needs to be as high as possible. However,
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the emissivity in the infrared region while outside the atmospheric window range has to
be minimized to reduce the absorbed energy from the ambient emission. To better
illustrate the above idea, the spectral properties required for an ideal cooling device are
plotted in Fig. 3.23(b) along with the normalized solar spectrum and the transmittance of
atmosphere. Note that the data for Global Tilt AM1.5 solar spectrum is available on
NREL’s website, and the transmittance of atmosphere is obtained from Gemini
Observatory in Mauna Kea. As shown in Fig. 3.23(b), for an ideal visibly transparent
cooling device, it should have unity transmittance in the visible region while none
transmittance outside. The ideal cooling device also needs to possess unity emittance
during the atmospheric window from 8 um to 13 um and be non-absorbing out of the
window. Note that the reflectance can be derived from the emittance and transmittance

due to the energy balance.
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Figure 3.24 Net radiative cooling power vs the temperature difference between the
cooling device and the ambient for (a) different samples without considering solar
absorption and convective heat transfer and (b) SiC grating sample considering solar
absorption and convective heat transfer with different levels. Note that the SiC grating

refers to the pattern 1.
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We now consider the potential cooling efficiency that can be offered by the SiC
grating. Note that only the measured optical properties of SiC grating 1 are applied here
to be taken as an example. The net radiative cooling power at normal direction emitted

from the device can be defined as [3]

I:)cool (Tc) = Prad (Tc) - I:)sun - R:ltm (Ta) (315)
where
Paa(T) = [ 421 (T, () (316)

is the heat flux radiated by the cooling device at normal direction
15pm
P (T,) = me d A gy (T, A)&(A)E,m (A) (3.17)

is the absorbed heat flux by the cooling device emitted from atmospheric radiation at

normal incidence, and
2um
P =] d26(A)lpypis(2) (3.18)
-2um

is the incident solar heat flux absorbed by the cooling device at normal direction. Here

only the direction of normal incidence is considered.
I (T, A) = (2hc? / A°)[L/ (™" ~1)] is the spectral radiance of a blackbody at

temperature T according to Planck’s law. &A1) is the spectral emissivity of the sample.

The emissivity of the atmosphere at normal incidence is calculated by ¢, (1) =1-t(1),

where t(4) is the atmospheric transmittance in the zenith direction presented in Fig.
3.23(b). The ambient and cooling device temperature are assumed as T, and T,
respectively. The AML1.5 Global Tilt spectrum Iami.5(4) shown in Fig. 3.23(b) represents

the solar radiation incident on the cooling device. Note that all the spectrums are
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integrated from 5 um to 15 um to consider thermal emission and from 0.2 um to 2 um to
consider solar radiation, which are enough to cover almost of the thermal emission and
solar radiation, respectively.

Figure 3.24(a) shows the net radiative cooling power at normal direction as a
function of the temperature difference between the cooling device and ambient for three
different samples of the ideal one with the optical properties shown in Fig. 3.23(b), and
the SiC grating and film with measured infrared emittance shown in Fig. 3.18(b).
Although the optical properties of SiC grating and film were measured through the whole
spectral range from 5 um to 15 pum, only part of it from 8 um to 13 um is presented in
Fig. 3.18(b) to emphasize the MP resonance effect. Note that the solar absorption and
convective heat transfer are not considered in Fig. 3.24(a). The ideal sample can emit the
most radiative cooling power, and the SiC grating has better cooling performance than
the SiC film. When the net radiative cooling power equals to zero, which corresponds to
the equilibrium temperature that could be achieved through radiative heat transfer
between the cooling device and the ambient, the temperature of SiC grating is 40 K
below the ambient, while that for SiC film is 35 K.

Considering the solar absorption and convective heat transfer, the net radiative
cooling power emitted from the SiC grating sample is illustrated in Fig. 3.24(b). When 1%
solar absorption is considered, i.e. &4) = 1% from 0.2 um to 2 um, the temperature
difference between the SiC grating sample and the ambient decreases from 40 K for none
solar absorption case to 20 K. However, when the solar absorption increases to 3%, the

sample temperature is almost the same with the ambient when the radiative cooling
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power is equal to zero. Similarly, when the convective heat transfer is applied, the

radiative cooling performance will be degraded significantly.
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CHAPTER 4 NEAR-FIELD TUNABLE RADIATIVE HEAT TRANSFER

As mentioned in the introduction, the significant near-field radiative heat transfer
enhancement due to evanescent waves coupling makes it possible to have thermal
management through photon transport, which has a much faster speed compared to
phonon transport. For the purpose of implementing tunable near-field radiative heat
transfer in practice, a VO,-based thermal rectifier and thermal switch, which are
achievable around room temperature, and a graphene-based thermal transistor, which
consists of only two plates and shows less challenge in experiment compared to three-
body one, are proposed in this study. The radiation-based near-field thermal rectifier is
made of a VO, plate and a SiO; plate, and due to the SPhP coupling, the energy transfer
will be greatly enhanced when VO; is the receiver and SiO; is the emitter compared to
the reverse case, which provides the thermal rectification effect. Similarly, a radiation-
based near-field thermal switch considering VO, as both emitter and receiver will also be
introduced. Next, because of the more flexible tunability of graphene, an electrically-
gated near-field thermal transistor with two graphene covered plates will be theoretically
studied. Finally, an initial design of the platform used to measure near-field radiative heat

transfer between two plates will be discussed as well.

4.1 VO, Based Near-Field Radiative Thermal Rectification
In the present study, we investigate the near-field thermal rectification effect
enabled by the phase transition of VO,. Consider a vacuum thermal rectifier made of a
semi-infinite SiO, and a semi-infinite VO, plates separated by a vacuum gap d, depicted

as the Fig. 4.1(a). In the forward-biased scenario, SiO; is the emitter at T, = 400 K, while
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the receiver VO, is maintained at T. = 300 K as an insulator. The radiative heat flux

between the SiO; and VO insulator is denoted as ¢, while it becomes as g8 when the

temperatures are reversed, in which case VO, is the emitter at T, = 400 K as a metallic
material. The thermal rectification factor can be defined as the relative enhancement of
the radiative heat transfer in the forward-biased scenario to that in the reverse-biased
scenario,
R=qff g 1 (4.1)
Fluctuational electrodynamics [63], based on the stochastic nature of thermal
emission, is used to calculate the near-field radiative heat fluxes for both scenarios.
Figure 4.1(b) shows the net radiative heat fluxes calculated for both forward- and reverse-
biased scenarios as a function of vacuum gap d, which varies from 10 nm to 1 um. In
both cases the heat flux monotonically increases due to stronger coupling of evanescent
waves as the separation distance between the SiO, and VO, decreases. More importantly,

the forward heat flux gl is much larger than the reversed one g, and could be more than

10° W/m? at a 1-um vacuum gap, and approaches to 10° W/m? at d = 10 nm. The
calculated rectification factor is as high as 0.98 at a vacuum gap of 1 um, decreases to 0.9
at the gap of approximately 300 nm, and then increases quickly when the vacuum gap
further decreases. The rectification factor of 1.31 can be obtained at a 100-nm vacuum
gap, 1.67 at d = 50 nm, and 1.95 at d = 10 nm. The rates of change of heat flux with
respect to the vacuum gap in the forward- and reverse-biased cases are different.
Consequently thermal rectification does not vary linearly with vacuum gap. Unlike
previous studies [47-50], such strong rectification is achieved when the temperatures of

emitter and receiver are close to room temperature.
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Figure 4.1 The total heat fluxes in both scenarios and the resulting rectification factor
with different vacuum gap distances. The temperatures of the emitter and receiver are 400
K and 300 K, respectively. The inset depicts the proposed vacuum thermal rectifier made
of semi-infinite SiO, and VO, separated by a vacuum gap d in forward- or reverse-biased

scenario.

The strong rectification effect is believed to be due to the insulator-metal phase
transition of VO, between the forward- and reverse-biased scenarios. During the forward
bias, VO, behaves as an insulator with several optical phonon modes in the infrared,
while in the reverse bias it behaves as a metal. To further understand the effect of the
phase transition on the radiative heat fluxes in both scenarios, the exchange function s(w,
p) between SiO, and VO, insulator and between SiO, and VO, metal are plotted at d =
100 nm as a function of @ and g in Figs. 4.2(a) and 4.2(b), respectively . Note that g is
normalized to the free-space wavevector a/co. For the insulating VO, it can be clearly
seen that, there exist several enhancements indicated by the bright color and high values
of the contour, suggesting strong coupling of the evanescent waves across the vacuum
gap between SiO, and VO, insulator. Moreover, the strongest enhancement peak occurs
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around = 8.5x10" rad/s, and the associated S values can reach as high as 80alc,
implying that the near-field enhancement can be supported over a large number of modes.

Another two enhancements with relative weaker strengths occur around o =
1.1x10™ rad/s and 1.5x10™ rad/s. As discussed by Basu et al. [86], the enhancement of
near-field heat transfer due to coupled SPPs or SPhPs is dominated by the p-polarized
evanescent waves. Also, the reflection coefficient for p polarization strongly depends on
both the ordinary and extraordinary dielectric functions of VO, insulator. As such, the
spectral locations for near-field enhancement in Fig. 4.2(a) corresponds to the frequency
values at which g =-1. In addition, both VO, insulator and SiO, have phonon modes
within this frequency range. The strong enhancement in the s function and thus the
radiative heat flux gl is also the result of the strong phonon-phonon coupling between
the SiO; and VO, insulator inside the vacuum gap. On the other hand, in the reverse case,
the s function only shows two weaker enhancements around o = 8.5x10* rad/s and
2x10™ rad/s, corresponding to the two major phonon modes of SiO,, as seen in Fig.
4.2(b). The weaker coupling as shown by the s function is because the metallic VO, does

not have the phonon modes to resonate with those of SiO, in the same frequency region.
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Figure 4.2 Contour plots of the exchange function s(w, ) between semi-infinite SiO, and
VO, separated by the vacuum gap of d = 100 nm for (a) forward-biased scenario with

insulating VO, and (b) reverse-biased scenario with metallic VO..

