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Thermal radiation at observation distances greater than the dominant wavelength of thermal 

radiation (~10 µm at room temperature) is referred to as the far-field regime. Otherwise, thermal 

radiation is in the near-field regime. Far-field and near-field thermal radiation have significant 

applications in thermal management, energy-conversion devices such as thermophotovoltaic 

power generation, spectroscopy, imaging, infrared cloaking, temperature measurements, and 

optoelectronics, to name only a few. Usually, these applications require thermal radiative 

properties that are not found among natural materials. Metamaterials made of micro/nanoscale 

structures offer a great opportunity for designing thermal emitters with improved thermal radiation 

properties. This dissertation investigates the engineering of far-field and near-field thermal 

radiation using metamaterials.  

In the far-field regime, two classes of metamaterials, namely polaritonic metamaterials made 

of micro/nanostructures of polaritonic materials such as silicon carbide (SiC) and Mie-resonance 

based metamaterials made of micro/nanostructures of dielectric materials, have been studied. The 

first study elucidates the impact on far-field thermal radiation from SiC nanopillars when the 



 

 

 

interparticle spacing between nanopillars is reduced to the nanometer scale, leading to near-field 

interactions between adjacent nanopillars. Nanopillars of SiC support localized surface phonon 

modes in their Reststrahlen band which can be capitalized for enhancement of thermal radiation 

in this spectral range. It is found that the increased volume of thermal emitters as well as the 

spectral overlap of the localized surface phonon modes with the hybrid waveguide-surface-

phonon-polariton mode in arrays with an optimized interparticle spacing of 300 nm enhance the 

spectral emissivity of silicon carbide to values as high as 1 across a wide range of angles. Usually, 

Reststrahlen band of dielectric materials such as SiC spans a limited spectral range and does not 

always overlap with wavelength of peak thermal radiation. Dielectric media can also emit Mie 

resonances, which are not limited to a spectral range, and can potentially be used for broadband 

enhancement of emissivity. Thus, in the second far-field study, we design a Mie resonance-based 

metamaterial that increases thermal radiation from a flat, unpatterned 6H-SiC substrate at the 

normal direction from 67% to 91% of a blackbody, while demonstrating enhanced emissivity in a 

wide angular range. We demonstrate that the Mie resonances of SiC microcuboids can be precisely 

tuned to occur outside the Reststrahlen band of SiC, aligning them with the peak thermal radiation 

wavelength. For both far-field studies, enhancement of thermal radiation is experimentally 

demonstrated.  

Mie resonance-based metamaterials are also promising for tuning the near-field spectra. Using 

numerically-exact simulations, the tunability of spectrum of near-field radiative heat flux between 

Mie resonance-based metamaterials is theoretically investigated. The origins of the peaks in the 

near-field spectra are identified and the effect of the refractive index, extinction coefficient, shape, 

and interspacing of Mie resonators, as well as the separation distance of the metamaterials on the 

spectral locations of peaks in near-field heat flux are studied.
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Chapter 1 

Introduction 

1.1 An Overview of Thermal Radiation and Its Regimes 

Heat transfer is the transfer of energy between two or more bodies due to a temperature 

difference. It flows from media at higher temperatures to the ones at lower temperature, and it can 

occur through three mechanisms: conduction, convection, and radiation. Among these three 

mechanisms, thermal radiation is the only one that does not need a medium for heat transfer, 

making it effective in vacuum or space environments. Thermal radiation is electromagnetic waves 

emitted by the media at temperatures greater than absolute zero. These waves are generated by 

thermally driven stochastic fluctuations of charged particles inside the emitting material. Transfer 

of energy from one body to another one through the emission and absorption of electromagnetic 

waves is referred to as radiative heat transfer. Thermal radiation is wavelength dependent and can 

occur in the spectral range of 100 nm to 100 µm, depending on the temperature. In addition to 

wavelength 𝜆, thermal radiation is a function of direction and temperature of the emitting body 𝑇 

[1]. In this thesis, focus is on studying thermal radiation in the mid-infrared region of 

electromagnetic spectrum (2-25 µm). Thermal radiation at wavelengths smaller than 2 µm and 

greater than 25 µm requires extremely low and high temperatures, respectively, which are not the 

focus of this research. 

Before 1950, a classic theory by Planck [2] was used to describe thermal radiation from any 

thermal source. According to this theory, thermal radiation from any surface is limited by the 

blackbody limit. A blackbody is defined as an ideal body absorbing and emitting the maximum 

amount of thermal radiation at any direction and wavelength [1,2]. Planck’s theory was developed 
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based on the assumption that all characteristic lengths of the problem 𝐿𝑐, which include the size of 

the emitting body and the distance at which thermal radiation from the emitting body is observed, 

are much larger than the dominant wavelength of thermal radiation 𝜆max  found from Wien’s 

displacement law (𝜆max 𝑇 = 2898 where 𝑇 is in Kelvin and 𝜆max  is in µm). For example, the 

dominant wavelength at room temperature is 𝜆max  ~ 10 µm. The regime where 𝐿𝑐 ≫ 𝜆𝑚𝑎𝑥  is 

referred to as the Planckian or far-field regimes [3]. Far-field thermal radiation from a body is 

often characterized by its spectral, directional emissivity (𝜀𝜆
′). This property compares the radiative 

power emitted by an arbitrary body at a given wavelength and direction to that emitted by a 

blackbody at the same temperature. Thus, emissivity can only get values between 0 and 1. 

Planck’s theory of thermal radiation [2], cannot be used for understanding thermal radiation in 

systems where 𝐿𝑐 is smaller than or comparable to 𝜆max . When 𝐿𝑐 ≤ 𝜆max , the wave nature of 

thermal radiation becomes very important, giving rise to two effects. First, constructive and 

destructive interference of thermally emitted electromagnetic waves is non-negligible. Second, the 

contribution of evanescent waves which decay exponentially from the surface of the emitter is 

dominant at distances smaller than 𝜆max  [4,5]. These effects resulted in the emergence of a 

research area known as near-field thermal radiation. The description of near-field thermal radiation 

is done by using fluctuation-dissipation theorem which was incorporated into Maxwell’s equations 

by Sergei M. Rytov in the 1950s [6]. Later, it was shown that in the near-field regime, radiative 

heat transfer is primarily driven by the contribution of evanescent waves, and the magnitude of 

near-field radiative heat transfer can exceed the blackbody limit by several orders of magnitude 

[6].   
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1.2 Engineering Thermal Emission and Radiative Heat Transfer Using Metamaterials 

Far-field and near-field thermal radiation have significant implications for applications such 

as thermal management [7,8], energy harvesting [9,10], and night visibility [11,12] to name only 

a few. Most of these applications require specific spectral thermal radiation properties. Thermal 

radiation properties of natural materials are limited by the number of available materials and 

mostly determined by their complex refractive index, (𝑛  + i𝜅 ). To overcome this limitation, 

metamaterials, which are materials engineered at the subwavelength scale, have been proposed for 

controlling thermal radiation [13]. Thermal metamaterials hold substantial potential for the 

development of selective thermal emitters, contributing significantly to the progress of solar cells 

[14], thermophotovoltaics (TPVs) [15], and infrared thermal sensing applications [16-18], thermal 

diodes [19,20], radiative cooling [21,22], thermal rectification [23], near-field photonic cooling 

[24], and infrared cloaking [25]. Thermal radiation from metamaterials is highly dependent on the 

geometrical parameters of the subwavelength features that constitute the metamaterials. As such, 

engineering the geometry of subwavelength constituents provides an excellent opportunity to 

design thermal emitters with desired near-field and far-field properties. The objective of this 

research is to elucidate some of the unexplored geometry-dependent mechanisms used for 

controlling the spectrum of far-field thermal emission and near-field radiative heat transfer using 

metamaterials. In the next subsections, a literature review of the previously proposed concepts as 

well as the commonly used mechanisms for controlling thermal radiation will be presented. 

1.2.1 Engineering Far-Field Thermal Radiation Using Metamaterials 

As mentioned before, far-field thermal radiation is characterized by the spectral, directional 

emissivity, 𝜀𝜆
′ , which is a function of 𝜆, direction (𝜃, 𝜓), and 𝑇. Metamaterials can be used to 

control both the spectral distribution, (i.e., its magnitude at different spectral location) and 
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direction preference of 𝜀𝜆
′ . By engineering metamaterials, different types of far-field thermal 

emission such as broadband omnidirectional emission, broadband directional emission, 

narrowband omnidirectional emission, and narrowband directional emission can be achieved. 

Engineering far-field thermal radiation using metamaterials has several applications. An example 

application is radiative cooling [8,26-29] for thermal management. Radiative cooling requires 

metamaterials that completely reflect visible light received from the sun at all incidence angles, 

(which means thermal radiation is suppressed omnidirectionally over the spectral range of 400-

700 nm) while emit like a blackbody in the atmospheric transparency windows (8-13 µm). For 

applications such as solar thermophotovoltaic (STPV) [30,31], which aims at overcoming the 

Shockley-Queisser limit in single-junction solar cells, developing customized thermal emitters is 

crucial. The required emitters should efficiently absorb sunlight like a blackbody while emitting 

thermal radiation tailored to the bandgap of the solar cell. Thermal camouflage [12], which is 

another application gaining increasing attention, provides the capability to conceal objects in their 

surroundings. This is achieved by reducing the emissivity of the material to closely match that of 

the background, thereby enabling effective concealment from infrared sensors. 

Additional applications of metamaterials with engineered emissivity include spectroscopy 

[32], imaging [33,34], and chemical sensing [16-18,32,35-37]. In the following, we review some 

of the mechanisms used for engineering emissivity using metamaterials. One dimensional (1-D) 

gratings were one of the earliest metamaterials proposed for controlling far-field thermal radiation 

[38]. In 2002, Greffet et al. [39] demonstrated that metamaterials made of periodic arrays of 1-D 

silicon carbide (SiC) gratings on a flat SiC substrate can be designed to emit coherent thermal 

radiation, i.e., directional thermal radiation. Given that far-field thermal radiation from natural 

materials is usually incoherent, the development of a highly coherent thermal metamaterial based 



 

5 

 

on a simplistic 1-D grating is considered a significant achievement. The coherent thermal emission 

from 1-D gratings of SiC is due to near-field thermal emission of highly coherent surface phonon 

polaritons (SPhPs) which are coupled to the far-field using the grating [40]. Since then, many 

computational and experimental studies have explored the effect of introducing 1-D [41-45] and 

two dimensional (2-D) gratings [46] on the surfaces of substrates supporting resonance modes 

such as SPhPs, surface plasmon polaritons (SPPs), and microcavity modes. Most of the gratings 

studied in the literature of thermal radiation are diffractive; meaning that the periodicity of the 

grating, 𝛬, is smaller than half of the wavelength, 𝜆. When designed properly, the spectrum of 𝜀𝜆
′  

for these diffractive gratings has narrowband peaks or dips and are highly directional.  

With the development of new micro/nanofabrication technologies, more complex 

metamaterials with more degrees of freedom for designing customized thermal radiation have been 

proposed. These more complex metamaterials utilize SPhP and SPP resonances in polar and 

plasmonic materials, Mie resonances in high-refractive index dielectric materials, phase change 

materials, metal-insulator-metal (MIM) configurations, Epsilon-near-zero (ENZ) materials for 

engineering 𝜀𝜆
′ . For example, Zhai et al. [27] designed and demonstrated a scalable metamaterial 

employing a polymeric thin film embedded with randomly distributed SiO2 microspheres which 

have strong Mie resonances in the atmospheric transparency window (8-13 µm). By controlling 

the size of the spheres, the Mie resonances of the spheres can be spectrally overlapped with the 

localized surface phonon polaritons of the SiO2 spheres resulting in resonant far-field thermal 

radiation in this spectral range. This metamaterial serves as a radiative cooling emitter with an 

emissivity exceeding 0.93 in the atmospheric window. The same mechanism has been utilized by 

Howes et al. [47] to achieve near-unity thermal radiation from SiC micropillars fabricated on a 

silicon substrate. Liu et al. [48] designed an MIM thermal emitter made of periodic arrays of cross-
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shaped gold resonators separated from a gold substrate using a silicon substrate. They achieved an 

omnidirectional narrowband enhancement of 𝜀𝜆
′  by optimizing the thickness of the dielectric layer 

and the geometrical parameters of gold resonators. Other MIM-based metamaterials utilizing 

features such as arrays of disks or cylinders were also proposed for narrowband or broadband 

omnidirectional thermal emission [17,49,50]. Another class of metamaterials, namely ENZ-based 

metamaterials, was investigated by Molesky et al. [51] where narrowband near-unity enhancement 

of thermal emission was achieved. Two ENZ-based metamaterials, one with a multilayered 

structure and the other made of metallic nanowire arrays embedded in a dielectric matrix, were 

proposed for the manipulation of the parallel and perpendicular effective permittivity to control 

the direction-dependence of thermal radiation. 

The aforementioned studies provide significant insight into engineering thermal radiation 

using metamaterials. However, there still exists knowledge gaps in understanding thermal 

radiation mediated by localized surface phonon polaritons and Mie resonances emitted by sub-

wavelength particles of polar dielectric media. More specifically, thermal radiation from dense 

arrays of sub-wavelength particles is not understood, while these metamaterials can result in 

enhanced and omnidirectional thermal radiation which is suitable for cooling electronic devices 

and energy harvesting. Also, while localized surface phonons can be capitalized on for enhancing 

the emissivity, these modes are restricted to a limited spectral region called Reststrahlen band. Mie 

resonances supported by dielectric media with a large refractive index are not limited to any 

spectral band. The effect of Mie resonances on far-field thermal radiation has not been studied 

thoroughly. One of the objectives of this thesis is to address these two knowledge gaps. 
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1.2.2 Engineering Near-Field Radiative Heat Transfer 

Near-field radiative heat transfer (NFRHT) can exceed the blackbody limit by orders of 

magnitude and can be quasi-monochromatic. The unique properties of NFRHT can be exploited 

for many potential applications. For example, NFRHT provides a powerful tool for imaging 

nanostructures beyond the diffraction limit, providing the ability to investigate materials and 

devices at unprecedented spatial resolutions [52]. In conventional imaging, the diffraction limit 

restricts the spatial resolution to about half the wavelength of the incident light. In the technique 

facilitated by NFRHT, which is referred to as near-field scanning thermal microscopy (NSTM), a 

sharp probe is brought into close proximity of the sample surface, measuring the local density of 

states thermally emitted in the near-field of the sample [52]. Enhancement of efficiency in TPV 

power generation is another application of near-field radiative heat transfer [9,10,53,54]. In a 

conventional TPV system, a high-temperature heat source thermally radiates photons, which are 

then absorbed by a semiconductor material in the photovoltaic cell to generate electron-hole pairs 

and produce electricity. However, the power output and efficiency of the conventional TPVs is 

limited due to the low energy of emitted photons and the spectral mismatch between the thermal 

emitter and the semiconductor bandgap. Near-field TPVs take advantage of enhanced and quasi-

monochromatic heat transfer in the near-field to render larger power output and efficiency than 

conventional TPVs. Other applications of NFRHT include but not limited to power 

generation [51,54], thermal management of electronic devices [55], and thermal rectification 

through a vacuum gap [23,56,57]. Most of these applications require near-field thermal emission 

properties which are not found among natural materials.  

Metamaterials made of hyperbolic [3,58-61], phononic [40,62-66], plasmonic [33,42,49,54,67], 

and Mie resonance-based materials [10,68-72] have been proposed for tuning NFRHT. Near-field 
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radiative heat transfer for metamaterial is dependent on material properties and geometry of 

constituents. Near-field metamaterials can be designed to have near-field thermal properties that 

significantly deviate from those observed in the constituent materials. The majority of numerical 

and experimental studies devoted to near-field metamaterials are focused on hyperbolic, phononic, 

and plasmonic metamaterials for enhancing and tuning NFRHT. Very few studies are done on 

NFRHT in Mie resonance-based metamaterials. The current studies on Mie resonance-based 

metamaterials have used approximate methods such as the effective medium theory (EMT) [73-

79. In the EMT, the inhomogeneous metamaterial is modeled as a homogeneous media with an 

effective permittivity and permeability. It has been shown that the EMT is not valid in the near-

field regime and can provide inaccurate estimation of both magnitude and spectrum of NFRHT 

[73]. Only recently, NFRHT between two Mie-resonance based metamaterials made of arrays of 

tellurium cubes was studied using exact numerical simulations [80]. It was shown that the 

Maxwell-Garnett EMT significantly underestimates NFRHT even for gap sizes as large as 10 µm, 

whereas the Mie EMT is not valid for separation distances below 2 µm. Even though this study is 

performed using numerical simulations rather than EMT, it does not provide insight into the 

physics underlying NFRHT between Mie resonance-based metamaterials. There is a knowledge 

gap regarding the origin of the peaks observed in the spectrum of NFRHT between Mie resonance-

based metamaterials. It is also not known how the spectral location of the peaks of NFRHT evolve 

as the material properties and geometrical parameters of the subwavelength emitters vary. Another 

objective of this thesis is to fill this knowledge gap and elucidate the physics driving NFRHT 

between Mie resonance-based metamaterials. 



 

9 

 

1.3 Dissertation Outline 

The outline of this dissertation is as follows. In chapter 2, we study the far-field thermal 

radiation from metamaterials made of periodic arrays of densely packed SiC nanopillars with a 

periodicity smaller than half of the wavelength of thermal radiation. Nanoparticles of polar 

materials such as SiC support localized surface phonon polaritons in the spectral range of ~10-

12.5 µm. Thermal radiation of these modes is studied both theoretically and experimentally. The 

theoretical analysis is done using numerical simulations performed using the SCUFF-EM 

electromagnetic solver [81,82]. The effect of interpillar spacing on emissivity is theoretically 

analyzed, and a metamaterial with optimal interspacing is designed and fabricated. An 

experimental setup is developed for direct measurement of spectral, directional emissivity from 

heated fabricated sample. In chapter 3, we study the far-field thermal emission from periodic arrays 

of Mie resonance-based SiC microcubes in the spectral range of 2-16 µm which includes 92 % of 

thermal radiation from a blackbody at 400 ℃. This study aims to show the possibility of using Mie 

resonances for broadband and omnidirectional enhancement of emissivity in all-dielectric 

metamaterials which cannot be achieved using localized surface phonons. The effect of size of the 

cubes and interparticle spacing on the emissivity are investigated. A multipole expansion method 

is employed to identify the spectral features of the emissivity. A sample of Mie resonance-based 

metamaterial is fabricated, and the numerical results are compared to experimental measurements. 

In chapter 4, we study NFRHT between Mie resonance-based metamaterials made of periodic 

arrays of microparticles with different geometries made from various dielectric materials using 

exact numerical simulations performed via the Fourier modal method (also known as the rigorous 

coupled wave analysis) [83]. Using an electromagnetic multipole expansion of the scattering cross 

section of individual emitters, we identify the contribution of the electric and magnetic Mie 
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resonances of various orders to NFRHT. This study will elucidate the physics underlying NFRHT 

between Mie resonance-based metamaterials and can be used for designing near-field thermal 

emitters with novel thermal radiative properties. Finally, in chapter 5, a summary of the work 

described in this dissertation and some recommendations for future studies are presented. 
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Chapter 2 

Far-Field Thermal Radiation from Short-Pitch Silicon-Carbide Nanopillar Arrays 

This chapter has been reproduced from a previous publication in Applied Physics Letters: 

Pouria, R., Chow, P.K., Tiwald, T., Zare, S. and Edalatpour, S., 2022. Far-field thermal radiation 

from short-pitch silicon-carbide nanopillar arrays. Applied Physics Letters, 121(13). 

2.1 Abstract 

Silicon carbide (SiC) supports surface phonons in the infrared region of the electromagnetic 

spectrum where these modes can be thermally emitted. Additionally, the magnitude, spectrum, and 

direction of thermal radiation from SiC can be controlled by engineering this material at the sub-

wavelength scale. For these reasons, SiC nanopillars are of high interest for thermal-radiation 

tuning. So far, theoretical and experimental studies of thermal emission from SiC nanopillars have 

been limited to long-pitch arrays with a microscale interpillar spacing. It is not clear how far-field 

thermal emission from SiC nanopillars is affected when the interparticle spacing reduces to the 

nanometer scale, where the near-field interaction between adjacent nanopillars arises and the array 

becomes zero order. In this letter, we study physical mechanisms of far-field thermal radiation 

from zero-order arrays of silicon-carbide nanopillars with a nanoscale interpillar spacing. We show 

that the increased volume of thermal emitters and thermal radiation of the hybrid waveguide-

surface-phonon-polariton mode from zero-order arrays increase the spectral emissivity of silicon 

carbide to values as large as 1 for a wide range of angles. The enhanced, dispersion-less thermal 

emission from a zero-order SiC array of nano-frustums with an optimized interspacing of 300 nm 

is experimentally demonstrated. Our study provides insight into thermal radiation from dense 

nanostructures and has significant implications for thermal management of electronic devices and 

energy harvesting applications. 
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2.2 Introduction 

Flat surfaces of polar dielectric materials can support propagating surface phonon polaritons 

(SPhPs) in the infrared range of the electromagnetic spectrum, where these modes can be thermally 

emitted [1-3]. The spectral location of the SPhP modes is between the longitudinal and transverse 

optical phonon frequencies of the material, which is referred to as the Reststrahlen band [3,4]. The 

parallel component of the wavevector, 𝑘𝜌, for the SPhPs is greater than the wavevector in both the 

dielectric material and the free space (𝑘0). As such, the SPhPs are evanescent in both media [2]. 

Since SPhPs are confined to a distance approximately equal to the thermal wavelength from the 

emitter, they can only contribute to the near-field thermal radiation. Indeed, polar dielectrics are 

poor far-field emitters in their Reststrahlen band, since these materials have negative permittivity 

(and thus are highly reflective) in this band [4]. One- and two-dimensional periodic gratings have 

been proposed for enhancing far-field thermal emission from polar dielectric materials [5-12]. 

Gratings reduce 𝑘𝜌 of SPhPs to values less than 𝑘0, such that the SPhPs can couple to propagating 

modes in the free space [5-12]. The coupling of SPhPs to propagating modes significantly 

enhances far-field thermal emission characterized by the emissivity of the material. However, far-

field thermal emission from gratings is highly coherent and thus directional [5-12]. Sub-

wavelength particles of polar dielectric materials can support localized surface phonons (LSPhs) 

[4,13-19]. Unlike SPhPs, LSPhs can have 𝑘𝜌s smaller than 𝑘0 and thus can contribute to the far-

field thermal radiation. Additionally, the dispersion relation of LSPhs is almost flat [16], such that 

LSPhs can enhance emissivity in a wide range of directions. When fabricated on a polar dielectric 

substrate, an array of sub-wavelength particles can also serve as a grating and couple SPhPs of the 

substrate to the far zone. This coupling provides an additional mechanism for enhancing emissivity 

of the material. Due to the enhanced emissivity and the ability to tune the spectrum and direction 
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of thermal radiation, sub-wavelength structures of polaritonic materials, such as silicon carbide 

(SiC), have been of high interest [20-25]. More complex structures made of sub-wavelength 

particles of two different geometries have also proven promising for achieving near-perfect 

absorption in a broad band [26]. So far, most of the theoretical and experimental studies on thermal 

radiation from SiC sub-wavelength structures have been concerned with diffractive arrays that 

have a pitch size, Λ, greater than half of the thermal wavelength, 𝜆. The mechanism of thermal 

radiation in diffractive arrays is different from short-pitch, non-diffractive (zero-order) arrays with 

Λ <
𝜆

2
. This letter addresses the emissivity of zero-order arrays of sub-wavelength particles of SiC 

both theoretically and experimentally. It is shown that while zero-order arrays cannot couple the 

SPhPs emitted from the substrate into the far zone, they can emit a dispersion-less electromagnetic 

mode, namely the hybrid waveguide-SPhP resonance. This electromagnetic mode causes a new 

peak in thermal radiation from the array. Additionally, the effect of interpillar spacing on the 

emissivity of periodic arrays of SiC nanoparticles is addressed in this letter. While the emissivity 

of the array initially increases by decreasing the interpillar spacing (due to the increase in the 

volume of the thermal emitter), further decrease in interpillar spacing reduces thermal emission 

due to the strong near-field interactions between the nanoparticles. It is demonstrated that the 

increased volume of emitters and thermal radiation of waveguide-SPhP mode in the zero-order 

arrays can be capitalized on for increasing the spectral emissivity significantly up to the blackbody 

value of 1 in a wide range of directions. The enhanced far-field thermal radiation from nanopillars 

has significant implications for applications such as high-temperature SiC electronic cooling and 

energy harvesting using thermophotovoltaic devices. 
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2.3 Problem Description, Results, and Discussion 

To study the effect of interparticle spacing on far-field thermal radiation, we select 6H-SiC 

nanopillars with the shape of a frustum of a cone [see the inset of Fig. 2-1(b)]. The frustums have 

a bottom diameter of 𝐷1 = 700 nm, a top diameter of 𝐷2 = 500 nm, and a height of 𝐻 = 1000 nm. 