So far, we have demonstrated that strong thermal rectification effect can be
obtained from the near-field radiation between semi-infinite SiO, and VO, separated by a
vacuum gap from 10 nm to 1000 nm. An interesting question is: could the rectification
effect be further enhanced? Here, we consider SiO, as a thin film and investigate how the
film thickness affects the radiative heat flux in both scenarios and thus the rectification
factor. The inset in Fig. 4.3(a) shows the schematic of the near-field heat transfer between
a freestanding SiO; thin film with thickness t and bulk VO, for both forward- and
reverse-biased scenarios. Francoeur et al. [66, 87] have derived an analytical expression
for calculating the near-field thermal radiation between two freestanding SiC thin films.
Basu and Francoeur [49] used a similar analytical expression to investigate the near-field
radiation between a film and a semi-infinite plate of doped silicon. This analytical
expression considers the wave propagation inside the thin film, and is valid as long as the

substrate that the thin film is deposited on is non-emitting. Therefore, the near-field
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radiative transfer between the SiO, film and the semi-infinite VO, can be obtained by
simply replacing the Fresnel reflection coefficient at the interface of vacuum and SiO; in
with the reflection coefficient of the SiO, thin film based on the thin-film optics by[49,

58]
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Figure 4.3 The SiO; film thickness effect on the radiative heat fluxes for both scenarios
and rectification factor at the vacuum gap of (a) 10 nm and (b) 100 nm, from a vacuum
rectifier consisting of a SiO, thin film with thickness t and semi-infinite VO, shown as

the inset.

Figure 4.3(a) shows the near-field radiative heat fluxes between the SiO, thin film
and the VO, at the vacuum gap of d = 10 nm in both scenarios as a function of the film
thickness t. Both forward and reverse heat fluxes increase monotonically when the film
thickness increases from 1 nm to 30 nm or so, and then saturate with further increase in
the film thickness. This is because at a vacuum gap of 10 nm, a 30-nm-thick SiO; film
can act as a semi-infinite medium for near-field thermal radiation [88]. As a result, R is

independent of the film thickness t and saturates around 2 when t > 30 nm. When the
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SiO;, film thickness further decreases, both forward and reverses heat fluxes decreases but
the rectification factor R increases almost linearly.

When the film thickness is less than the penetration depth, SPhPs on both
interfaces of the SiO; film can be excited and couple with each other inside the thin film.
However, at d = 10 nm, the coupling of evanescent waves inside the vacuum gap
dominates the near-field heat transfer [89], and the resulting radiative heat transfer
depends strongly on the strength of the coupling. At forward- or reserve-biased scenarios,
the strength of the coupling of evanescent waves is significantly different as explained
above between the semi-infinite SiO, and VO,. Therefore, the radiative heat flux depends
differently on the film thickness between the two scenarios, resulting in the linear
relationship between rectification factor and film thickness when t <30 nm at d = 10 nm.
The decrease of the heat fluxes in both scenarios is mainly due to less emitting (or
absorbing) material when the SiO; film becomes thinner.

However, the rectification effect on the film thickness behaves totally different
when the vacuum gap is set to 100 nm, as shown in Fig. 4.3(b). Both forward and reverse
heat fluxes decrease when the SiO, film thickness changes from 1 um to 1 nm, but the
rectification factor increases gradually with thinner films and saturates around 3 when t <
10 nm. For ultra-thin film with sub-10-nm thickness, t << d and the SPhPs at both
interfaces of the SiO, film inside the thin film dominates the near-field radiative heat
transfer, rather than the coupling of evanescent waves inside the vacuum gap [89]. The
splitting of the near-field heat flux into symmetric and antisymmetric resonant modes
could increase the number of modes in the near field, but on the other hand, the heat

fluxes in both scenarios decrease with smaller films mainly because of less emitting (or
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absorbing) material of the SiO; film. However, since the coupling of SPhPs inside the
SiO; film dominates the near-field radiative transfer when t << d, both heat fluxes have
the same dependence on the film thickness, which affects the symmetric and
antisymmetric resonant modes of coupled SPhPs inside the film. Therefore, the resulting
rectification effect is independent of the film thickness when t < 10 nm. When the film
thickness is beyond 10 nm, the coupling between symmetric and antisymmetric modes
becomes weaker and the coupling of evanescent waves inside the vacuum gap becomes
stronger as the thickness increases. For t/d >1, the thin film effect decreases and the heat
transfer approaches to that between two bulks. As a result, the thermal rectification
decreases and then eventually becomes constant when the SiO, film thickness is greater
than 1 micron. Comparison between Figs. 4.1(b) and 4.3(b) indicates that at a vacuum
gap of 100 nm, replacing bulk SiO;, even with a 100-nm thin film will result in higher

thermal rectification.

4.2 VO, Based Near-Field Radiative Thermal Switching

4.2.1 Total radiative heat flux

In the present study, we will first quantitatively show the near-field thermal
switching effect between two semi-infinite VO, plates, one of which is maintained at
room temperature as an insulator while the other serves as an emitter to experience
insulator-metal transition when its temperature varies.

Let us first consider the 3-layer configuration of the proposal near-field thermal
switch made of semi-infinite VO, emitter and receiver, as shown in Fig. 4.4(a), which
presents the net radiative heat flux between the VO, plates separated by a vacuum gap of
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d = 50 nm as shown in Fig. 4.4(b), when the emitter temperature changes from Ty = 330
K to 350 K. The VO, emitter is insulating at the beginning when Ty < 341 K, while the
VO, receiver, whose temperature is fixed at T, = 300 K, is always an insulator. The
radiative heat flux is q"= 15 kW/m? at Ty = 330 K, increases almost linearly with the
emitter temperature, and reaches q”= 21 kW/m? at Ty = 341 K. However, when the
emitter temperature exceeds 341 K, the emitter becomes metallic. As a result, the
radiative heat flux decreases abruptly to q"= 5.2 kW/m? at Ty = 342 K, and increases
slightly to g"= 6.3 kW/m? at Ty = 350 K. Therefore, it can be clearly seen that, when
crossing the phase transition of VO, at 341 K, near-field radiative heat transfer
significantly reduces from q"= 21 kW/m? to 5 kW/m?, resulting in a switching factor of
® = 76.2% at d = 50 nm. When the emitter temperature is below the phase transition
point, it can be treated as the “on” mode for this vacuum thermal switch made of VOo,

while the “off” mode can be activated when the temperature is above the phase transition.
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Figure 4.4 (a) Schematic of near-field thermal switch. (b) The total radiative heat fluxes
between two semi-infinite VO, plates with different emitter temperatures Ty at the gap
distance of d = 50 nm with the receiver temperature fixed at T, = 300 K. The thermal
switch is at the “on” mode when Ty < 341 K, while it turns to the “off” mode when Ty >

342 K.

4.2.2 Contour plot of transmission coefficient

In order to have a better understanding of the physical mechanism of thermal
switching effect realized by the near-field radiative transfer between two VO, plates, the
energy transmission coefficient &w,p) is plotted for both TM and TE waves in either the
“on” or “off” mode as shown in Fig. 4.5 at the same vacuum gap distance (d = 50 nm).
The color bar shows the scale for &w,f) with the brightest color representing the peak
value. As shown in Fig. 4.5(a) for the “on” mode in TM waves, strong enhancement
suggested by the bright contour can be clearly seen, with a major one around wp, =
1.5x10™ rad/s and several other peaks at smaller angular frequencies. The enhancement
in the energy transmission coefficient, which results in the increase in radiative heat flux,
is due to the strong phonon-phonon coupling, i.e., the excitation of SPhPs, between the
insulating VO, plates across the small vacuum gap. Note that, for the “on” mode, both the
emitter and the receiver are insulating VO, with several phonon modes in the infrared
region. Those phonons could constructively resonate across the vacuum gap, resulting in
increase of radiative heat transfer modes in the near field. The strongest enhancement

occurs at wn=1.5x10" rad/s in the energy transmission coefficient contour. Because
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SPhPs cannot be excited in TE waves, the energy transmission coefficient in TE waves

shown in Fig. 4.5(b) is much weaker than that in TM waves.
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Figure 4.5 Contour plots of the energy transmission coefficient &w,f) between two semi-
infinite VO, plates separated by a vacuum gap of d = 50 nm at the “on” mode between
two insulating VO, for (a) TM waves and (b) TE waves and at the “off” mode between

one metallic VO, and one insulating VO, for (c) TM waves and (d) TE waves.

On the other hand, when the emitter becomes metallic, which is the case for the
“off” mode, the energy transmission coefficient between an insulating VO, and a metallic

VO, is greatly suppressed as shown in Fig. 4.5(c) for TM waves. The phonon modes of
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the insulating VO, could not constructively couple to the other metallic interface that
does not support any phonon modes. Therefore, the radiative heat transfer is greatly
reduced for the “off” mode, resulting in strong thermal switching effect upon phase
change of VO,. For the “off” mode, due to the fact that no SPhP is excited, the energy
transmission coefficients in both TM and TE waves, respectively shown in Figs. 4.5(c)
and 4.5(d), are comparable. Furthermore, due to the highly reflective nature of the
metallic VO, emitter, the energy transmission coefficient in TE waves for the “off” mode

shown in Fig. 4.5(d) is weaker than that for the “on” mode presented in Fig. 4.5(b).

4.2.3 Thermal switching factors at different vacuum gap distances
A switching factor can be defined as:
®=1-ql /q, (4.2)
where q7 and gl refer to the net heat flux for the “on” and “off” modes of thermal
switch, respectively. Fluctuational electrodynamics [90], based on the stochastic nature of

thermal emission, was used to calculate the near-field radiative heat fluxes for both “on”

and “off” modes of the proposed vacuum thermal switch.
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Figure 4.6 The total heat fluxes at both the “on” and “off” modes as well as the resulting
switching factor at different vacuum gap distances. The receiver temperature T is 300 K.
The emitter temperature Ty is set as 341 K and 342 K for the “on” and “off” modes,

respectively.

To have a better idea of how the thermal switching effect varies with vacuum gap
distances, Figure 4.6 plots the total net heat fluxes with different vacuum gap distances
for both “on” and “off” modes, as well as the switching factor defined in Eq. (4.2). Here,
the “on” and “off” modes respectively correspond to the emitter temperature Ty of 341 K
and 342 K, while the receiver is fixed at T_ = 300 K. The switching factor can be as large
as @, = 0.85 when gap distance d < 10 nm, indicating that 85% of heat flux could be
cut off when the thermal switch turns from the “on” mode to “off” mode. In addition, the
high heat flux between two VO, plates with q" > 500 kW/m? for the “on” mode at sub-
10-nm vacuum gaps, suggesting potential applications for high-density heat dissipation in

microelectronics. Since the dependence of the near-field radiative transfer on the vacuum
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gaps is different between “on” and “off” modes, the switching factor starts to decrease

when the gap distance d > 30 nm, reaches a minimum of @ . = 0.46 around d = 300 nm,

and increases againto @ =0.51atd =1 um.