The dimensions of the nanopillars are selected such that they emit both longitudinal and transversal 

LSPhs, while they can also be experimentally fabricated. Thermal emission by isolated nanopillars 

is proportional to the imaginary part of their electric polarizability, Im[𝛼] (see Sec. A.1 of the 

Appendix A). As such, the spectral locations of the longitudinal and transversal LSPhs can be 

estimated by considering the spectrum of Im[𝛼]. For cylindrical nanopillars, the polarizability 

along direction 𝑗 (𝑗 = 𝑥, 𝑦, 𝑧) is found as 𝛼𝑗 = 𝑉
𝜀−1

1+𝐿𝑗(𝜀−1)
, where 𝑉, 𝜀, and 𝐿𝑗  are the volume, 

dielectric function, and depolarization factor of the nanopillar in direction 𝑗, respectively [25,26]. 

The depolarization factor of the cylindrical nanopillars along 𝑥, 𝑦, 𝑧 directions [see the inset of 

Fig. 2-1(a)] can be estimated as 𝐿𝑥 = 𝐿𝑦 =
1

2
cos𝜑 − 𝑖

𝑘0
3

6𝜋
𝑉  and 𝐿𝑧 = 1 − cos𝜑 −

𝑘0
2

6𝜋
𝑉𝐶𝑧 −

𝑖
𝑘0
3

6𝜋
𝑉, where 𝑖 is the imaginary unit, 𝜑 = tan−1(𝐷/𝐻), and 𝐶𝑧 =

3

2𝐻
ln |

1+𝐸

1−𝐸
| with 𝐸 = 1 + (

𝐷

𝐻
)
2

 

[27,28]. For nano-frustums, the diameter varies along the 𝑧-axis from 500 nm at the top to 700 nm 

at the bottom. The spectral locations of the longitudinal and transversal LSPhs of a frustum-shaped 

nanopillar can be estimated by considering Im[𝛼]  of cylindrical nanopillars with diameters 

between 500 nm and 700 nm. Figure 1a shows Im[𝛼𝑥,𝑦] (transversal polarizability) and Im[𝛼𝑧] 

(longitudinal polarizability) for cylinders of height 𝐻 = 1000 nm and three diameters 𝐷 of 500 nm, 

600 nm, and 700 nm. A temperature 𝑇 of 400°C is assumed, and the ordinary and extraordinary 

dielectric functions of 6H-SiC at this temperature are measured using ellipsometry (see Sec. A.2 

of Appendix A). The ordinary dielectric function of 6H-SiC was used for the calculations. As it is 
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seen from Fig. 2-1(a), Im[𝛼𝑥,𝑦] and Im[𝛼𝑧] each has a peak corresponding to the transversal and 

longitudinal dipolar LSPhs, respectively. When 𝐷  changes from 500 to 700 nm, the spectral 

location of the longitudinal peak varies from 894 to 918 cm-1 while the wavenumber of the 

transversal mode decreases very slightly from 934 to 930 cm-1. Figure 2-1(b) shows the normalized 

absorption cross section for an isolated frustum-shaped nanopillar at 𝑇 = 400°C as obtained using 

the SCUFF-SCATTER tool of the SCUFF-EM electromagnetic solver [29,30]. The peak and the 

shoulder at 905 and 911 cm-1 are within the spectral band in which Im[𝛼𝑧] is maximal, and thus 

they are due to excitation of the longitudinal LSPhs. The peak at 933 cm-1 is associated with the 

resonance of Im[𝛼𝑥,𝑦] caused by excitation of transversal dipolar LSPhs. 

 

Figure 2-1 Isolated nanopillar. 

(a) The imaginary part of the longitudinal and transversal polarizability of 6H-SiC cylindrical nanopillars for three 

diameters of 500, 600, and 700 nm. (b) The absorption cross section for a frustum-shaped nanopillar normalized by 

a circular cross section with an average diameter of 600 nm. 

Next, thermal emission from an array of nanopillars with an interpillar spacing, 𝑑, is studied. 

The spectral, directional emissivity of a free-standing array of nanopillars with a square lattice [see 

the inset of Fig. 2-2(a)] at 𝑇 = 400°C is simulated for various 𝑑 ranging from 2300 nm to 50 nm. 

The spectral, directional emissivity, 𝜀𝜂
′ , is found from the field amplitude reflection and 

transmission coefficients as 𝜀𝜂
′ = 

1

2
 ∑ (1 − |𝑅𝜂

𝛾
|
2
− |𝑇𝜂

𝛾
|
2
)𝛾=TE,TM , where 𝜂  refers to the 
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wavenumber, 𝛾 shows the polarization state (TE and TM stand for the transverse electric and 

magnetic polarizations, respectively), and  𝑅𝜂
𝛾

 and 𝑇𝜂
𝛾

 are the reflection and transmission 

coefficients, respectively [31]. The terms 𝑅𝜂
𝛾

 and 𝑇𝜂
𝛾

 are simulated using the SCUFF-

TRANSMISSION module of the SCUFF-EM electromagnetic solver [30,32]. Figure 2-2(a) shows 

the spectral, normal emissivity of the nanopillar array for the considered interpillar spacing. The 

longitudinal and transversal dipolar LSPhs of the isolated nanopillars are observed in the 

emissivity spectrum of the array for all considered interspacing values. When 𝑑 = 2300 nm, the 

electromagnetic interactions of neighboring nanopillars are weak and the spectral locations of the 

longitudinal and transversal LSPhs (906, 912, and 933 cm-1) are almost the same as those for 

isolated nanopillars. The emissivity of the array for 𝑑 = 2300 nm is very low (𝜀𝜂,max
′  ~ 0.2). As 𝑑 

decreases, the emissivity of the array significantly enhances in a non-monotonic manner. The 

emissivity increases as 𝑑 decreases to ~150 nm, and then it decreases when 𝑑 is further reduced to 

50 nm. The non-monotonic variation of the emissivity with 𝑑 can be explained by considering that 

there are two competing effects on the far-field thermal emission as 𝑑 decreases. On one hand, the 

emitting volume per unit surface area of the array increases, but on the other hand, the dipole 

moments of the emitters decrease due to the near-field interactions between the nanopillars. As it 

is seen from Eq. A.3 of Appendix A, the emitted energy from a nanopillar is proportional to its 

dipole moment. The dipole moment of nanopillar 𝑖  of the array, 𝐩𝑖 , can qualitatively be 

approximated as [33]: 

𝐩𝑖 = 𝛼𝑖 (
𝐩𝑖
𝑓𝑙

𝜀0𝑉(𝜀−1)
+
𝑘0
2

𝜀0
∑ 𝐆𝑖𝑗 ∙𝑗≠𝑖  𝐩𝑗)                                                                              (2.1) 

where 𝐩𝑖
𝑓𝑙

 is the thermally fluctuating dipole moment of the nanopillars, 𝜀0 is the permittivity 

of the free space, and 𝐆𝑖𝑗 is the free space electric Green’s function between nanopillars 𝑖 and 𝑗 
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[33]. In Eq. 2.1, the sum of the two terms in the parentheses indicates the total electric field in 

nanopillar 𝑖. The first term is the thermal field of the nanopillar, while the second term represents 

the electric field generated at nanopillar 𝑖 due to emission from all other nanopillars of the array. 

Equation 2.1 shows that the interactions between the nanopillars, which is represented by the free 

space Green’s function 𝐆𝑖𝑗 , affect the dipole moments of the nanopillars, 𝐩𝑖. The free space 

Green’s function can be decomposed into three far-field, middle-field, and near-field components 

(See Sec. A.3 of Appendix A) [34]. As an example, these three components for the real part of 

𝐺𝑖𝑗,𝑦𝑦 are shown versus 𝑑 in Fig. 2-2(b) at 𝜂 = 903 cm-1. It is seen that at 𝑑 = 2300 nm, 𝐺𝑖𝑗,𝑦𝑦 is 

mostly dominated by the middle-field contribution. As 𝑑 decreases, the absolute values of the far-

field, middle-field, and near-field components increase as 
1

𝑑
, 
1

𝑑2
, and 

1

𝑑3
, respectively (See Sec. A.3 

of Appendix A). The enhancement of the near-field component with decreasing 𝑑 is much stronger 

than that for the middle and far fields, such that 𝐺𝑖𝑗,𝑦𝑦  is totally dominated by the near-field 

contribution when 𝑑 < 1400 nm. Figure 2-2(d) also shows that the near-field interactions between 

nanopillars are very significant when 𝑑 ≲ 300 nm. The initial enhancement of the emissivity with 

decreasing 𝑑 from 2300 nm to ~150 nm is driven by the increase of the volume of the emitters. As 

𝑑 decreases further to 50 nm, the strong near-field interactions reduce 𝐩𝑖 and thus the emissivity 

of the array. The spectral locations of the LSPh peaks do not shift significantly when 𝑑 reduces to 

~300 nm. However, when 𝑑 < 300 nm, the LSPh peaks redshift due to the strong near-field 

interactions of the nanopillars. 
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Figure 2-2 Free-standing array of nanopillars. 
(a) The spectral, normal emissivity for a free-standing array of 6H-SiC frustum-shaped nanopillars. (b) The real part 

of the 𝑦𝑦 componet of the free space Green’s function between two points 𝑖 and 𝑗 separated by a distance 𝑑 along 

the 𝑦 axis. 

The emissivity of the array can be enhanced further by exploiting thermal emission of the 

SPhPs from a SiC substrate on which the nanopillar array can be fabricated. As mentioned before, 

the SPhPs are evanescent in the free space and thus do not contribute to the far-field thermal 

emission. At a given wavenumber, the parallel component of the wavevector for the SPhP modes 

is determined from the dispersion relation as 𝑘𝜌
SPhP = 𝑘0√

𝜀

𝜀+1
 [2]. When a shallow grating is 

added to a flat SiC surface, 𝑘𝜌
SPhP is modified as 𝑘𝜌,𝑚𝑛

SPhP = 𝑘𝜌
SPhP ±𝑚

2𝜋

Λ
± 𝑛

2𝜋

Λ
, where 𝑚 and 𝑛 

are integers [8]. For long-pitch arrays with Λ >
𝜆

2
 , 𝑘𝜌,𝑚𝑛

SPhP can reduce to values below 𝑘0 and thus 

the SPhP modes can become propagative in certain directions in the free space [8]. Short-pitch 

shallow gratings with Λ <
𝜆

2
 , which are zero order, cannot sufficiently reduce 𝑘𝜌,𝑚

SPhP to below 𝑘0 

(See Sec. A.4 of Appendix A). However, when zero-order gratings are deep, a broad gap appears 

in the photonic structure of the material, and a new, dispersion-less electromagnetic mode emerges 

within this band gap [35,36]. This new electromagnetic mode, referred to as the hybrid waveguide-

SPhP resonance [35,36], corresponds to highly localized electromagnetic field in the narrow 
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spaces between nanopillars and results in a new peak in far-field thermal radiation. Unlike SPhP 

modes coupled to the free space using long-pitch gratings, the dispersion-less waveguide-SPhP 

mode enhances thermal emission in all directions which is beneficial for thermal management 

applications. Figure 2-3(a) shows the spectral, normal emissivity for on-substrate SiC arrays. The 

additional peak observed in the emissivity spectrum corresponds to thermal emission of the hybrid 

waveguide-SPhP mode. The dipole moments of the nanopillars are also affected in the presence 

of the electric field thermally radiated from the substrate, 𝐄sub. The substrate field 𝐄sub, should 

be added to the terms in the parentheses in Eq. 2.1 when using this equation for analyzing the 

dipole moments of the on-substrate arrays. The existence of 𝐄sub  in Eq. 2.1 can modify the 

spectrum and magnitude of the dipole moments. As a result, the LSPh peaks of the on-substate 

array are redshifted relative to the ones of the free-standing array. As 𝑑 decreases, the waveguide-

SPhP mode redshifts toward the longitudinal LSPhs. When 𝑑 = 300 nm, the spectral overlap of 

these two modes results in blackbody thermal emission (𝜀𝜂
′  ~ 1) from the array in the spectral band 

of 910 – 916 cm-1. As it was mentioned before, the enhancement of emissivity is not directional. 

Figure 2-3(b) shows a color plot of 𝜀𝜂
′  for the array with 𝑑 = 300 nm. It is seen that the designed 

array has significantly high thermal emission in a spectral band spanning several wavelengths and 

for angles as large as 75° from the surface normal. The non-directional thermal emission from the 

array, which is also observed for smaller interpillar spacing of 𝑑 = 50 nm, is due to dispersion-less 

nature of the LSPh and waveguide-SPhP modes.  
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Figure 2-3 On-substrate array of nanopillars. 

(a) The spectral, normal emissivity of a 6H-SiC frustum-shaped nanopillar array on a 6H-SiC substrate. (b) A color 

plot of the spectral, directional emissivity of the on-substrate array of 6H-SiC frustum-shaped nanopillars, as shown 

in Fig. 2-3(a), with 𝑑 = 300 nm. 

To experimentally demonstrate enhanced far-field thermal radiation from short-pitch arrays, 

the spectral, directional emissivity of an array of 6H-SiC frustum-shaped nanopillars with an 

interpillar spacing of 𝑑 = 300 nm is measured. The nanopillars are fabricated on a 1 × 1 cm2 surface 

area of a 430-μm-thick 6H-SiC substrate. The nanopillars are defined on the substrate using 

inductively-coupled plasma reactive ion etching (ICP-RIE). An array of patterned chromium 

circles is used as an etch hard mask, which is defined using electron beam lithography (fabrication 

details in Sec. A.5 of Appendix A). The erosion of the chromium mask in the radial direction 

during the etching process causes a frustum, rather than cylindrical, shape for the nanopillars. A 

scanning electron microscope (SEM) image and a brightfield microscope image of the fabricated 

sample are shown in Figs. 2-4(a) and (b), respectively. A setup for measuring emissivity is also 

established [Fig. 2-4(c)]. In this setup, the sample is mounted on an aluminum stage using a nickel 

base metal adhesive (Durabond, 952FS). The stage holds a cartridge heater (Watlow Firerod) 

inside, and it is assembled on a rotary stage (Standa Inc., 8MR174-11-20) which is used for 

directional measurements. The sample is heated up to 400°C. The temperature of the sample is 
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determined by knowing that the emissivity of SiC at the Christiansen wavenumber (990.1 cm-1) is 

1 [8]. Thermal emission by the heated sample (𝐼𝑆𝜂) is directed toward a Fourier Transform Infrared 

(FTIR) spectrometer (Thermo Fisher Scientific, Nicolet iS50) equipped with a mercury-cadmium-

telluride detector (Thermo Fisher Scientific, MCT-A/CdTe) using flat (Thorlabs, PFSQ20-03-

M03) and parabolic (Thorlabs, MPD269-M03) mirrors. An iris is placed in front of the sample to 

limit the collection angle. Thermal emission by a blackbody (ISDC, IR-563) located at the same 

optical path toward the FTIR spectrometer as the sample, is also collected (𝐼𝐵𝐵,𝜂). The background 

thermal radiation (𝐼𝐸,𝜂) is recorded when both the heater and the blackbody are turned off, and it 

is subtracted from the sample and blackbody emissions. Finally, the spectral, directional emissivity 

is found as 𝜀𝜂
′ =

(𝐼𝑆,𝜂−𝐼𝐸,𝜂) 

(𝐼𝐵𝐵,𝜂−𝐼𝐸,𝜂) 
. Figure 2-4(d) shows the measured emissivity for the fabricated sample 

at 𝜃 = 0 to 60° with respect to the surface normal. As it was predicted by numerical simulations, 

the sample shows modest angular dependence. The normal emissivity measured for a bare SiC 

substrate is also shown in Fig. 2-4(d) for comparison. The presence of the array on the substrate 

increases the total (spectrally-integrated), normal emissivity in the spectral band of 800 – 980      

cm-1 more than 100% without diminishing the large emissivity of the substrate between 980 – 1000 

cm-1. It is seen that the measured emissivity is slightly lower than those theoretically predicted in 

Fig. 2-3(a). Additionally, the theoretical large-emissivity band in Fig. 2-3(a) is split into two 

distinct peaks in the measurements, and the peaks are shifted relative to the simulations (911 and 

916 cm-1 are predicted theoretically, while 902 and 923 cm-1 are measured). This difference is 

attributed to the surface damage during the ICP-RIE [14] as well as the difference between the 

fabricated and modeled geometries. The SEM images of the fabricated sample show non-

uniformity in the shape and spacing of the nanopillars as well as the presence of a trench around 

the nanopillars [see Fig 2-4(a)]. As it is seen from Fig. 2-3(a), the emissivity of the array drops 
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below 1 with decreasing and increasing 𝑑 from 300 nm. The splitting and shifts of the peaks are 

mostly due to the existence of the trench. Figure 2-4(e) shows the predicted emissivity in the 

presence of a conical trench of height and width 50 nm around the nanopillars. The splitting of the 

large-emissivity band into two peaks is theoretically predicted, and the simulated wavenumbers of 

the peaks in the presence of the trench (906 and 921 cm-1) are close to the experimentally measured 

values (902 and 923 cm-1). 

(a)                                                                                (b) 
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Figure 2-4 Fabrication, measurements, and experimental results. 

(a) An SEM image and (b) a brightfield microscope image of the fabricated 6H-SiC nanopillar array. (c) A 

schematic of the setup established for measuring the spectral, directional emissivity. (d) The spectral, directional 

emissivity experimentally measured for the nanopillar array shown in Fig. 2-4(a). (e) The theoretically predicted 

spectral, directional emissivity for the nanopillar array shown in Fig. 1e and in the presence of a trench around the 

nanopillars. 

2.4 Conclusions 

To summarize, the physics underlying far-field thermal emission from zero-order arrays of SiC 

nanopillars was studied theoretically and experimentally. It was shown that reducing the interpillar 

spacing in an array of 6H-SiC nanopillars to the nanometer scale increases the emissivity due to 

the increase in the volume of thermal emitters. However, when the interpillar spacing is reduced 

below ~300 nm, the near-field interactions between the nanopillars reduce their dipole moments 

and eventually causes a drop in the emissivity despite the increased emitting volume. It was also 

demonstrated that the array can be engineered such that the LSPhs emitted by the nanopillars 

spectrally overlap the waveguide-SPhP resonance of the array resulting in blackbody emission in 

a spectral region in the Reststrahlen band. Our study unveils the physical mechanisms of far-field 

thermal radiation from zero-order nanostructures of polaritonic materials and demonstrates that 

nanoengineering surface phonons provides a great opportunity for increasing far-field thermal 

emission. 
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Chapter 3 

Broadband and Omni-Directional Enhancement of Emissivity Enabled by Thermal 

Radiation of Mie Resonances 

This chapter has been submitted to be published in ACS Photonics as an article. Coauthors of 

this paper are Ramin Pouria, Dhan Cardinal, Philippe K. Chow, and Sheila Edalatpour. 

3.1 Abstract 

Enhancing the emissivity of materials in a broadband and omni-directional manner is crucial 

for thermal management applications. The emissivity of dielectric media is commonly enhanced 

by microengineering the material to thermally emit localized surface phonons (LSPhs). The LSPhs 

resonantly enhance emissivity at selective wavelengths inside the Reststrahlen band of the material, 

which usually spans a limited spectral range and can be distant from the wavelength of peak 

thermal radiation. Dielectric media can also emit Mie resonances, which are not limited to a 

spectral range, and thus can potentially be used for broadband enhancement of emissivity. In this 

study, we analyze thermal emission of Mie resonance from individual and arrays of microcuboids 

of 6H-SiC. Based on this analysis, we design a periodic array of microcuboids for broadband and 

omni-directional emissivity enhancement. The designed array increases thermal radiation from a 

flat, unpatterned 6H-SiC substrate at the normal direction from 67% to 91% of a blackbody, while 

demonstrating enhanced emissivity in a wide angular range. The designed array is fabricated using 

the e-beam lithography and reactive ion etching, and the broadband and omni-directional 

enhancement of emissivity by capitalizing on Mie resonances is experimentally demonstrated. 

This study shows the potential of Mie resonances for thermal management applications and 

provides a guide for designing efficient thermal emitters. 
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3.2 Introduction 

Increasing the emissivity of dielectric materials in a wide spectral range where blackbody 

thermal radiation is non-negligible is of vital importance for thermal management, electronic 

cooling, and developing efficient heat sinks. So far, most of the studies on enhancing the emissivity 

of dielectric materials capitalize on thermal excitation of surface phonon polaritons (SPhPs) [1-8] 

or localized surface phonons (LSPhs) [9-21]. However, surface phonons are only available in a 

small spectral band relative to the blackbody emission band, referred to as the Reststrahlen band. 

Additionally, the Reststrahlen band of the dielectric media are commonly far from the dominant 

wavelength of blackbody thermal radiation, where most of the emitted energy is spectrally located. 

For example, we measured the Reststrahlen band of 6H-silicon carbide (6H-SiC) at 400°C to be 

10.4 to 12.7 m, which contains only 6.8% of the blackbody thermal radiation at this temperature. 

As such, an enhancement of emissivity in the Reststrahlen band does not increase the total 

(spectrally integrated) emissivity appreciably. In addition to the surface phonons, dielectric 

materials can thermally emit Mie resonances which are not confined to a limited spectral region. 

Thermal radiation of Mie resonances can enhance the emissivity of the material significantly. 

Therefore, engineering dielectric media to support various Mie resonances throughout the 

blackbody emission band is a promising mechanism for achieving large emissivity in a broad 

spectral range. Despite this promise, so far Mie resonances have not been capitalized on for 

broadband enhancement of emissivity. Indeed, the studies on thermal radiation of Mie resonances 

are very sparse. Using an approximate method, namely effective medium theory, it has been 

theoretically shown that the tungsten nanoparticle Mie resonators embedded in a SiO2 film can 

achieve an emissivity of ~0.8 in a spectral range of 0.5 – 1.5 µm [22]. A narrowband and spectrally 

selective thermal emitter enabled by overlapping Mie resonances due to the electric and magnetic 
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dipoles was designed and demonstrated [23]. The designed emitter demonstrated a peak emissivity 

of 0.78 at 250°C located at 12.9 m, which is distant from the peak of blackbody thermal radiation 

at this temperature (= 5.5 m). In this paper, we study the emissivity of individual and periodic 

arrays of 6H-SiC Mie resonators both numerically and experimentally. Using non-approximate 

numerical simulations, we demonstrate that dielectric media can be engineered to thermally emit 

several Mie resonances throughout the blackbody emission band. We show that an array of Mie 

resonators can enhance the emissivity of the material up to the blackbody limit in a wide spectral 

range due to thermal radiation of Mie resonances and coupling near-field thermal radiation from 

the substrate to the far field. Our simulations predict that fabricating the periodic array on the 6H-

SiC substrate enhances the total (spectrally integrated over 2 to 16 m, where 92% of blackbody 

thermal radiation is located), normal emissivity from 0.67 to 0.91. Additionally, the emissivity 

enhancement is observed for a wide angular range, which is crucial for maximal energy emission. 