4.2.4 Penetration depth inside uniaxial insulating VO,

To obtain insight into how the near-field radiative energy is transferred, the z
component of Poynting vector S,(w,z) is plotted in Fig. 4.7 at different depths inside the
insulating VO, emitter and receiver separated by a vacuum gap of d = 50 nm. The
penetration depth inside isotropic media has already been investigated, but when it comes
to a uniaxial medium, we need to separate s and p polarizations and apply different
expressions of vertical wavevector and reflection coefficient as described above. The
Poynting vector S,(w,z) normalized to that in the vacuum is calculated at several angular
frequencies such as @ = 0.7x10™ rad/s, 1.05x10* rad/s and 1.5x10™ rad/s, at which
coupled SPhPs occur as shown in Fig. 4.5(a). From Fig. 4.7, we can clearly see that the
penetration depth, i.e., a distance at which the radiation power is attenuated by a factor of
1/e (approximately 37%), varies with different resonance frequencies. The penetration
depth for the spectral energy at o = 0.7x10™ rad/s is the largest, which is about 10 times
of vacuum gap distance, while that for resonance frequency » = 1.05x10™ rad/s is the
shortest, which is about the same with vacuum gap distance. The penetration depth for
total radiative energy after the integration over @ is about 3 times of vacuum gap distance,
similar to that for spectral energy of resonance frequency at @ = 1.5x10' rad/s,

indicating that most of the energy transfer is concentrated at this resonance frequency.
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Figure 4.7 The field distribution of the spectral Poynting vector (z component) near the
surfaces of the semi-infinite VO, emitter and receiver across a vacuum gap at several
phonon frequencies of insulating VO, as well as the total one after integration over the
frequency. The Poynting vector is normalized to that in the vacuum and the two semi-

infinite insulating VO, plates is separated by d = 50 nm.

With a thickness of several times of the penetration depth, an insulating VO, film
can be reasonably treated to be semi-infinite. On the other hand, if the film thickness is
comparable or smaller than the penetration depth, the thin-film wave propagation has to
be considered, which could influence the near-field radiative transfer and thereby

possibly further enhance the thermal switching effect.

4.2.5 Thermal switching effect with a thin-film receiver
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To investigate the thin-film effect on the near-field radiative thermal switching, a

4-layer configuration with a thin-film receiver of thickness t3, as shown in the inset of Fig.

4.8, is considered. The near-field heat transfer along with the switching factor between a

semi-infinite VO, emitter and a free-standing VO, thin-film receiver (i.e., vacuum

substrate) is calculated as a function of the film thickness for both the “on” (i.e., Ty = 341

K) and “off” modes (i.e., Ty = 342 K). The gap distance is considered to be d = 300 nm,

at which the switching factor has a minimum between two semi-infinite VO, plates as

shown in Fig. 4.6, aiming to further enhance thermal switching effect with the thin-film

effect.
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Figure 4.8 The thickness effect of the thin VO, receiver on the radiative heat fluxes for

both “on” and “off” modes as well as the switching factor at the vacuum gap of d = 300

nm. Inset is the schematic of the 4-layer vacuum thermal switch consisting of a semi-

infinite VO, emitter and a free-standing VO thin receiver with thickness ts.
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As shown in Fig. 4.8, both the radiative heat fluxes for the “on” and “off” modes
increase monotonically when the film thickness t; increases from 1 nm to 10 um, which
is simply due to the increase in the volume of receiving material. At the vacuum gap d =
300 nm, a uniaxial insulating VO, film with 10-um thickness can still not be considered
to be semi-infinite. For thin-film thickness smaller than the penetration depth, the SPhPs
at both interfaces of thin-film VO, receiver can also couple with each other inside the
thin film, in addition to the coupled SPhPs across the vacuum gap between two insulating
VO, [19]. When t3 increases from 1 nm to 20 nm, both the heat fluxes have the same
dependence on the film thickness, which results in a nearly constant switching factor of

® = 0.7. For sub-20-nm films, when the thickness is much smaller than the vacuum gap
distance (i.e. t, < d), the SPhPs coupling inside the thin film will dominate near-field
heat transfer [89], for which the splitting of the near-field heat flux into symmetric and
anti-symmetric resonant modes could increase the number of modes in the near field.
When t3 > 20 nm, the coupling between symmetric and anti-symmetric modes becomes
weaker and the coupling of evanescent waves inside the vacuum gap becomes stronger as
the film thickness increases. Thus, the radiative heat flux at the “on” mode starts to
increase with a smaller slope around t; = 50 nm, while this occurs for the “off” mode
around t3 = 1 um or so. As a result, the switch factor @ starts to experience a reduction
with a VO, thin film at t; = 50 nm and reaches a minimum of 0.39 at t; = 1 um. When
the film thickness further increases, the thin-film effect is vanishing and the heat transfer
approaches to that between two bulks. The switching factor increases to @ =0.44 for a
10-um-thick VO, film. Clearly, the switching factor ® becomes larger when the

receiving VO, made of a thin film with thickness below 50 nm than a semi-infinite plate.
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Figure 4.9 Comparison of the switching factor between the 3-layer vacuum switch and
the 4-layer one with a 20-nm-thick free-standing thin-film receiver at different vacuum
gaps. The emitter temperature Ty is set as 341 K and 342 K for the “on” and “off” modes,

respectively.

The dependence of the film thickness clearly suggests further enhancement of the
switching effect by using a thin-film receiver. Figure 4.9 compares the switching factors
from a vacuum thermal switch in a 3-layer configuration with those from a 4-layer
configuration with a thin-film receiver of 20 nm, at a wide range of vacuum gap distances.
Clearly, when using a thin-film receiver, the thermal switching effect is greatly enhanced
over a broad range of vacuum distances from d = 10 nm to nearly 1 pm. A maximal
switching factor over 0.83 can be achieved at sub-100-nm gap. Moreover, the switching
factor is improved from ® = 0.62 to 0.83 at d = 100 nm, and from ® =0.49t0 0.78 at d =

200 nm with more than 50% relative increase. Note that, vacuum gaps of a few hundred
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of nanometers could be practically achievable. The optimized vacuum thermal switch
with a thin-film receiver would facilitate practical applications in thermal management

and thermal circuits.

4.2.6 Effect of SiO, substrate on near-field thermal switching

From a practical perspective, the thin-film VO, receiver has to be deposited on a
real substrate rather than thermal vacuum. Therefore, the effect of film substrate needs to
be studied for a practical design of a vacuum thermal switch made of VO,. Here, we
consider SiO; as the substrate material for the VO, films as an example, while other
substrate materials like Al,Os, silicon, and even metals can be analyzed in a similar
approach. The optical properties of SiO, were taken from Palik’s data [71]. Besides
considering a 4-layer vacuum thermal switch with a thin receiving film on SiO, substrate,
a 5-layer vacuum thermal switch design with both thin-film emitter and receiver on SiO,
substrate will be also investigated. The theoretical model described in Section 2.2 will be
employed for calculating the near-field radiative heat transfer between two uniaxial films
on substrates.

With SiO, substrate, the receiving film thickness (t3) effect on the radiative heat
fluxes for both “on” and “off” modes as well as the switching factor at the vacuum gap of
d =300 nm is shown in Fig. 4.10(a). Similar to the case with vacuum substrate shown in
Fig. 4.8, the heat fluxes for both “on” and “off” modes will increase with thicker films.
However, due to the presence of SiO, substrate, the growth rate (i.e., the slope) of heat
flux as a function of t3 becomes smaller, while the amplitude of heat fluxes is higher,
which can be understood by the modified reflection coefficients across the thin receiving
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film due to the SiO, substrate. Moreover, SiO; is a polar material with strong phonon
modes in the infrared region, which also helps the energy absorption in addition to the
VO, thin film. As a result, the thermal switching factor at d = 300 nm increases slightly
to @ = 0.48 with the SiO, substrate compared to @ = 0.45 with vacuum substrate at the

same receiving film thickness t3 = 50 nm.
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Figure 4.10 The radiative heat fluxes for both “on” (Ty = 341 K) and “off” modes (Ty =
342 K) as well as the switching factor at the vacuum gap of d = 300 nm: (a) the thickness
effect of the thin VO, receiver (t3) on SiO, substrate with a semi-infinite VO, emitter; (b)
the thickness effect of the thin VO, emitter (t;) with receiver thickness t3 = 50 nm, both of

which are deposited on SiO, substrate.

Finally, the thin-film and substrate effects for the emitter at the same vacuum gap
distance d = 300 nm are also investigated. Figure 4.10(b) plots the radiative heat fluxes at
varying emitting film thickness t; with the receiving film thickness t; = 50 nm for the
proposed 5-layer radiative thermal switch design as illustrated in the inset. The radiative
heat transfer is enhanced with a thin-film emitting VO, on SiO, substrate, in particular,
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for the “off” mode for which the emitting VO, film is metallic. More interestingly, the
radiative heat flux for the “off” mode (Ty = 342 K) actually becomes larger than that for
the “on” mode (Ty = 341 K) with sub-10-nm ultrathin emitting films. Note that, as both
the emitter and receiver are on SiO, substrate, the coupling between the emitting SiO,
substrate to the receiver start to dominate the near-field radiative transport across the
vacuum gap when the emitting VO, is extremely thin. Therefore, the optical property
change due to the phase transition of the ultrathin VO, emitting film has negligible effect
on the near-field heat transfer. The larger heat flux at the “off” mode than the “on” mode
is simply due to the higher emitter temperature, resulting in negative switching factors.
However, when the emitting VO, film is thicker, the coupling of the VO, film to the
receiver becomes dominating. As a result, radiative heat fluxes at both modes decreases,
and more importantly, the heat flux at the “off” mode decreases in a faster pace, which
can be easily understood by the growing phase transition effect of VO, on modulating
radiative heat transfer. The switching factor @ increases with larger emitting film
thickness, reaches a maximum of almost 0.5 at t; = 500 nm, and then saturates around
0.48, approaching the semi-infinite emitting VO, case with disappearing effect of film
thickness. The effects of thin-film and substrates provide practical insights for
experimental demonstration and further optimization of the proposed near-field radiative

thermal switch in the future.