The emissivity enhancement for the above-mentioned array of Mie resonators is experimentally 

demonstrated by measuring the spectral, directional emissivity at a temperature of 400°C and an 

angular range of 0 to 60° with respect to the surface normal. The enhanced emissivity measured 

for the Mie-resonator array compared to the one for an unpatterned substrate demonstrates that 

Mie resonances are promising for designing broadband and omnidirectional thermal emitters. 

3.3 Problem Description, Results, and Discussion 

6H-SiC is considered as the dielectric material for this study, since it is thermally and 

chemically stable at high temperatures and has a large refractive index in the IR. A cubical 

geometry is selected for the Mie resonators as fabricating microcubes is less challenging than 

spheres and cylinders. The temperature is fixed at 𝑇 = 400°C throughout this study. To analyze 
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the Mie resonances supported by the 6H-SiC microcubes, the scattering cross section, 𝜎𝑠, for a 

microcube with a side length of 𝐿 illuminated by an incident electric, 𝐄inc, as shown in the inset of 

Fig. 3-1(a), is modelled using the Wave Optics Module of COMSOL Multiphysics software. The 

incident electric field has a magnitude of 1 V/m, while it is polarized along the 𝑥-axis and travels 

in the negative 𝑧-direction [see the inset of Fig. 3-1(a)]. The dielectric function of 6H-SiC is 

measured at 400°C [21] and used for these simulations. The scattering cross section normalized 

by the physical cross section of the microcube, 𝜎𝑠 𝐿
2⁄ , is shown for three microcubes with side 

lengths of 𝐿 = 1, 2, and 3 m in Figs. 4-1(a)-(c), respectively. A broad spectral range of 2 - 16 µm, 

which contains 92% of blackbody radiation at 400°C, is considered. The spectra of 𝜎𝑠 𝐿
2⁄  in Figs. 

4-1(a)-(c) show several peaks. To identify the origin of these peaks, the scattering cross section is 

decomposed into contributions from the electric dipole (ED), magnetic dipole (MD), electric 

quadrupole (EQ), and magnetic quadrupole (MQ) modes. The procedure used for the multipole 

decomposition of the scattering cross section is detailed in Ref. [21,24]. Figure 3-1(a) shows that 

𝜎𝑠 𝐿
2⁄  for the microcube with 𝐿 = 1 m has four peaks which are located at 2.1, 3.1, 11.2, and 11.5 

µm. The peaks at 2.1 and 3.1 m, which are outside the Reststrahlen band of 6H-SiC (10.4 m – 

12.7 m at 400°C), are due to the excitation of Mie resonances. The multipole decomposition of 

𝜎𝑠 , presented in Fig. 3-1(a), shows that the Mie resonance at 2.1 µm is due to the combined 

contribution from EQ and MQ modes, while the Mie resonance at 3.1 µm is due to the ED and 

MD modes. The spatial distribution of electric field induced within the microcube is also modeled 

at these two wavelengths and is shown in Fig. 3-1(d). The electric field distributions in Fig. 3-1(d) 

demonstrate induced MQ-EQ and ED-MD modes within the microcubes at 2.1 and 3.1 m. The 

peaks at 11.2 and 11.5 m are located within the Reststrahlen band and are due to excitation of the 

LSPhs. The multipole decomposition of 𝜎𝑠  shows that these two LSPh peaks are due to the 
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excitation of ED mode. The charge density induced within the microcube is modeled at 11.2 and 

11.5 m and shown in Fig. 3-1(e). The charge density distributions in Fig. 3-1(e) demonstrate the 

excitation of transverse EDs inside the microcube at these two wavelengths. 

For the microcube with 𝐿 = 2 µm, the normalized scattering cross section, 𝜎𝑠 𝐿
2⁄ , and its 

multipole decomposition are shown in Fig. 3-1(b). As 𝐿 increases to 2 m, the spectral locations 

of the EQ-MQ and ED-MD Mie resonances redshift from 2.1 and 3.1 µm to 4.2 and 5.9 µm, 

respectively, and new Mie resonances appear in the considered spectral band. When 𝐿 = 2 m, the 

number of peaks and shoulders in the spectrum of 𝜎𝑠 𝐿
2⁄  increases from four to twelve, with ten 

being due to the Mie resonances and two being due to the LSPhs. The spectral features due to the 

Mie resonances are located at 2.4 (MD), 2.9 (ED), 3.4 (EQ), 4.2 (EQ-MQ), 5.9 (ED-MD) and 6.3 

(ED-MD), 6.6 (ED-MD), 12.8 (ED), 13.1 (ED), and 13.6 m (MD), while the LSPh peaks are 

observed at 11.3 (ED) and 11.6 m (ED). The normalized scattering cross section for a case when 

the side length of the microcube is further increased to 𝐿 = 3 m is shown in Fig. 3-1(c). The most 

notable effect of increasing L to 3 m on 𝜎𝑠 𝐿
2⁄  is further redshift of the Mie resonances. Based 

on the spectra of 𝜎𝑠 𝐿
2⁄  shown in Figs. 1a-c, a microcube with 𝐿 = 2 m is desirable as a thermal 

emitter at 400°C as this microcube has strong Mie resonances around the peak blackbody radiation 

occurring at 4.3 m. The scattering cross section spectra in Fig. 1a-c are utilized for identifying 

the Mie and LSPh resonances supported by the microcubes. However, the strength of thermal 

emission of the supported Mie and LSPh resonances also depends on the extinction coefficient, 

𝜅𝜆, of 6H-SiC at the spectral locations of these resonances. The absorption cross section, 𝜎𝑎, can 

be used to qualitatively study the strength of the Mie and LSPh resonances in the spectrum of 

emissivity for an individual microcube. 
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Figure 3-1 scattering cross-section, electric field distribution, and surface charge density of a single 6H-SiC 

microcube. 

(a) The scattering cross section normalized by the physical cross section for a microcube with a side length of 𝐿 = 1 

µm illuminated by a planar electric field with a magnitude of 1 V/m polarized along the 𝑥-axis and propagating 

toward negative 𝑧-direction (see the inset). The multipole expansion of the normalized scattering cross section is 

also shown. (b) The same as Panel a but for 𝐿 = 2 µm. (c) The same as Panel a but for 𝐿 = 3 µm. (d) The spatial 

distribution of the induced electric field within the microcube of Panel a (𝐿 = 1 µm) at wavelengths of 2.1 and 3.1 

µm. The electric field is plotted in the 𝑥-𝑧 plane in the middle of the microcube, i.e. in 𝑦 = 
𝐿

2
. The unit for the color 

bar is V/m. (e) The distribution of the induced charge density within the microcube with 𝐿 = 1 µm at the 

wavelengths of 11.2 and 11.5 µm. The microcube is illuminated by the electric field schematically shown in the 

inset of Panel (a). The unit for the color bar is C/m2. 

The absorption cross section normalized by the physical cross section, 𝜎𝑎 𝐿
2⁄ , for the 

microcube with 𝐿 = 2 m is shown in Fig. 3-2(a). The extinction coefficient for 6H-SiC at 400°C 

is shown in the inset of Fig. 3-2(a). The EQ-MQ and ED-MD Mie resonances, which are dominant 

in the scattering cross section, are suppressed in the spectrum of absorption cross section due to 

the small extinction coefficient of 6H-SiC at wavelengths below 10 m. Even though the electric 

field inside the microcube is resonantly large at the wavelengths of EQ-MQ and ED-MD Mie 

resonances, it is not strongly absorbed by the microcube due to the low extinction coefficient. The 
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ED-MD shoulders at 𝜆 = 6.2 and 6.6 µm in Fig. 3-1(b) are boosted in the absorption spectrum as 

the extinction coefficient has two small peaks at these two wavelengths.   

Next, the collective thermal radiation from an array of Mie resonators, as characterized by the 

spectral, directional emissivity, 𝜀𝜆
′ , is modeled for a periodic, square-lattice array of microcubes 

with a side length of 𝐿 = 2 m and two inter-cube spacings of 𝐷 = 1.5 and 3.0 m. The emissivity 

is calculated using the field amplitude reflection and transmission coefficients as 𝜀𝜆
′ =

 
1

2
 ∑ (1 − |𝑅𝜆

𝛾
|
2
− |𝑇𝜆

𝛾
|
2
)𝛾=TE,TM , where 𝛾 refers to the transverse electric (TE) and transverse 

magnetic (TM) polarizations, and  𝑅𝜆
𝛾
 and 𝑇𝜆

𝛾
 are the field amplitude reflection and transmission 

coefficients, respectively. The latter are simulated using the SCUFF-TRANSMISSION module of 

the SCUFF-EM electromagnetic solver [25]. The spectral, normal (to the plane of the array) 

emissivity, 𝜀𝜆
′ , for the array is shown in Fig. 3-2(b). The main difference between the spectra of 

the absorption cross section for a single microcube, Fig. 3-2(a), and the emissivity for an array of 

microcubes, Fig. 3-2(b), is the abrupt enhancement of the emissivity of the array for 𝜆 < 3.5 m 

when 𝐷 = 1.5 m and for 𝜆 < 5.0 m when 𝐷 = 3.0 m. The wavelengths of 𝜆 = 3.5 and 5.0 m 

are the cut-off wavelengths of the first order diffraction for the arrays with 𝐷 = 1.5 m and 𝐷 = 

3.0 m, respectively. The cut-off wavelength of the diffraction order (𝑚,𝑛), also known as the 

wavelength of Rayleigh anomaly, is given by 𝜆𝑐
𝑚,𝑛 = 𝑛𝑑

Λ

√𝑚2+𝑛2
, where Λ and 𝑛𝑑  are the array 

pitch (Λ = 𝐿 + 𝐷) and refractive index of the medium where the diffraction occurs (here 𝑛𝑑 = 1), 

respectively [26]. When 𝜆 > 𝜆𝑐
𝑚,𝑛

, the (𝑚, 𝑛) diffraction order has a parallel component of the 

wavevector 𝑘𝜌
𝑚,𝑛

= 
2π

𝑛𝑑Λ √𝑚2+𝑛2⁄
 for the normal direction which is greater than the magnitude of the 

wavevector in the free space (𝑘0 =
2𝜋

𝜆
) and thus is evanescent in the free space. When 𝜆 < 𝜆𝑐

𝑚,𝑛
, 
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𝑘𝜌
𝑚,𝑛 > 𝑘0  and the (𝑚, 𝑛) mode is propagative in the free space. For the arrays with 𝐷 = 1.5 and 

3.0 m, the first order modes (±1,0) and (0,±1) become propagative as the wavelength reduces to  

𝜆𝑐
±1,0

 = 𝜆𝑐
0,±1

 = 3.5 and 5 m, respectively. These propagative modes, which can travel to the far 

zone, contribute to the emissivity and abruptly increase this property for 𝜆 < 𝜆𝑐
±1,0

. When 𝜆 > 

𝜆𝑐
±1,0

, the first order diffraction mode is evanescent in the free space and cannot contribute to the 

emissivity. As such, the spectrum of the emissivity of the array for 𝜆 > 𝜆𝑐
±1,0 is similar to that of 

𝜎𝑎 for a single microcube.  

Figure 3-2(b) also shows that when the inter-cube spacing reduces from 3 to 1.5 m, the 

spectral locations of the emissivity peaks are minimally affected. The reason is that the inter-cube 

spacings considered in this study are relatively large and thus the interaction between neighboring 

microcubes is not strong enough to cause any significant shift in the spectral locations of the peaks. 

The effect of inter-cube spacing on the magnitude of the Mie resonances is stronger than on the 

spectral locations of the peaks. As the inter-cube spacing decreases, both the volume of the emitters 

per unit area of the array and the electromagnetic interactions between the microcubes increase. 

The increase in the volume of emitters enhances thermal radiation from the array, while strong 

interactions between neighboring microcubes may affect the magnitude of the electric field inside 

the microcubes negatively, causing a decrease in the emissivity [21]. Depending on the relative 

strength of these two competing effects, the magnitude of the Mie resonances in the emissivity 

spectra may increase or decrease. For example, when 𝐷  decreases from 3 to 1.5 m, the 

magnitudes of the emissivity peaks at 12.8 and 13.1 m, which are due to the ED Mie resonances 

increase, while the magnitude of the peak at 13.6 m due to the MD Mie resonance decreases. The 

reason can be explained by considering the spatial distribution of the electric field within the 
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microcubes. The electric field distribution is plotted in Fig. 3-2(c) for three wavelengths of 12.8, 

13.1, and 13.6 m and two inter-cube spacings of 𝐷 = 1.5 and 3 m when the array is illuminated 

by the electric field schematically shown in the inset of Fig. 3-2(a). Figure 3-2(c) shows that the 

magnitude of the electric field within the microcubes at the wavelength of the ED resonances (12.8 

m and 13.1 m) does not change significantly as the 𝐷 reduces to 1.5 m. This is since the electric 

field for the ED resonance is concentrated at the center of the microcubes, and thus is not 

significantly affected when the interspacing of the microcubes decreases. While the magnitude of 

the electric field within the microcubes at the wavelengths of the ED resonances does not 

significantly change with decreasing 𝐷, the volume of the emitters increases with the reduction of 

𝐷 enhancing the emissivity at 12.8 and 13.1 m. Inversely, the electric field within the microcubes 

at the MD Mie resonance, as shown in Fig. 3-2(c), is strong at the edges of the microcubes. The 

streamlines of the electric field in the 𝑦-𝑧 plane in the middle of the cube (i.e., in the 𝑥 = 𝐿/2 plane) 

are also shown in Fig. 3-2(d) at the wavelength of the MD Mie resonance (13.6 m) for the case 

with 𝐷 = 3 µm. As it is seen from Fig. 3-2(d), the electric fields of neighboring microcubes have 

opposite directions. The strong and opposite electric fields of the neighboring microcubes 

significantly reduces the magnitude of the electric field within the resonators as 𝐷 decreases. As 

such, the emissivity of the array at the wavelength of the MD Mie resonance reduces when 𝐷 

decreases, even though the volume of the emitters per unit area of the array is larger at smaller 𝐷s. 

The spectral, normal emissivity for an array of 6H-SiC microcubes with 𝐿 = 2 m on a 6H-

SiC substrate is shown in Fig. 3-2(e) for two inter-cube spacings of 𝐷  = 1.5 and 3 m. The 

emissivity for a flat unpatterned 6H-SiC substrate is also shown in Fig. 3-2(e). It is seen from Fig. 

3-2(e) that the emissivity of the on-substrate array is very different from the free-standing array 

with the same 𝐿 and 𝐷 shown in Fig. 3-2(b). When 𝐷  = 1.5 m, the on-substrate array has an 
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emissivity greater than 0.9 over the entire spectral range of 2 to 10.4 µm and 13.6 to 16 m, which 

is much greater than the emissivity of the unpatterned substrate at the same temperature. This 

enhanced emissivity is due to thermal radiation of Mie resonances from the microcubes as well as 

scattering near-field thermal radiation from the substrate to the far field by the microcube 

resonators. Regarding the latter, the array of the microcubes also acts as a grating for the substrate 

and couples a portion of the evanescent electromagnetic waves thermally emitted by the substrate 

into propagating waves in the free space, thus increasing the emissivity. The array can reduce the 

parallel component of the wavevector for thermally emitted evanescent waves of the substrate by 

(𝑚 + 𝑛)
2𝜋

Λ
, where 𝑚 and 𝑛 are integers. As such, the evanescent waves with a parallel component 

of the wavevector 𝑘𝜌 < 𝑘0 + (𝑚 + 𝑛)
2𝜋

Λ
 can couple into the far-field enhancing the emissivity. 

The emissivity of the on-substrate array has also four pronounced peaks, which are located at 10.5, 

11.0, 12.8, and 13.8 µm for the array with 𝐷 = 3 m. The first two peaks, which are located within 

the Reststrahlen band of 6H-SiC, are due to thermal emission of ED LSPh resonances from the 

microbuses, while the peaks at 12.8 and 13.8 µm are due to thermal emission of ED and MD Mie 

resonances, respectively. It is seen from Fig. 3-2(e) that the magnitude of the MD peak at 13.8 m 

is much greater than the ED peak at 12.8 m, and that the MD peak for the on-substrate array is 

broadened compared to the free-standing array. The large and broadened MD peak for the on-

substrate array is due to the strong coupling between the MD mode and the substrate. The electric 

field distributions within the microcubes and the substrate are plotted in Fig. 2f for the ED and 

MD peaks at 12.8 and 13.8 m, respectively. In Fig. 3-2(f), 𝐷 = 3 m and the electric field is 

plotted in the 𝑥-𝑧 plane in the middle of the microcubes. Figure 3-2(e) clearly shows the strong 

coupling between the microcubes and the substrate at the MD Mie resonance, which results in 

enhanced thermal radiation and broadening of the MD peak. 
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Figure 3-2(e) shows that the emissivity of the array with the inter-cube spacing of 𝐷 = 1.5 m 

is greater than the one with 𝐷 = 3 m in the considered spectral band except for ~ 5.0 – 7.9 m 

and ~ 10.5 – 11.5 m. The emissivity of the array with 𝐷 = 1.5 m is greater than that for 𝐷 = 3 

m due to a larger volume of Mie resonators and a greater contribution from evanescent waves 

thermally emitted by the substrate. As mentioned before, the evanescent waves emitted from the 

substrate with a wavevector of 𝑘𝜌 < 𝑘0 + (𝑚 + 𝑛)
2𝜋

Λ
 can couple to the far field by the Mie 

resonators. As 𝐷 decreases, Λ decreases and thus more evanescent waves can couple to the far 

field for a given wavelength. Despite this, the emissivity of the array with 𝐷 = 1.5 m is smaller 

than the one with 𝐷 = 3.5 m in the spectral bands of ~ 5.0 – 7.9 m and ~ 10.5 – 11.5 m. The 

reason is the strong inter-cube interactions in these two spectral bands caused by the MD Mie and 

ED LSPh resonances.  As seen from Fig. 3-1(b), the MD Mie resonance is active between 5.0 and 

7.9 m, while the ED LSPh resonance is located between 10.5 – 11.5 m. Figure 3-1(d) shows 

that the electric field at the MD Mie and ED LSPh resonances is concentrated at the boundaries of 

the microcubes and thus is negatively affected as the distance between the neighboring 

microcubes, 𝐷, decreases. This decrease in the electric field results in a reduction in the emissivity 

of the array.  

Figure 3-2(e) shows that the emissivity of the unpatterned substrate is low in the Reststrahlen 

band. The reason is that 6H-SiC is highly reflective, and thus poorly emissive and absorptive, in 

the Reststrahlen band due to a negative real part of the dielectric function. While the far-field 

thermal radiation from the unpatterned substrate is low in the Reststrahlen band, the near-field 

thermal radiation from the substrate is resonantly large in the Reststrahlen band due to thermal 

emission SPhP modes. The presence of the Mie resonator array increases the emissivity of the 
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unpatterned substrate in the Reststrahlen band. This enhancement is due to thermal emission of 

ED LSPh resonances from the microcubes causing two peaks around 10.6 and 11.0 m as well as 

scattering of near-field thermal radiation of the substrate to the far field by Mie resonators. It 

should be noted that the pitch sizes of the two arrays considered in this study are not sufficiently 

large to couple the near-field SPhPs, which have very large wavevectors, into the far field. 



 

47 

 

 

   



 

48 

 

 

Figure 3-2 Absorption cross-section of single 6H-SiC microcube, emissivity of free-standing and on-substrate 

array of 6H-SiC microcubes. 

  (a) The absorption cross section normalized by the physical cross section, 𝜎𝑎 𝐿
2⁄ , for a microcube with 𝐿 = 2 m. 

The extinction coefficient of 6H-SiC at 400°C and the incident electric field are shown in the inset. (b) The spectral, 

normal emissivity of a free-standing periodic array of microcubes with a side length of 𝐿 = 2 m and two inter-cube 

spacings of 𝐷 = 1.5 and 3 m at a temperature of 400°C. (c) The spatial distribution of the induced electric field 

within the Mie resonators for a free-standing array of microcubes with 𝐿 = 2 µm and 𝐷 = 1.5 m. The electric field 

distribution is plotted in the in the 𝑥 = 
𝐿

2
 plane and the array is illuminated by the same incident electric field as in 

Fig. 2a. (d) The distribution of the electric field in the 𝑥 = 
𝐿

2
  plane at a wavelength of 𝜆 = 13.6 µm for the Mie 

resonator array of Panel b. (e) The same as Panel b but for an on-substrate array. (f) The distribution of the electric 

field within the microcubes and substrate at the ED and MD Mie resonances when the array is illuminated by the 

electric field shown in Panel a. In this figure, 𝐷 = 1.5 m and the electric field is plotted in the 𝑦 = 
𝐿

2
  plane. 

Overall, the presence of the Mie resonator array increases the total (spectrally integrated over 

2 – 16 m, where 92% of thermal radiation from a blackbody at 400°C is located), normal 

emissivity of the substrate from 0.67 to 0.91 and 0.89 when 𝐷 = 1.5 and 3.0 m, respectively. This 

enhancement demonstrates that the Mie resonators are very promising for increasing far-field 

thermal radiation from dielectric media which is crucial for thermal management and energy 

applications. 

Next, we experimentally demonstrate the potential of Mie resonators for enhancing the 

emissivity of the dielectric media in a broad spectral range. The array with 𝐿 = 2 m and 𝐷 = 1.5 

m is selected for the experiments due to a larger emissivity than the array with 𝐷 = 3.5 m. The 

array is fabricated on a 6H-SiC substrate using electron beam lithography and reactive ion etching 

(see Appendix D for details of the fabrication method). A scanning electron microscopy (SEM) 

image of the fabricated sample is shown in Fig. 3-3(a). The fabricated Mie resonators have a 
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microcuboid geometry with side lengths of 2.1 × 2.1 × 2.3 m and are separated by an inter-cube 

spacing of 𝐷 = 1.47 m. An in-house experimental set-up is used for direct measurement of the 

spectral, directional emissivity (see Appendix E for details of the emissivity measurement setup) 

for an unpatterned 6H-SiC substrate at a normal direction as well as the on-substrate array for 

several directions ranging from 0 to 60° with respect to the surface normal. The emissivity is 

measured in a spectral range of 5 – 16 m where the MCT detector used for the experiments can 

detect a strong thermal radiation signal for the samples. It should be mentioned that in this study, 

we measure the emissivity in a direct manner by collecting thermal radiation from the samples. As 

such, the measured signals are much weaker than those detected when measuring emissivity 

indirectly by illuminating the sample by an external IR source. The measured emissivity is shown 

in Fig 4-3(b). The emissivity for the fabricated geometry is also modeled for the same directions 

and presented in Fig. 3-3(c). Several points can be observed from Figs. 4-3(b) and 4-3(c). First, 

the emissivity measured for the Mie resonator array is greater than that for the unpatterned 

substrate. The total, normal emissivity in the spectral range of 5 – 16 m increases from 0.73 for 

the unpatterned substrate to 0.91 for the on-substrate array. Second, comparing Fig. 3-3(b) with 

Fig. 3-3(c), it seen that the experimentally measured emissivity for the array is in great agreement 

with the one predicted theoretically. The near-unity emissivity in the spectral range of 5 to 10 m 

is captured in the measurements, while the transverse ED LSPh resonances around 10.7 and 11.1 

m and the ED and MD Mie resonances around 12.8 and 14.0 m, respectively, are also measured 

in the emissivity spectra. The measured emissivity in Fig. 3-3(b) demonstrates direct thermal 

radiation of Mie resonances from microcuboids of 6H-SiC. It is also seen from Figs. 4-3(b) and 

3(c) that the measured emissivity for the Mie resonator array slightly changes with the angle but 



 

50 

 

remains relatively large at all angles. The enhanced emissivity for broad spectral and angular 

ranges is crucial for enhanced radiative heat transfer from the material. 

 

 

Figure 3-3 Fabricated sample and experimental measurement of the emissivity. 

(a) A micrographs of the fabricated Mie resonator array. The micrograph on the left is taken from above, while the 

one on the right is taken at an angle of 45°. The fabricated Mie resonators have a cuboid shape with side lengths of 

2.1, 2.1, and 2.3 m and an interspacing of 𝐷 = 1.47 µm. (b) The measured spectral, directional emissivity for the 

fabricated array in Panel a. (c) The predicted spectral, directional emissivity for the fabricated array in Panel a at 

various angles ranging from 0 to 60° with respect to the surface normal. The emissivity at the normal angle is also 

shown for an unpatterned substrate for comparison. 