4.3 Graphene Based Near-Field Radiative Thermal Modulator
In this study, a hybrid near-field radiative thermal modulator made of two
graphene-covered SiC plates separated by a nanometer vacuum gap is proposed. SiC is
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chosen because it can support surface phonon polaritons in the mid-infrared, and
graphene layers can be directly synthesized on the C-terminated SiC surface by thermally
evaporating Si atoms [91, 92]. Similar to other graphene based near-field radiative
transfer modulation, the proposed opto-electronic thermal modulator possesses fast
operating speed, which is in principle only limited by electronics and not by the thermal
inertia. To analyze the thermal modulation and switching functionalities, newly
introduced quantities of the modulation factor, the sensitivity factor and the switching
factor are studied extensively in a large parameter range for both graphene chemical
potential and vacuum gap distance. As shown in Fig. 4.11, the SiC plate with a higher
temperature (Ts = 400 K) and that with a lower temperature (Tp = 300 K) respectively act
as the thermal emitter and receiver, separated by a vacuum gap with distance d.

The proposed radiative thermal modulator is realized via external voltage biases
(i.e., Vge for the emitter graphene and Vgr for the receiver graphene as depicted in Fig.
4.11) to tune chemical potentials of these two graphene sheets, which in turn modulate
the near-field radiative heat flux, to be explained in detail below. Metallic layers
deposited at the backsides of SiC plates are used as ground electrodes. Recent
experimental progresses have succesfully demonstrated near-field radiation
measurements between two flat surfaces separated by nanometer gaps [93-95].
Modulation of near-field spectral radiative flux with graphene chemical potentials will be
first presented and the underlying physical mechanism is elucidated with fluctuational
electrodynamics and dispersion relation of surface modes. Thermal modulation and

switching effects, which are the key functionalities required for a thermal modulator, are
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quantitatively realized and analyzed when the chemical potentials of emitter graphene

and receiver graphene are the same or varied independently.

Graphene sheet

Figure 4.11 Schematic of proposed near-field radiative thermal modulator. The two SiC
plates covered with monolayer graphene represent the thermal emitter and receiver,
whose temperatures are set as Te = 400 K and Tr = 300 K, respectively. The vacuum gap
distance between the thermal emitter and receiver is denoted as d. Metal plates deposited
at the backsides of SiC plates work as ground electrodes, for which voltage biases Vge
and Vgr are applied to respectively tune the chemical potentials of the emitter and

receiver graphene sheets.

Fluctuational electrodynamics based on the stochastic nature of thermal emission
[63] is used to calculate the near-field radiative heat flux of proposed radiative thermal
modulator at different chemical potentials of both graphene sheets. When the SiC
substrates are covered with graphene sheets, the Fresnel reflection coefficient at the
interface between vacuum and medium i separated by a monolayer of graphene can be

expressed as follows with the graphene surface conductivity [55, 96, 97]
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where g and uo are respectively the absolute electric permittivity and magnetic
permeability of vacuum, and o is the electrical conductivity of graphene sheet, whose
expression can be found in Section 2.1. The dielectric function of bulk SiC is described

by a Lorentz oscillator model as [64]

2 2
(@)= Yo~ %o 4.4
Esic(@) =¢&,(1+ PP a)z) (4.4)

where &, = 6.7 is the high-frequency constant, ey o = 1.83x10"* rad/s is the longitudinal
optical-phonon frequency, wro = 1.49x10'*rad/s is the transverse optical-phonon

frequency, and = 8.97x10"" rad/s is the scattering rate at room temperature.

4.3.1 Modulation of spectral near-field radiative flux with x

Let us first consider the symmetric case, in which both graphene sheets have the
same chemical potentials, i.e., g = ur = w. Figure 4.12(a) shows the spectral heat fluxes
at d = 10 nm between the thermal emitter and receiver both covered by monolayer

graphene with different x values from 0 to 0.5 eV. Note that, the near-field spectral heat
flux , between two bare SiC plates exhibits a narrow peak with an amplitude around

300 nW-m-(rad/s)™* at wsprp = 1.78x10™ rad/s, which was well understood as the

surface phonon polariton (SPhP) coupling between SiC plates [7]. However, when
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graphene with # = 0 eV is coated onto both SiC plates, the high narrow peak at @sphp
disappears, while two broad spectral peaks with smaller magnitude around ¢, = 10

nW-m(rad/s)™* emerge with each at lower or higher frequencies along with a dip around
apnh. The decrease of the spectral heat flux is caused by the suppression of SPhP coupling
by the graphene plasmon, while similar behavior was observed for graphene covered
Si0O; plates [52]. Similar to the peak splitting of near-field spectral heat flux between two
graphene-covered SiC plates, the splitting of local density of state at small distances from
graphene covered SiC surface was also observed previously from the dispersion relations
of surface modes [98]. The replacement of a single sharp spectral heat flux peak between
bare SiC plates with two broad ones after covering graphene will enhance the total near-
field radiative heat flux. When graphene chemical potential increases from 4= 0 to 0.5
eV, the low-frequency spectral peak becomes narrower and shifts from @, = 4.5x10%
rad/s to 1.3x10™ rad/s, while the high-frequency mode becomes broader and moves from
@, = 1.8x10™ rad/s to 2.7x10™ rad/s. The shift of spectral heat flux peak to higher
frequencies with greater chemical potentials is due to the y effect on graphene plasmon,
which varies the optical properties of graphene in the infrared regime. One the other hand,
the chemical potential has little influence on the spectral heat flux dip around apn.

It is known that the near-field radiative transfer between bare SiC plates is
dominated by p-polarized evanescent waves where the SPhP coupling can be excited. For
graphene-coated SiC plates, it is clearly shown in Fig. 4.12(b) that the p-polarized waves
dominate the total near-field radiative transfer. The spectral heat flux g, from p

polarization could be up to six orders of magnitude higher than that from s polarization in
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most of spectral range considered here except at @ = 1.47x10™ rad/s, where the spectral
heat flux from s polarization is slightly larger due to epsilon-near-pole mode of bulk SiC.
Similar phenomenon is also observed in the local density of state near the graphene-

covered SiC surface [98].
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Figure 4.12 (a) Near-field spectral radiative heat fluxes g, between the thermal emitter

and receiver at a vacuum gap of d = 10 nm when both the graphene sheets have the same
chemical potential, i.e., 4= = ur. The spectral heat flux between two bare SiC plates
without graphene is also plotted for comparison. (b) The spectral heat flux from s-
polarized, p-polarized, and unpolarized waves are presented separately for graphene-

covered SiC plates with g = g =0eV at d = 10 nm.

4.3.2 Near-field transmission probability and dispersion relation
The underlying mechanism for the peak splitting and shifting on Q, with
graphene coating is investigated through the contour plots of p-polarized transmission

probability function at different chemical potential « values, as presented in Fig. 4.13.

The bright region represents the photon tunneling enhancement, which would lead to the
91



total heat transfer improvement. The vacuum gap distance is still set at d = 10 nm. It is
well known that between two bare SiC plates, two branches of SPhP coupling exist
around wsprp = 1.78x10™ rad/s [7]. However, due to the existence of graphene, the SPhP
coupling disappears. Instead, four resonance branches that form two enhancement bands
are observed from graphene-covered SiC plates for a given graphene chemical potential.
Previous studies on the near-field coupling of graphene plasmon between graphene sheets
on vacuum, doped silicon, or silica substrates only exhibited two resonant modes in the

frequency-wavevector domain [52, 53, 55].
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Figure 4.13 Contour plots of near-field transmission probability function between the

thermal emitter and receiver at different chemical potentials applied to both graphene
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sheets with the values of & = ur as: (2) 0 eV, (b) 0.1 eV, (c) 0.3 eV, and (d) 0.5eV. The
dispersion curves at the vacuum gap d = 10 nm are also plotted for confirmation of

excitation of surface plasmon between graphene-covered SiC plates.

As the graphene chemical potential z increases from 0 eV to 0.5 eV, both
enhancement bands shift towards higher frequencies. For the high-frequency modes
starting from around @, = 2x10™ rad/s, it will extend to around @, = 5x10* rad/s at x =
0.5 eV. The enhancement band becomes broader and transmission coefficient peak shifts
to higher frequency, which is consistent with the observation in Fig. 4.12(a). However,
for the low-frequency modes, a further increase of chemical potential beyond = 0.3 eV
will not shift the resonance modes any more. Due to the suppression of SPhP modes, the
low-frequency resonance modes caused by graphene SPP coupling have a saturation
frequency around @ph.

To further confirm the effect of graphene plasmon on the near-field resonance
modes, the SPP coupling dispersion curves between two graphene-coated SiC plates are
plotted by zeroing the denominator of p-polarized transmission coefficient [99]

1-rPrbe? =0 (4.5)
As shown in Fig. 4.13, there are four dispersion curves for a given w value, which
matches well with the four branches of enhanced transmission coefficient, confirming the
effects of graphene plasmon on the near-field radiative transfer. When g >> w/cy, i~ 5 =

i. The Fresnel reflection coefficient for p-polarized waves in Eq. (4.3a) can be

& —1+ipo(w)/ (we,)
& +1+ipo(w) ! (we,)
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will be approaching to 1 with diminishing imaginary part, which will result in the
decrease of transmission probability function to zero. As graphene chemical potential
increases, Im(o) will also increase, which results in the shift of the transmission
probability function enhancement to higher angular frequency as presented in Fig. 4.13.
4.3.3 Characteristics of a near-field radiative thermal modulator

Let us now investigate major functionalities like thermal modulation and

switching of heat flow from the proposed structure as a near-field radiative thermal

modulator. The total radiative flux q = quda) is obtained after integration with respect
0

to angular frequency from @ = 1x10" rad/s to 5x10™ rad/s as a function of chemical
potential (x= e = ur). The angular frequency integration range is chosen to include both
SiC surface phonon and graphene plasmon, which can significantly enhance near-field
radiative heat transfer as shown in Fig. 4.12. The spectral heat flux outside the considered
frequency range is more than 2 orders of magnitude smaller than the spectral peak values,
and therefore is negligible to the total heat flux. In order to quantify the thermal
modulation effect of total radiative flux with graphene chemical potential 1, we introduce
a dimensionless modulation factor as,

Q:CI(,US,,UD)/QO (46)

where q, is the total heat flux when e = g = 0, which is considered as a reference here.
At the vacuum gap of d = 10 nm, g, =1.8 MW/m? for graphene-covered SiC plates in

comparison with Qg = 1.05 MW/m? between two bare SiC plates. Instead of total
radiative heat flux, the normalized modulation factor Q is shown in Fig. 4.14(a) as a
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function of graphene chemical potentials s = g. When u increases from 0 eV, the
modulation factor monotonically increases from 1 to the maximum €, = 2.18 at u =
0.15 eV, and then decreases to the minimum Q_; = 0.29 at # = 1 eV. In addition, the
total radiative heat flux q at a vacuum gap of 100 nm, which is more practical to achieve
than a 10-nm gap, is also calculated with different graphene chemical potentials while g,
has a smaller value of 22.6 kwW/m?®under z= = ur = 0. However, the modulation factor
Q at d = 100 nm increases up to ,,, =2.52 at = 0.75 eV and then saturates around 2.5

up to 1 eV. Interestingly, by applying non-zero symmetric chemical potentials on
graphene sheets, the radiative flux can be either amplified (i.e., Q2 > 1) or suppressed
(i.e.,, Q< 1) at 10 nm vacuum gap. On the other hand, the radiative heat transfer can only

be amplified at 100 nm gap distance if 1 and wr are tuned identically.
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Figure 4.14 (a) Radiative heat modulation factor Q = g/qo and (b) sensitivity factor ¥ as a
function of the identical chemical potential applied to both graphene sheets, i.e., e = i,

at different vacuum gap distances of d = 10 nm and 100 nm.
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In order to describe how sensitive the change of radiative heat flux is to the
increment of graphene chemical potential, a sensitivity factor ‘' is defined as

Y =09/ dup 4.7

which is essentially the slope of the total heat flux curve as a function of chemical

potential. As shown in Fig. 4.14(b), at d = 10 nm when g increases from 0 eV to 1 eV,

the sensitivity factor increases first to the maximum Wpa = 24.4 MW-m?2.eV? at ur =

0.06 eV, then decreases to 0 at 0.15 eV, where the total heat flux qreaches the maximum.

As 1 is beyond 0.15 eV, the sensitivity factor becomes negative due to the monotonous
decrease of total heat flux with the increase of graphene chemical potential. The
sensitivity factor achieves the minimum value of Wi = —10.4 MW-m™2-eV™* at 1z = 0.06
eV, and then monotonically increases to —0.77 MW-m?-eVat 1 eV. When the vacuum
gap distance changes to d = 100 nm, the total heat flux is about 2 orders of magnitude
smaller than that at d = 10 nm due to the weaker surface plasmon coupling when the
thermal source and drain are further apart. The sensitivity factor achieves Wmax = 0.12
MW-m?2.eV?! at 1z = 0.08 eV, monotonically decreases to zero at uz = 0.75 eV, and

finally reaches Wmin=—-9.7 kW-m?2.eV?* at zr = 1 eV.
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Figure 4.15 The maximum and minimum total heat fluxes along with the resulting
thermal switching factor @ as a function of vacuum gap distance d when the symmetric

graphene chemical potentials (u& = 1) vary between O and 1 eV.

If the maximum Q. =€2,,,% and minimum total radiative flux 0, =€,,0, are

respectively treated to be the “on” or “off” mode to allow or forbid the heat flow to pass,
the proposed thermal modulator could realize the function of thermal switching. To
quantify how effectively the device could switch the heat flow, a switching factor defined

as

O =1=0n / Qe =1 =y 1 Qs (4.8)
Therefore, a switching factor @ = 0.87 is achieved at d = 10 nm with Q. = 3.92 MW/m?
(1 = pr = 0.15 eV) and q,;, = 0.52 MW/m? (e = iz = 1 eV). @ = 0.60 is for d = 100 nm

where 0., = 56.7 kW/m? (ue =z = 0.75 eV) and Q. = 22.6 kW/m? (1 = iz = 0 eV).
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Figure 6 presents 0, » Upin » @nd @ at different vacuum gap d from 10 nm to 1 um when
both graphene chemical potentials xe = 1 are varied symmetrically between 0 to 1 eV.

The monotonic decrease of both (,,, and J.;, can be understood by weaker near-field

coupling across the vacuum gap as the thermal emitter and receiver move further away.
However, different from qmax, Which keeps increasing monotonically as d decreases, (min
saturates at d < 20 nm. The reason can be explained as that due to the strong SPP
coupling between graphene sheets for gmax, additional heat transfer modes are always
available as d decreases, while for gmin, the weakest SPP coupling sets a limit to the
number of heat transfer modes, which results in the saturation of gmi, at d < 20 nm [99].
Consequently, the switching factor ® drops from 0.87 at d = 10 nm to 0.60 at d = 32 nm,
stays around 0.62 till d = 100 nm, and then quickly decreases to 0.05 at 1 um vacuum gap.
The decrease of switching factor at d > 100 nm is because of the weaker impact of
graphene chemical potential on modulating the radiative heat transfer as the near-field
coupling becomes weaker at larger gap distances. The gap dependence suggests practical
vacuum gaps between 32 nm to 100 nm for a thermal modulator with both strong

switching effect and high near-field radiative flux.

4.3.4 Impact of asymmetric chemical potentials (ue # tr)

In order to possibly obtain stronger thermal modulation and switching effects, we
now consider different chemical potentials of the graphene sheets on the thermal emitter
and receiver, i.e., U # Uy . Figures 4.16(a) and 4.16(b) present the contour plots of

modulation factor Q as a function of 4 and g, independently varied from 0to 1 eV atd
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=10 nm and 100 nm, respectively. Clearly, the largest modulation in near-field radiative
flux is obtained at 4= = & under which the surface plasmon coupling is strongest due to

best-matching optical properties between graphene covered thermal emitter and receiver.
The maximum modulation factor Q,, is 2.18 at g = ur = 0.15 eV for d = 10 nm and

2.52 at 0.75 eV for 100 nm gap distance. However, with asymmetric chemical potentials,

the near-field radiative flux could reach smaller values due to weaker coupling, leading to

a smallest modulation factor Q. = 0.06 at d = 10 nm with asymmetric chemical
potentials (e = 1 eV, ur = 0.15 eV), which is much lower than Q_, = 0.29 with

symmetric z’s. Similarly, at d = 100 nm, a smaller Q' = 0.38 is under with £ = 1 eV

and gz = 0.12 eV. Obviously, the asymmetric structure provides more flexibility to
modulate the heat flux between the thermal emitter and receiver. As a result, larger
switching factors @’ = 0.97 and 0.85 are obtained respectively at d = 10 nm and 100 nm

with asymmetric tuning of emitter and receiver graphene chemical potentials.
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Figure 4.16 Contour plots of the modulation factor Q = g/qo between the thermal emitter
and receiver under the asymmetric case as a function of different chemical potentials
applied to the two graphene sheets at a vacuum gap of (a) d = 10 nm and (b) 100 nm.
Contour plots of thermal sensitivity factor ¥ as a function of asymmetric emitter and
receiver graphene chemical potentials £ and w4 at a vacuum gap of (¢) d = 10 nm and (d)

100 nm.

The thermal sensitivity factors W under asymmetric chemical potentials are
shown in Figs. 4.16(c) and 4.16(d) respectively for 10 nm and 100 nm vacuum gaps.

Note that for asymmetric case, YV is defined as the derivative of q to & as shown in Eqg.

(4.7), while £ is fixed at a constant. It can be clearly observed that the amplitude |‘P| §
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almost symmetric along the diagonal line where e = ur, while W is positive with
increasing heat flux when e > g, and vice versa. Compared to the symmetric case, a

much higher maximum thermal sensitivity factor W' =50.2 MW-m™.eV™ is achieved
at 4 = 0.16 eV and g = 0.12 eV for d = 10 nm. While for d = 100 nm, ¥/ =0.4

MW-m?2.eV* is achieved at 2 = 0.15 eV and zr = 0.12 eV.
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CHAPTER 5 NEAR-FIELD MAGNETIC POLARITONS EXCITED IN
NANOMETRIC VACUUM GAP

It has been demonstrated during the last decade that radiative transfer could be
significantly enhanced when distance between two objects is smaller than the
characteristic thermal wavelength due to photon tunneling or coupling of evanescent
waves [43, 44, 64]. In particular, near-field radiative flux could far exceed the blackbody
limit by the resonant coupling of surface plasmon/phonon polaritons (SPP/SPhP) across
the vacuum gap both theoretically and experimentally [99, 100]. Recently, excitations of
magnetic SPhP [101, 102], hyperbolic modes [78, 103, 104], and epsilon-near-pole or
epsilon-near-zero modes [105] with different types of metamaterials have also been
studied to further improve the near-field radiative flux. Moreover, compared to the case
of two plates, the near-field radiative transport between two gratings can be further
enhanced due to guided modes [106] and spoof surface plasmon polaritons [107] between
two Au gratings at a large vacuum gap distance of 1 um, and hyperbolic modes between
two doped silicon gratings [108]. Near-field thermal radiation could find many promising
applications in energy-harvesting [64, 109], near-field imaging [110], and thermal
management [47, 50, 72, 111-113]. Several experimental methods have been reported to
measure near-field radiative heat flux between planar surfaces at sub-micron vacuum

gaps [93-95].

5.1 Spectral Heat Flux
5.1.1 Spectral heat flux at d = 100 nm and numerical validation
Magnetic polaritons (MP) refer to the strong coupling of external electromagnetic
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waves with the magnetic resonance excited inside the nanostructures. MP artificially
realized with metallic micro/nanostructures has been employed to control light
propagation and tailor exotic optical and radiative properties in the far field, such as
thermophotovoltaic emitter [74], and switchable or tunable metamaterial [28, 29].
Phonon-mediated MP have also been excited in both SiC deep grating and binary grating
configurations as well [81]. On the other hand, the MP excitation has been achieved in
the SiO, spacer between two Ag binary gratings [114]. In comparison to SPP/SPhP that
has been well studied for tailoring both far- and near-field thermal radiation, magnetic
resonance or MP has only been investigated for controlling far-field thermal radiation
while its role in near-field radiative transport has yet to be identified. In this section, we
will theoretically investigate the possible effect of MP in near-field radiative transfer

between two metallic grating microstructures separated by a vacuum gap d below 100 nm.