3.4 Conclusions 

Thermal radiation of Mie resonances from microcuboids of a large refractive index material, 

namely 6H-SiC, was demonstrated theoretically and experimentally. It was shown that Mie 

resonator arrays can be designed to have enhanced emissivity in wide spectral and angular ranges. 

A periodic array of 6H-SiC microcuboids was designed and fabricated on a 6H-SiC substate. The 
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emissivity of the Mie resonator array was measured using an in-house emissometer. The array 

demonstrated an enhanced emissivity in the wide spectral range of 2 – 16 m and angular range 

of 0 to 60°. The enhanced emissivity for the array is due to thermal emission of Mie resonances 

by the microcuboids as well as the scattering of near-field thermal radiation from the substrate into 

the far field by the Mie resonators. Thermal radiation of Mie resonances due to the electric and 

magnetic dipoles as well as localized surface phonon resonances due to the transverse electric 

dipole, which appear as pronounced peaks in the emissivity spectra, were experimentally 

demonstrated. Our study provides a guide for designing broadband and omni-directional thermal 

emitters made from arrays of Mie resonators which are beneficial for thermal management and 

energy applications. 
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Chapter 4 

Tuning The Spectrum of Near-Field Radiative Heat Transfer Using Mie Resonance-Based 

Metamaterials 

This chapter has been reproduced from a previous publication in Physical Review B: Pouria, 

R. and Edalatpour, S., 2024. Tuning the spectrum of near-field radiative heat transfer using Mie 

resonance-based metamaterials. Physical Review B, 109(4), p.045407. 

4.1 Abstract 

Tuning the spectrum of near-field radiative heat transfer is crucial for many potential 

applications such as near-field thermophotovoltaic and thermophotonic power generation. Mie 

resonance-based metamaterials are promising candidates for tuning the near-field spectra. In this 

manuscript, we utilize the Fourier modal method to perform non-approximate simulations of near-

field radiative heat flux between Mie resonance-based metamaterials. By decomposing the 

electromagnetic response of the Mie resonators into contributions from various multipoles, we 

identify the origins of the peaks in the near-field spectra. We study the effect of the refractive 

index, extinction coefficient, shape, and interspacing of Mie resonators, as well as the separation 

distance of the metamaterials on the spectrum of neat-field heat flux. Our study shows that as the 

refractive index of the metamaterial increases, the heat flux increases and the spectral locations of 

the Mie resonances redshift. As the extinction coefficient increases, the near-field heat flux 

increases and the damping of the Mie resonances eventually results in a broadband spectrum for 

the heat flux. Resonance splitting is observed when the distance between the Mie resonators 

approaches the nanometer scale. While the existing studies suggest that Mie resonance-based 

metamaterials increase the near-field heat flux, the near-field heat transfer between these 

metamaterials is smaller than that between two thin films of the same material and thickness. 
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However, Mie resonance-based metamaterials are promising for tuning the spectrum of the near-

field heat flux. 

4.2 Introduction 

Radiative heat transfer (RHT) exceeds the blackbody limit by orders of magnitude when the 

heat-exchanging media are separated by a gap smaller than the thermal wavelength [1]. The 

enhancement of RHT at sub-wavelength separation gaps, referred to as the near-field RHT 

(NFRHT), is due to the tunneling of exponentially decaying evanescent waves that are only 

substantial at sub-wavelength distances from the emitting surface [1,2]. Near-field radiative heat 

transfer has several promising applications such as nano-gap thermophotovoltaic [3] and 

thermophotonic [4] power generation, thermal rectification [5,6], and near-field photonic cooling 

[7]. Tuning the spectrum of NFRHT is imperative for the development of these applications.  

Metamaterials, which are materials engineered at the sub-wavelength scale [8], have been 

proposed for tuning the spectrum of NFRHT [9-15]. One class of the proposed metamaterials is 

the Mie resonance-based metamaterials which are made of sub-wavelength particles of dielectric 

materials [16]. These sub-wavelength particles can thermally emit at Mie resonances causing sharp 

peaks in the spectrum of NFRHT. The Mie resonance-based metamaterials are promising for 

NFRHT applications. They provide a mechanism for tuning the spectrum of NFRHT for the 

dielectric media that do not support surface phonon polaritons. Additionally, the spectrum of 

NFRHT for Mie resonance-based metamaterials can be tuned to a great extent by changing the 

size, shape, and material properties of the resonators. Despite this potential, so far very few studies 

have focused on NFRHT in Mie resonance-based metamaterials [16-20]. Using the effective 

medium theory (EMT), it was shown that the Mie resonance-based metamaterials can have 
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negative effective permeability, in addition to negative effective permittivity, and thus they can 

emit the surface modes in both transverse electric (TE) and transverse magnetic (TM) polarizations 

[16-19]. The TE-polarized surface modes, which cannot be emitted from natural materials, 

introduce new peaks in the spectra of near-field heat flux and provide an additional channel for 

heat transfer [16-19]. The EMT, which treats the array of the sub-wavelength resonators as a semi-

infinite planar medium with an effective permittivity and permeability, is known to be invalid for 

predicting both the spectrum and the magnitude of NFRHT [21]. Recently, NFRHT between two 

Mie resonance-based metamaterials made of two-dimensional periodic arrays of tellurium cubes 

was studied using numerical simulations. It was shown that the Mie resonances cause peaks in the 

near-field spectra, and the locations of the peaks can be modulated by changing the size of the Mie 

resonators [20]. However, there is a knowledge gap about the origin of the peaks observed in the 

spectrum of NFRHT and how these peaks evolve as the material properties and the geometry of 

the array vary.  

In this paper, we employ a non-approximate numerical method, namely the Fourier modal 

method (also known as the rigorous-coupled wave analysis) [22], to study the NFRHT between 

periodic arrays of Mie resonators for different material properties, separation gaps, and geometries. 

Using a multipole expansion of the scattering cross section of the individual Mie resonators [23], 

we identify the origin of various peaks observed in the spectrum of NFRHT. While previous 

studies indicate that the Mie resonance-based metamaterials result in enhanced NFRHT [16-20], 

we show that indeed NFRHT between these metamaterials is always less than that for a thin film 

of the same material and thickness as the corresponding metamaterials. This study elucidates the 

physics underlying NFRHT between Mie resonance-based metamaterials and can guide designing 

thermal emitters with desired NFRHT spectrum. 
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This paper is organized as follows. The problem under study and the methods used for solving 

this problem are described in Sec. 4.3. The results are described in Sec. 4.4, and the concluding 

remarks are presented in Sec. 4.5. 

4.3 Description of the Problem and Methods 

The problem under consideration is illustrated in Fig. 4-1. Two identical Mie resonance-based 

metamaterials made of two-dimensional periodic arrays of micro-cuboids are separated by a 

vacuum gap of size 𝑑. The cuboids have a side length 𝐿, a width 𝑊, a height 𝐻, and an interspacing 

𝐷 . The temperatures of the two metamaterials are fixed at 𝑇1  = 400 K and 𝑇2  = 300 K. The 

objective is to analyze the spectrum of NFRHT between the two metamaterials and study how the 

spectrum evolves as the material properties, the separation gap, and the geometry of the array 

change.  

 

Figure 4-1 A schematic of the system under study. 

Two Mie resonance-based metamaterials made of two-dimensional periodic arrays of micro-cuboids are separated 

by a gap of size d. One of the metamaterials is at temperature 𝑇1 = 400 K, while the other one is kept at temperature 

𝑇2 = 300 K. Near-field radiative heat transfer between the two metamaterials is desired. 

The near-field radiative heat flux between the metamaterials is found using the fluctuational 

electrodynamic theorem [1,2], and by applying the Fourier modal method, as implemented in the 

MESH software [22], for solving the stochastic Maxwell’s equations. A summary of the Fourier 

modal method used for numerical modeling of NFRHT is provided in Appendix B. To identify the 
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peaks observed in the spectrum of the near-field heat flux, the scattering cross section of the micro-

cuboids is decomposed into contributions from electric and magnetic dipoles and quadrupoles. The 

spectral locations of the Mie resonances in the scattering cross section are very close to those in 

the absorption cross section. As such, and due to the availability of the multipole expansion for the 

scattering cross section [23], we choose to decompose the scattering cross section into multipole 

contributions in this study. When an individual cuboid is illuminated with an incident electric field, 

𝐄inc (𝐫,𝜔 ), a current is induced inside the cuboids. The induced current density is given by 

𝐉𝜔(𝐫,𝜔) = −i𝜔𝜀0(𝜀𝑟 − 1)𝐄(𝐫,𝜔) , where 𝐫 , 𝜔 , 𝐄(𝐫, 𝜔) , 𝜀0 , and 𝜀𝑟  are the position vector, 

angular frequency, electric field, permittivity of the free space, and dielectric function of the micro-

cuboids, respectively. The moments of the electric and magnetic dipoles and quadrupoles are then 

found using the induced current density as [23]: 

𝑝𝛼 = −
1

i𝜔
∫ 𝐽𝜔,𝛼 𝑗0(𝑘𝑟)𝑑

3𝐫 −
𝑘2

2i𝜔
∫
𝑗2(𝑘𝑟)

(𝑘𝑟)2
[3(𝐫. 𝐉𝜔)𝑟𝛼 − 𝑟

2𝐽𝜔,𝛼]𝑑
3𝐫                            (3.1a) 
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3
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where 𝑝𝛼  and 𝑚𝛼  are the 𝛼  (𝛼  = 𝑥 , 𝑦 , 𝑧) component of the electric and magnetic dipole 

moments, respectively, 𝑄𝛼𝛽
𝑒  and 𝑄𝛼𝛽

𝑚  are the 𝛼𝛽 (𝛽 = 𝑥, 𝑦, 𝑧) element of the electric and magnetic 

quadrupole moment tensors, respectively, 𝑟  is the magnitude of the position vector, i  is the 

imaginary unit, 𝑘 is the magnitude of the wavevector in the free space, and 𝑗𝑛(𝑘𝑟) is the spherical 
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Bessel function of 𝑛th kind. The induced current density, 𝐉𝜔, required for finding the multipole 

moments using Eqs. 3.1a-3.1d, is simulated using the COMSOL Wave Optics Module. Once the 

electric and magnetic multipole moments are found, the contributions from each multipole to the 

total scattering cross section can be expressed as [23]: 

𝜎𝑠
𝑝 =

𝑘4

6𝜋𝜀0
2|𝐄𝐢𝐧𝐜|2
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where 𝑐 is the speed of light in the free space, and 𝜎𝑠
𝑝
, 𝜎𝑠

𝑚, 𝜎𝑠
𝑄𝑒

, and 𝜎𝑠
𝑄𝑚

 are the contributions 

of the electric dipole, magnetic dipole, electric quadrupole, and magnetic quadrupole to the 

scattering cross section of the Mie resonators, respectively. It should be noted that the contribution 

of the higher order modes to the scattering cross section is negligible. This is confirmed by finding 

the total scattering cross section using the COMSOL Wave Optics Module and comparing the 

result with the summation of 𝜎𝑠
𝑝

, 𝜎𝑠
𝑚, 𝜎𝑠

𝑄𝑒
, and 𝜎𝑠

𝑄𝑚
 found using Eqs. 3.2a to 3.2d. Equations 3.2a-

3.2d are utilized to find the spectral locations of Mie resonances associated with each electric and 

magnetic multipole.  

In addition to the scattering cross section of the Mie resonators, the distribution of the electric 

field within the resonators when the metamaterial is illuminated by an incident electric field is 

computed and used for identifying the Mie resonances in the near-field spectra. The electric field 

distribution is modeled using the COMSOL Wave Optics Module. The spectral NFRHT between 
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non-periodic arrays of Mie resonators is also found using the SCUFF-NEQ package of the SCUFF-

EM electromagnetic solver [24] and is employed for interpreting the spectrum of near-field heat 

flux. 