(a) (b) 12 . . . '
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Figure 5.1 (a) Schematic of radiative transfer between two symmetric, perfectly aligned
metallic gratings with parameters of period (A =2 um), depth (h = 1 um), and ridge

width (w = 1 um). The Drude emitter and receiver temperatures are respectively set as Ty,

and T,. The vacuum gap distance is denoted as d. An equivalent LC circuit model and the
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resulting electrical current loops in the vacuum gap at excitation of magnetic polariton
(MP) are also depicted. (b) Spectral heat fluxes between these two perfectly aligned
metallic gratings at different emitter temperatures when the receiver is separated by a

vacuum gap of d = 100 nm and maintained at T, = 300 K.

As depicted in Fig. 5.1(a), the gratings are assumed to be perfectly aligned with
period, depth, and ridge width respectively as A =2 um, h =1 um, and w = 1 um, which
are kept unchanged in the present work unless specified. Vacuum is considered to be in
the grating grooves, while the metal filling ratio is then f = w/A = 0.5. The temperatures
of the emitter and receiver are set as T, and T,, respectively. Note that an equivalent
inductor-capacitor (LC) circuit model, which has been widely used to predict the MP
resonance frequency in far field [114], is also shown in Fig. 5.1(a) along with the
resulting current loop. The question is that whether MP resonance can be excited in the
nanometer vacuum gap to spectrally enhance near-field radiative transfer. To address this
question, the scattering formalism [115-117] that is incorporated into fluctuational
electrodynamics with rigorous coupled-wave analysis (RCWA) [60, 61] is employed to

rigorously calculate the near-field radiative flux. The dielectric function of the metals is

2

[0
> ®— where wis the angular frequency,
o +lyw

described by a Drude model as &g, 4 (@) =1—

the plasma frequency is @, = 1.37x10" rad/s, and scattering rate is y =

7.31x10" rad/s[14], which are taken from the material properties of gold at room
temperature as an example here. While the present study mainly focuses on the

explanation of the physical mechanism and behavior of MP resonance in the near-field
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radiative transfer, similar MP excitation is expected to occur with other metals like Ag,
Al, W [26, 27, 32], as well as some refractory plasmonic materials like ITO, AZO and
TiN, which could possibly withstand high temperatures up to 3250 K [11].

Through the exact scattering theory, near-field spectral radiative transfer between

two gratings is expressed as [118, 119]

1

qW:2_p3|:Qh(W1Th)' Q|(W’T|'):U0 J.:X(W’kxo'ky)dkydkxo (51)

where ®(a),T) zi‘zco/(e"""’kﬂT —1)is the Planck oscillator, and kyo and ky are the incident

wavevector components at the grating surface in the x and y directions, respectively. The

energy transmission coefficient &, kyo, ky), which considers all the polarization states, is

E(m Kk, )=tr(DWD'W,) (5.2a)
D=(1-SS,)" (5.2b)

W, =Z% —S,Z7'S] +5,5% 7S] (5.2¢)
W, =3P —SIZMS, +SIse -3, (5.2d)

where D is the so-called Fabry-Perot denominator considering multiple reflection
between two gratings, Wi indicate the photon absorption, S, =R,, and S, =e**‘R e"" .

R; and R; are the reflection operators of the two gratings, which can be obtained through
27 . : :

RCWA method [60-62]. k™ =k, +n% is defined according to the Bloch wave

condition. n runs from —N to N, where N is the highest diffraction order. The operators

1 . .
3 pulew =EkZ"HpW’eW, where TT™*are the projectors on the propagative and evanescent

105



sectors, were clearly defined in Ref. [118]. To ensure the numerical accuracy of the
calculation with reasonable computational time, a total of 51 angular frequency values
evenly spanned from 3x10™ rad/s to 8x10 rad/s was considered, while 21 and 121 data
points were respectively used for ko and ky with the upper limit of k, set as 100aw/c at d =
100 nm. A total of 361 diffraction orders (i.e., N = 180) were applied to calculate the
spectral heat flux with a relative error smaller than 5% compared to that obtained with N
= 300. The numerical results obtained by the scattering matrix theory are treated to be
rigorous.

Figure 5.1(b) presents the spectral heat fluxes between two metallic gratings at a
vacuum gap distance of d = 100 nm with different emitter temperatures T, from 1000 K
to 2500 K when the receiver temperature is fixed at T, = 300 K. There clearly exist two
spectral heat flux peaks around angular frequencies of 4.3x10 rad/s and 6.5x10™ rad/s.
As Ty increases, the spectral peak locations surprisingly do not change, while the peak
amplitudes are greatly enhanced mainly due to more energetic Planck oscillator at higher
temperatures. For example, the spectral heat flux q,, at the frequency of 6.5x10" rad/s
could reach as high as 1.1x10™° J/rad m? at T, = 2500 K. Note that, the angular
frequency of 6.5x10* rad/s corresponds to 0.43 eV in energy, thus the observed spectral
heat flux peaks could possibly greatly improve the thermophotovoltaic (TPV) energy
conversion by spectrally enhancing photon transport above the bandgaps of TPV cells
(e.q., InyGa;xAs with band gaps varying from 0.36 eV to 1.42 eV).

To validate our numerical calculations, we used our algorithm to calculate the
radiative heat transfer between two Au gratings with large gap distances in Fig. 5.2 to

compare the results in Ref. [106]. This figure shows the transmission coefficient between
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two gold gratings as a function of angular frequency at a single wavevector point of k =
(m/2A, 0). The parameters are grating period A = 2.5 um, width w = 1.25 um, depth h =
1.5 um and the vacuum gap distance is d = 1 um. The results show consistency when
compared with those in Ref. [106], which validates the numerical method in our work.

Note that the same dielectric function for gold has been used to reproduce the results.

i U WU

0 2 4 6 8 10
w (x10" rad/s)

Figure 5.2 The spectral transmission factor between two gold gratings at the vacuum gap
distance d = 1 um with period A = 2.5 um, grating width w = 1.25 pm and corrugation

depth h =1.5 um.

5.1.2 Spectral heat flux at different vacuum gaps and comparison with PA and EMT

In order to understand the physical mechanisms responsible for these two spectral
heat flux peaks, we first investigate the spectral heat fluxes at different vacuum gap
distances of d = 100 nm, 50 nm, 20 nm and 10 nm as shown in Fig. 5.3. As the Planck
oscillator only considers the effect of temperature, the spectral heat flux g, is normalized

to the Planck oscillator difference ®, —®, in order to directly indicate the effects of

materials and structures on the radiative transfer, which would better reveal the
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underlying mechanisms. It can be clearly observed from Fig. 5.3(a) that, at a vacuum gap
distance of d = 100 nm, there are two peaks of normalized spectral heat flux at angular
frequencies of 4.3x10™ rad/s and 6.5x10 rad/s, respectively. When d decreases to 50
nm the larger peak shifts to @ = 6.0x10™ rad/s, and further to 5x10™ rad/s at d = 20 nm.
However, when d becomes 10 nm, there are two spectral peaks respectively at the
frequencies of 4x10™ rad/s and 7.8x10™ rad/s, in addition to the small spectral peak
around o = 4.3x10™ rad/s, whose frequency does not change at all at different vacuum
gaps but the peak amplitude increases from 0.5x10" rad®-m™ at d = 100 nm to 1x10*

rad*-m?atd =10 nm.
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Figure 5.3 Normalized spectral heat fluxes between the Drude grating emitter and
receiver at different vacuum gaps of (a) d = 100 nm, (b) d = 50 nm, (c) d = 20 nm, and (d)
d = 10 nm, obtained from the scattering matrix method (denoted as “Rigorous”) in
comparison with those from Derjaguin’s proximity approximation method (denoted as

“PA”) and effective medium theory (denoted as “EMT”).

In order to understand the physical mechanisms responsible for the normalized
spectral heat flux peaks predicted by the rigorous calculation, the Derjaguin’s proximity
approximation (PA) method, which represents a weighted approach for SPhP or SPP
coupling with different vacuum gap distances, is first considered. The spectral heat flux
between two gratings from the PA method can be weighted by the ones between two
plates with different gap distances as

9. = fxql™(d)+(@— f)xql*(d +2h) (5.3)
where g”**(L) means the spectral heat flux between two plates with a gap distance L. As

inferred by Eqg. (5.3), the PA method only considers the contributions by SPP coupling
between planar surfaces at different vacuum gap distances. This indicates that the PA
method would be accurate if coupled SPhP or SPP resonance is the only mechanism that
dominates near-field radiative transfer as discussed in Fig. 5.4. However, by comparing
the normalized spectral heat flux from the PA method to the rigorous solution in Fig. 5.2,
the PA method turns out to be accurate with good agreement with the rigorous solution
except for the angular frequencies where spectral heat flux peaks exist for d from 100 nm
to 20 nm. At d = 10 nm, the PA method fails to predict the exact values by significant

discrepancies within the entire spectrum of interests. Apparently, the PA method or the
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SPP coupling between planar surfaces cannot explain the spectral heat flux peaks that
exist between metallic gratings.

Furthermore, the effective medium theory (EMT), which considers the grating
layer as a homogeneous uniaxial medium, is also examined to see whether or not it is
responsible for the spectral enhancement. By setting the diffraction order to zero in the
RCWA algorithm, the metallic gratings are considered as effectively homogenous media
with zero-order approximation with more details discussed in Figs. 5.5 and 5.6. The near-
field radiative flux between the metallic gratings with effective media approximation was
also calculated and presented in Fig. 5.2 with different vacuum gaps. Comparing with the
rigorous method, the EMT method overpredicts the normalized spectral heat flux by one
order of magnitude, which is due to the enhancement from the hyperbolic modes
unnecessarily predicted by the effective medium treatment [See the Supplemental
Materials]. After all, EMT is inherently a homogenization approach which cannot take
into account the local resonance modes like coupled SPP or MP that could possibly occur
within the vacuum gap [108, 120, 121]. Therefore, effective medium approximation
cannot explain the unusual radiative transfer between the metallic gratings across
ultrasmall vacuum gaps, while physical mechanisms other than coupled SPP or EMT
have to be identified and understood.

Derjaguin’s proximity approximation (PA) method represents a weighted
approach when coupled SPP or SPhP modes are the main mechanisms for the radiative
transport across nanometer vacuum gaps. It is expected that, the PA method should be

able to predict the radiative heat transfer between grating structures reasonably accurately
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without magnetic polariton excitation in comparison with the rigorous results from the
scattering matrix method.

Figure 5.4 shows the normalized spectral heat fluxes obtained from both the
scattering matrix theory and the PA method between either two SiO, gratings or metallic
gratings. As shown in Fig. 5.4(a), the SPhP coupling between SiO, gratings at d = 100
nm can be predicted well by both scattering theory and PA method [2]. Even considering
the spectral heat flux between two metallic gratings (A =2 um, w =1 um, h =1 um) in
Fig. 5.4(b), the results are also consistent between the rigorous method and the PA
method at the lower angular frequency range where magnetic polariton excitation is
absent. This also further validates numerical calculations from the scattering matrix

method with grating structures in this work.
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Figure 5.4 Normalized spectral heat fluxes between (a) two SiO, gratings and (b) two
metallic gratings (denoted as rigorous) at vacuum gap of d = 100 nm. The SiO, grating

geometry is A = 0.5 um, w = 0.2 um and h = 0.5 um, which follows that in Ref. [2],
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while that for metallic gratings is A =2 um, w =1 um and h = 1 um. The normalized

spectral heat flux obtained from the PA method is also present.

On the other hand, the radiative heat transfer between two metallic gratings can be
approximated using the effective medium theory (EMT), which homogenizes the grating
layer as a uniaxial thin film. The effective dielectric functions of the homogenized grating

region are expressed as

b= (=)t ey f (5.42)
- fm 5.4b
T A e+ T (540

where the subscript “O” and “E” denote the ordinary and extraordinary component of
dielectric function, respectively. As the optical axis of considered grating structure is

along x axis, it gives e, =&, and e, = ¢,, = &,. The real parts of both components for a

filling ratio of f = 0.5 are presented in Fig. 5.5. Clearly, & < 0 and & > 0 at the frequency

range 3x10™ rad/s < w < 8x10™ rad/s, indicating hyperbolic behavior within this spectral

region.
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Figure 5.5 Real parts of effective dielectric functions of metallic gratings: (a) ordinary

component & and (b) extraordinary component . Note that the filling ration is f = 0.5.

A straightforward way to treat grating layer as an effectively homogenized layer
is to set the diffraction order in the RCWA method to be 0, as the Oth order solution of
the rigorous method basically considers the grating as an effective medium. The same
approach has also been applied to calculate near-field radiative transfer between other
nanostructures previously [120]. However, it should be noticed in Eq. (5.1) for the
rigorous method that the integration range for ky, which is from 0 to w/A, can be
extended to a much larger ky range through Bloch wave condition k™ =k , +2nz/A for
periodic gratings with sufficient diffraction orders N. However, when N = 0 is set for the
EMT calculation by treating the periodic gratings as a homogenous layer, a sufficiently
larger range is needed for kyo in order to ensure the calculation accuracy instead of the
previous ko range from 0 to w/A. The convergence check on the kyo range for the near-
field radiative transfer with effective medium approximation was performed by
increasing the number of data (or mkyo) and the upper limit (or Ky max) ON kyo. Note that
51 angular frequency data points are evenly distributed from 3x10™ rad/s to 8x10** rad/s,

and a total of 1000 data points is set for k, from 0 to 20/c, at each angular frequency.
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Figure 5.6 Normalized spectral heat fluxes between two metallic gratings at d = 10 nm
through the effective medium method with different ranges for ky. The dielectric
function of the metal follows the Drude model. The grating geometry is A =2 um, h =1

pum, w =1 um.

Figure 5.6 presents the normalized spectral heat flux between two metallic
gratings at d = 10 nm with different ks ranges. It can be clearly observed that the
calculation is converged with Ky max = 100a@/cy and mky = 301, which has a relative
difference within 3% compared to that with ki max = 150@/Co and mkyy = 451. The
computation time is about 2 hours on a workstation with a 12-core 3.1 GHz processor and
64 GB memory. Similar convergence check has been done for all other vacuum gap

distances to ensure the accuracy.

5.2 Contour Plot of Transmission Coefficient

5.2.1 Effect of vacuum gap distance and substrate
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To gain a better idea on the radiative transfer between the Drude grating emitter
and receiver, the contour plots of transmission coefficient in the @ - kyo domain under ky =
0 from the rigorous method are presented in Fig. 5.7 at corresponding vacuum gap
distances. Multiple bright horizontal bands, which are independent of ky and indicate the
enhanced near-field radiative transfer channels, can be clearly observed. Among different
vacuum gap distances, the one at » = 4.3x10™ rad/s barely shifts with different d values,
which is corresponding to the smaller spectral heat flux peak at the same frequency
observed in Fig. 5.3. As intensively discussed in Ref.[106], this is associated with the
guided mode, whose resonance condition strongly depends on the cavity depth, i.e. H =
2h+d. Note that the grating depth is h =1 um, which is much larger than the sub-100-nm
vacuum gap distances considered here. Therefore, it can be understood that, the guide
mode would not shift when d varies from 100 nm to 10 nm as z = 4. However, the
same theory of guided modes cannot explain the brighter and broader resonance mode
around o = 6.5x10™ rad/s at d = 100 nm, which clearly shifts to lower frequencies with
smaller d. As the coupled SPP, effective medium and guided modes cannot explain this
particular unusual spectral enhancement between metallic gratings, could it be associated

with possible excitation of magnetic resonance or MP?
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Figure 5.7 Contour plots of energy transmission coefficient (&) between the Drude

grating emitter and receiver at vacuum gaps of (a) d = 100 nm, (b) d =50 nm, (c) d = 20
nm, and (d) d = 10 nm. The base geometric parameters of the metallic gratings are A = 2
um, w =1 um, and h = 1 um. Note that ky = 0 is assumed and kyo is normalized to the
first Brillouin zone. The LC circuit model prediction of MP resonance conditions is

shown as green triangles.

In order to verify our hypothesis of MP resonance, an equivalent LC circuit is
employed to analytically predict the resonance conditions of MP between two metallic

gratings in near field [114]. Note that the LC model, based on the resonant charge
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distributions, has been successfully employed to verify the physical mechanisms of MP
modes in metal-insulator-metal (MIM) nanostructures in selective control of far-field
thermal radiation . After all, the nanometer vacuum gap between the Drude grating
emitter and receiver here forms similar MIM configurations. Here, the inductance of the

metallic gratings can be expressed as L=L_+L,, where the first term L =0.5zwd

accounts for the mutual inductance of two parallel plates with width w separated by a
distance d, and the kinetic inductance L, =a)/(80a)§5) considers the contribution of

drifting electrons. Note that 4y and & are the permeability and permittivity of vacuum,
while 6= A/2nk is the field penetration depth with x being the extinction coefficient of
the metal. On the other hand, the parallel-plate capacitance between the upper and lower
metal ridges can be expressed as C, =c,g,w/d, where c; = 0.22 is the correction factor
considering non-uniform charge distribution [114]. The capacitance between left and

right metal ridges is denoted as C, = gh/(A—w). Thus, the resonance frequency for the

fundamental MP mode can be obtained when the total circuit impedance reaches zero:

o :1/\/(|_m +L,)(C, +C,) (5.5)

With the base grating geometries as A =2 um, w =1 um, h = 1 um, the MP1
resonance frequencies between the Drude grating emitter and receiver are predicted to be
6.4x10™ rad/s, 6.0x10™ rad/s, 4.9x10™ rad/s, and 3.8x10™ rad/s respectively for d = 100
nm, 50 nm, 20 nm, and 10 nm, which match surprisingly well with the unusual spectral
enhancement mode predicted by the rigorous solution as shown in Fig. 5.7. Note that the
independence of the MP resonance condition on the ks has been thoroughly discussed

and well understood previously . At d = 10 nm, the contour shows an additional
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resonance mode around @ = 7.7x10" rad/s, which is actually the second harmonic order
of MP resonance with doubled resonance frequency from MP1. The unanimous
agreements between the rigorous solution and the analytical LC model prediction at
different vacuum gaps clearly verify the physical mechanism of MP excitation in

spectrally enhancing near-field radiative transfer between metallic grating structures.

(@) s 15
P
2 1
B 6
—
=
e s
X 0.5
S 4
with substrate
3 | 0
0 0.5 1 0 05 1
ko A/ K oA/T

Figure 5.8 Contour plots of p polarized energy transmission coefficient (&) at vacuum gap
of d = 100 nm (a) between two metallic gratings with metal substrate and (b) between
two metal slits without metal substrate. Geometric parameters of metallic gratings or slits

are A=2um,w=21um,and h=1pum.

To verify the existence of magnetic polariton or MP in the near field, the LC
circuit model developed in Ref. [114] for far-field thermal radiation was applied to
confirm the MP resonance frequency mentioned above. However, differently studied in
Ref. [114], MP is excited between in the SiO, spacer two Ag periodic slits (without Ag
substrates). In the present work, we intended to explore the MP excitation between two

metallic gratings with semi-infinite substrate. Therefore, here we verify the effect of
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grating substrate on the MP resonance frequency, which would justify whether the LC
model developed in Ref. [114] for periodic slits is suitable to predict MP excitation
between gratings with substrate in this study. In order to verify this, the contour plots of
transmission coefficient between two metallic gratings (with metal substrate) and that
between two metal slits (without metal substrate but vacuum) are shown in Fig. 5.8(a)
and 5.8(b), respectively. By comparison, it is clearly observed that MP is excited as a
horizontal enhancement band at the same angular frequency of 6.2x10™ rad/s for both
metal slits and gratings, though the energy transfer has different magnitudes. The
consistence of MP resonance frequency from the rigorous scattering matrix calculation
undoubtedly confirms the validity of the LC circuit model developed in Ref. [114] for

verifying the MP excitation with metal gratings in this work.

5.2.2 Effect of grating geometry and lateral shift

To further confirm and understand the behaviors of MP resonance in near-field
radiative transport across hanometer vacuum gaps, the grating geometric effect on near-
field radiative transfer between the Drude grating emitter and receiver is investigated in
terms of transmission coefficient at the gap distance d = 20 nm. Figure 5.9(a) and 5.9(b)
present the effect of grating depth respectively with h = 0.5 um and 1.5 um, while other
geometric parameters are kept at the base values. In comparison with the case of h =1
um in Fig. 5.7(c), the strong and broad MP resonance mode around @ = 5x10™ rad/s
slightly shifts toward lower frequencies, which is in good agreement with the LC model
prediction. Note that, the grating depth h only affects the capacitance Cq4, which is less

than C,,/10 and thereby negligible with given parameters. Therefore, h has little effect on
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the MP resonance condition. On the other hand, the guided mode, which strongly
depends on the cavity depth, shifts from 4.3x10* rad/s to 6.2x10" rad/ when h increases

from 1 umto 1.5 um.
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Figure 5.9 Contour plots of energy transmission coefficient (&) between two perfectly
aligned metallic gratings at d = 20 nm with different geometries: (a) h = 0.5 um, (b) h =
1.5 um, (¢) w = 0.8 um, and (d) w = 1.2 um, while the rest of parameters are kept at the
base values: A =2 um, w =1 um, and h =1 um. Note that ky, = 0 is assumed and Ky is
normalized to the first Brillouin zone. The LC circuit model prediction of MP resonance

conditions is shown as green triangles.
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The effect of grating width (w) on the near-field radiative transfer spectrally
enhanced by MP resonance is studied similarly in terms of transmission coefficient. By
comparing Figs. 5.9(c) and 5.9(d) with 5.7(c), when the grating ridges becomes wider
from 0.8 to 1.2 um, both the rigorous solution and the LC model consistently show that
the MP resonance mode changes from @ = 6.1x10™ rad/s to 4.2x10" rad/s. From the

perspective of charge distribution, grating width (w) is linear to Ly, Le, and Cp. With
negligible C4 at d = 20 nm, the MP resonance frequency @y, =1/4/(L, +L.)C,, is

essentially inversely proportional to w. Further tuning the geometric parameters of
gratings, it is possible to shift the MP resonance and associated spectral flux peak to
lower frequencies to better match the thermal wavelength at a given emitter temperature
for total heat flux enhancement. On the contrary, the weaker guided mode around w =
4.3x10" rad/s does not change with different grating width, whose resonance frequency
is only a strong function of cavity depth H or grating depth h [106].

The discussions on the geometric effect above are for perfectly aligned gratings,
i.e. the relative lateral displacement A/A = 0. Figure 5.10(a) and 5.10(b) look into the
misalignment effect on the p-polarized energy transmission coefficients when the lateral
shift is A/A = 0.1 and 0.2, respectively. In comparison with the perfect alignment case in
Fig. 5.7(c), slight misalignment will shift the MP resonance band from 5x10* rad/s (A/A
= 0) to higher frequencies around 6x10* rad/s (A/A = 0.1) and 7x10™ rad/s (A/A = 0.2).
This can be understood by the decreasing overlapping metal ridges between the gratings,
or an effective overlapping ridge width w =w- D. As shown in Fig. 5.9(c), a smaller

ridge width will lead to a higher MP resonance frequency. Moreover, by replacing the
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grating width w by ., the LC circuit model can be used to simply predict the lateral shift
effect on the MP resonance frequency. Clearly, the analytical LC model predicts the same
MP behavior as the energy transmission contour from the rigorous solutions, while the
discrepancy becomes greater for larger lateral shift, mainly due to the influenced charge
distribution upon lateral shift [114]. Clearly, the LC model captures and verifies the
geometric effects on the MP resonance behaviors, which effective medium, PA, or cavity

resonance could not well explain.
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Figure 5.10 Contour plots of energy transmission coefficient (&) between two metal
gratings (A =2 um, w =1 um, h =1 um) at d = 20 nm with different degrees of lateral
displacement: (a) A/A = 0.1 and (b) A/A = 0.2. Note that ky = 0 is assumed and kyo is
normalized to the first Brillouin zone. The LC circuit model prediction of MP resonance

conditions is shown as green triangles.
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CHAPTER 6 CONCLUSION AND RECOMMENDATIONS

This dissertation theoretically investigated the dynamic control of radiative heat
transfer for thermal management in both far and near fields through applying tunable
materials. The optical properties of vanadium dioxide (VO,) and graphene, which are the
two main tunable materials being used, are introduced at first. VO, is a phase transition
material, which undergoes a phase change from insulator to metal when the temperature
goes beyond 68 °C, while graphene’s optical properties can be easily tuned through its
chemical potential change.

In far field, a VO, based switchable thermal emitter is constructed with a VO,
thin film sandwiched by a Au grating and Au substrate [122]. When VO, is at metallic
phase, this device is highly reflective. However, when VO, is at insulating phase, there
exists an emittance peak as high as 1 at the wavelength around 5 um, which is caused by
the MP resonance. The electromagnetic wave distribution is plotted to present the energy
confinement effect, which could be used to verify the existence of MP. The LC circuit
model is also employed to predict the MP resonance frequency. Similarly, a VO, based
tunable thermal emitter is designed as well [84]. As VO, changes its phase from insulator
to metal, the MP resonance shifts from 15 um to 10.5 um. Moreover, | also investigate
the tunable emission by covering graphene on top of a SiC 1D grating [85]. MP
resonance is excited in the SiC grating slit with an emittance peak, which would shift to
different frequency with different graphene chemical potential. This is because the single
graphene layer functions as an additional inductor, and the inductance is changing as
graphene chemical potential varies. These studies could benefit the applications like

optical sensing, energy harvesting/saving in flexible conditions.
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In near field, the radiation based thermal management devices including thermal
rectifier [72], switch [112] and modulator [123] are theoretically designed. The near-field
radiative heat transfer between VO, and SiO; is explored for the purpose of achieving
thermal rectification effect. The emitter and receiver are fixed at 400 K and 300 K,
respectively. For the forward bias, SiO, is set as the emitter and VO; is set as the receiver,
which is at the insulating phase. The near-field radiative heat transfer is significantly
enhanced due to the strong SPhP coupling between SiO, and insulating VO,. However,
for the reverse bias, when VO, becomes the emitter, the total heat flux is suppressed
because of the weak resonance coupling between SiO, and metallic VO,. The contour
plots of transmission coefficients are made to explain the underlying mechanism. The
rectification factor can be achieved as high as 2 at vacuum gap distance of 10 nm. A near-
field radiation based thermal switch is proposed as well by looking into the heat transfer
between two VO, plates. The VO, receiver temperature is kept at 300 K, while the
emitter temperature increases from 330 K to 350 K, for which the VO, receiver is always
at insulating phase, while the emitter changes its phase from insulating to metallic across
341 K. The “on” mode of the thermal switch is identified when the VO, emitter
temperature is below 341 K, whose radiative heat transfer is greatly improved due to
strong SPhP coupling between two insulating VO, plates, and vice the versa. The
switching factor could be as high as 0.8 below 20-nm vacuum gap distance. | also
investigate the thermal modulation effect based on the near field radiative heat transfer
between two graphene covered SiC plates. By tuning graphene chemical potential, the
strength and resonance frequency of SPP coupling between graphene covered SiC plates
will be changed, which causes the thermal modulation effect. Several parameters,
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including the modulation factor, sensitivity and switching factor are defined to
characterize the modulation effect. These near-field radiation based thermal management
devices possess much faster transport speed with photon than phonon-based ones, which
are basically conduction. These devices could also potentially be used to compose an
“optical computing” circuit.

As mentioned above, MP is the main mechanism applied in far field to achieve
tunable thermal emission, while SPhP/SPP coupling is the main one used in near field.
One question is proposed about that whether or not MP exists in near field. | demonstrate
the existence of MP in near field for the first time by exploring the near-field radiative
transport between two metal gratings [124]. The radiative transfer could be spectrally
enhanced between two metal gratings compared with that between two plates. The PA
and EMT method, which could respectively capture the mechanism of SPhP/SPP
coupling and hyperbolic modes, are also investigated and compared with the rigorous
method of scattering matrix theory. However, neither PA nor EMT could predict the
spectral heat flux enhancement calculated by the rigorous method. The perfect match
between the LC circuit model prediction and the spectral heat flux enhancement confirms
that the enhancement is caused by the MP resonance. The vacuum gap distance and
grating geometry effect further verifies the existence of MP in the vacuum gap between
two metal gratings. The significance of this work is to provide a new scope to manage
near-field radiative transfer, which is especially beneficial for energy harvesting systems
like thermophotovoltaic.

All the works proposed in this dissertation are based on theoretical calculations,
and the future recommendations would be the experimental demonstration. For far-field
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metamaterial-based tunable thermal emitters, the experimental demonstration will mainly
include the sample fabrication and emittance characterization. One common way to
fabricate VO, thin film is through sputtering heated V/V,0s target with O, input, and the
target temperature and O, pressure need to be precisely controlled though. A large-area
single- or multiple-layer graphene sample could be made by chemical vapor deposition
(CVD) technique. The thin film deposition methods include electron beam evaporation,
sputtering, and CVD, while | can try to use focused ion beam, photo/electron-beam
lithography techniques to fabricate grating based micro/nanostructures. After sample
fabrication, the emittance characterization could be done with Fourier Transform Infrared
Spectroscopy (FTIR) bench and microscope via measuring the reflectance (R) and
transmittance (T), and the emittance, which is equal to the absorptance, could be
calculated with 1-R-T due to energy balance. Besides the experimental demonstration of
the existing devices, | also want to try different tunable materials, micro/nanostructures to
achieve tunable thermal emitters with larger tunability and for different specific
applications.

The biggest challenge of near-field radiation measurement between two plates is
to build a platform to maintain the small vacuum gap distance (usually below 1 um)
between the emitter and receiver. Several methods have been proposed before. As a
pioneer work, Ito et al. [95] used the micromachined low-density pillars to create a
submicron vacuum gap. Recently, Lim et al. [93] and St-Gelais et al. [94] were able to
measure near-field radiative heat transfer between two plates with submicron vacuum gap
using MEMS-based platforms. | plan to apply the nanospacer based technique at first,

which is simpler in fabrication compared to MEMS based one. The polymer nanospacer
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of SU-8 with thermal conductivity of 0.3 W/m-K at room temperature is going to be used.
The nanospacer fabrication will include the spin coating of a SU-8 thin film on the
sample first, and then using the deep-UV lithography with a photomask to realize an
array of dilute square spacers with the spacer size about 2 um and the spacing between
each two about 1 mm, which can minimize the conduction heat transfer to be less than 5%

compared with radiative transfer.
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