4.4 Results and Discussion 

Figure 4-2(a) shows the spectrum of NFRHT between two identical Mie resonance-based 

metamaterials made of micro-cubes with side lengths 𝐿  = 𝑊  = 𝐻  = 2 µm, and a cubes’ 

interspacing of 𝐷  = 2 µm. Cubical resonators have been selected for this study since cubical 

microparticles can be fabricated using the standard optical lithography process. The complex 

refractive index and the separation gap of the two metamaterials are assumed as 𝑛̃ = 2.4 + 0.05i 

and 𝑑 = 1 µm, respectively. The considered refractive index is close to the one for zinc selenide 

[24]. It should be noted that the considered refractive index may not follow the dispersion rule and 

the Kramers-Kronig relations. However, we proceed with this refractive index as the main 

objective of this study is to understand the effects of metamaterial parameters, such as the 

refractive index and extinction coefficient, on the spectrum of near-field heat flux. Ten peaks are 

observed in the near-field spectrum which are located at 3.4 μm, 3.7 μm, 4.2 μm, 4.7 μm, 5.4 μm, 

6.3 μm, 6.6 μm, 6.9 μm, 7.8 μm, and 9.6 μm. To identify the origins of these peaks, the scattering 

cross section of an individual micro-cube when illuminated by an external electric field is 

computed and decomposed into contribution from the electric dipole (ED), magnetic dipole (MD), 

electric quadrupole (EQ), and magnetic quadrupole (MQ). The incident electric field is directed 

toward the 𝑥-axis, and two incidence angles of 0° and 45° with respect to the 𝑧-axis (i.e., normal 

and oblique incidence, respectively) are considered. Figures 4-2(b) and 4-2(c) show the 

decomposed scattering cross section of the micro-cubes normalized by the geometrical cross 

section (𝐿 ∙ 𝑊)  for angles of incidence of 0° and 45°, respectively. 
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Figure 4-2(b) shows that the scattering cross section of the cubes for the normal incidence has 

three peaks which are located at 3.2 µm, 4.1 µm, and 6.0 µm. Considering the contributions from 

the ED, EQ, MD, and MQ to the scattering cross section as presented in Fig. 4-2(b), it is found 

that the peak at 3.2 µm is due to the EQ and MD modes (dominated by the contribution from the 

EQ), the peak at 4.1 µm is due to the EQ and MQ modes (with dominant contribution from the 

EQ), and the peak at 6.0 µm is due to contributions from the MD and ED modes (with dominant 

contribution from the MD). The spectral locations of the peaks in the spectrum of scattering cross 

section for the oblique incidence shown in Fig. 4-2(c) are approximately the same as those for the 

normal incidence except for the peak associated with the EQ-MQ modes, which is slightly shifted 

from 4.1 µm to 4.5 µm. The micro-cubes in an array are close to each other, and thus the Mie 

modes of the neighboring micro-cubes can spatially overlap. This overlap causes resonant shift 

and/or splitting of the Mie resonances into a few peaks. For example, the radiative heat flux 

between two two-dimensional arrays made of sixteen micro-cubes is simulated for separation gaps, 

𝑑, and interspacing, 𝐷, of 10 µm and 2 µm using the SCUFF-NEQ package of the SCUFF-EM 

electromagnetic solver [25]. The results are shown in Fig. 4-2(d). The spectral locations of the 

peaks in the heat-flux spectrum for the case with 𝐷 = 𝑑 = 10 µm is very similar to those of the 

scattering cross section of the individual micro-cubes. From left to right, the peaks in the heat-flux 

spectrum are due to the EQ-MD, EQ-MQ (observed for 𝜎𝑠  at normal incidence), EQ-MQ 

(observed for 𝜎𝑠 at oblique incidence), and MD-ED mode. When the interspacing reduces to 𝐷 = 

2 µm, the MD-ED mode splits into two peaks. With reducing the vacuum gap to 𝑑 = 2 µm, the 

EQ-MD resonance also splits. 



 

62 

 

 

 

 

Figure 4-2 Characterizing the spectrum of NFRHT between metamaterials with a complex refractive index of  

𝒏̃ = 2.4 + 0.05i. 

(a) Near-field radiative heat flux between the two metamaterials shown in Fig. 1. The refractive index of the micro-

cubes and the separation gap of the metamaterials are 𝑛̃ = 2.4 + 0.05i and 𝑑 = 1 µm, respectively, while 𝐿 = 𝐻 = 𝑊 
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= 𝐷 = 2 µm. (b,c) The scattering cross section of an individual micro-cube normalized by the geometrical cross 

section, when the micro-cube is illuminated by an incident plane wave. The incident electric field is polarized along 

the 𝑥-axis, while it propagates along the 𝑧-axis in Panel (b) and at angle of 45° with respect to the 𝑧-axis in Panel 

(c). See the insets of Panels (b) and (c) for schematics. (d) The near-field heat flux between two two-dimensional 

finite arrays each made of 16 micro-cubes. 𝐿 = 𝐻 = 𝑊 = 2 µm. 

Considering the splitting and shift of the peaks caused by the spatial overlap of the Mie modes 

of the neighboring micro-cubes and using the decomposed scattering cross sections in Figs. 3-2(b) 

and 3-2(c), the peaks of NFRHT between the two metamaterials can be identified as follows. The 

peak at 3.4 μm and 3.7 μm are both due to the EQ and MD (with dominant contribution from EQ), 

the peak at 4.2 μm is due to the EQ and MQ (with dominant contribution from MQ), the peak at 

4.7 μm is due to the MQ supported at oblique incidence angles (see Fig. 4-2c), the peak at 5.4 μm 

is due to the ED, and the last five peaks at 6.3 μm, 6.6 μm, 6.9 μm, 7.8 μm, and 9.6 μm are all due 

to the ED and MD modes (with dominant contribution from the MD). The electric field 

distributions within the cubes when the metamaterial is illuminated by an external electric field 

are also computed at the peaks’ wavelengths. The electric fields are plotted in the 𝑦-𝑧 plane in the 

middle of the cubes (i.e., in the 𝑥 = 
𝐿

2
 plane), when the metamaterial is excited by an electric field 

polarized in the 𝑥-direction and incident at the normal direction [see Fig. 4-3(a)]. The magnitude 

of the incident electric field is assumed to be 1 V/m. The electric field distributions at the peaks’ 

wavelengths are provided in Fig. 4-3(b), and they are in agreement with the multipole 

decomposition analysis. It should be noted that as seen in Fig. 4-2(a), the NFRHT between the two 

Mie resonance-based metamaterials is dominated by resonant thermal emission and absorption of 

the MD mode of the micro-cubes. 
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Figure 4-3 Spatial distribution of the electric field within the micro-cubes. 

(a) An electric field polarized along the 𝑥-axis and propagating in the 𝑧-direction is incident on the metamaterial. 

The magnitude of the incident field, 𝐄inc, is 1 V/m. (b) The spatial distribution of the induced electric field within 

the micro-cubes at the spectral locations of the NFRHT peaks. The electric field is plotted in the 𝑥 = 
𝐿

2
 plane. The 

complex refractive index is 𝑛̃ = 2.4 + 0.05i, while 𝐿 = 𝑊 = 𝐻 = 𝐷 = 2 µm and 𝑑 = 1 µm. The unit for the color bar is 

V/m. 

To study the effect of the refractive index on the spectrum of NFRHT between the Mie 

resonance-based metamaterials, we increase the refractive index of the micro-cubes to 𝑛 = 3.5, 

which is close to the refractive index of germanium telluride [26]. The other parameters of the 

array remain the same (i.e., 𝜅 = 0.05, 𝐿 = 𝑊 = 𝐻 = 𝐷 = 2 µm, and 𝑑 = 1 µm). Figure 4-4(a) shows 

the spectral heat flux for this case. The normalized scattering cross sections for the normal and 

oblique incidence angles are also plotted in Figs. 3-4(b) and 3-4(c), respectively. Several new 

peaks appear in the heat flux spectrum with increasing the refractive index. The appearance of the 
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new peaks can be explained by comparing the scattering cross sections in Fig. 4-4(b) and 3-4(c) 

with those for a smaller refractive index of 𝑛 = 2.4 presented in Figs. 3-3(b) and 3-3(c). It is seen 

that the spectral locations of the Mie modes are redshifted toward longer wavelengths as the 

refractive index increases. The magnetic modes, namely, the MD and MQ, experience the largest 

redshift. As 𝑛 increases, the short-wavelength Mie modes redshift inside the considered spectral 

band, where they can be thermally excited. This redshift of the peaks results in the appearance of 

the new peaks in the heat flux spectra when 𝑛  increases to 3.5.  

In total, there are 16 peaks in the spectrum of near-field heat flux which can be identified using 

the decomposed scattering cross sections in Figs. 3-4(b) and 3-4(c) as well as the spatial 

distributions of the electric field inside the micro-cubes. The electric field distribution at the peaks’ 

wavelengths is shown in Fig. C-1 of Appendix C [27] for the incident electric field illustrated in 

Fig. 4-3(a). The wavelengths and the origins of the heat-flux peaks are listed in Fig. 4-4(a). Figure 

4-4(a) also shows that the heat flux increases compared to the previous case with a smaller 

refractive index of 𝑛 = 2.4. The greatest enhancement is seen in the wavelength range of 8 to 10 

µm, where the MD modes are located. Thermal emission and absorption by the micro-cubes due 

to the MD modes are proportional to the imaginary part of the magnetic polarizability, Im[𝛼𝑚] 

[28]. The imaginary part of the magnetic polarizability is proportional to Im[𝜀], where 𝜀 is the 

dielectric function of the micro-cubes [28]. As 𝑛 increases, Im[𝜀] and Im[𝛼𝑚] increase, which 

results in higher emission and absorption by the micro-cubes thus increasing the heat flux. It should 

be noted that, similar to the case with a smaller refractive index of 𝑛  = 2.4, the heat flux is 

dominated by the contribution from MD modes. 
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Figure 4-4 The same as Fig. 4-2 except for a complex refractive index of  𝒏̃ = 3.5 + 0.05i.5i. 

In Fig. 4-5, the refractive index of the micro-cubes is further increased to 𝑛 = 5.0, which is 

approximately the same as the refractive index of tellurium [29]. The decomposed scattering cross 

sections at the normal and oblique incidence are provided in Figs. C-2(a) and C-2(b) of Appendix 

C [27] for this case. With further increase of the refractive index, the Mie modes redshift and the 

heat flux increases further. The heat flux has 16 peaks associated with Mie resonances, which are 

identified and reported in Fig. 4-5. The heat flux is dominated by the contribution from six peaks 

located at 6.8 µm, 7.2 µm, 8.1 µm, 8.9 µm, 12.1 µm, and 12.7 µm (peaks numbers 8, 9, 10, 11, 15, 

and 16 in Fig. 4-5), which are due to the MD, EQ, MQ, ED, MD, and MD, respectively. Figure 4-
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5 shows that, similar to the case with 𝑛 = 3.4, the MD modes significantly contribute to the heat 

flux. It is also seen that the contributions from the ED and EQ to the heat flux is greater for this 

case compared to the cases with smaller refractive indices of 𝑛 = 2.4 and 𝑛 = 3.5. 

 

Figure 4-5 The same as Fig. 4-2 (a) except for a complex refractive index of 𝒏̃ = 5.0 + 0.05i. 

Next, we study the effect of extinction coefficient, 𝜅, on the spectrum of heat flux. Figure 4-

6(a) shows the NFRHT between two Mie resonance-based metamaterials with 𝑛 = 5.0 and three 

levels of extinction coefficient, namely, 𝜅 = 0.05, 0.1, and 0.5. With increasing 𝜅 from 0.05 to 0.1, 

the spectral locations of the Mie resonances do not change. However, there is an enhancement of 

the heat flux at all wavelengths. As 𝜅 increases, Im[𝜀] and thus the thermally fluctuating current 

of the micro-cubes, given by the fluctuational electrodynamics [1,2], increase at all wavelengths. 

With increasing 𝜅 further to 𝜅 = 0.5, the broadband enhancement of the heat flux and the damping 

of the Mie resonances result in a broadband spectrum for the heat flux. Figure 4-6(a) shows that 

the extinction coefficient is a key factor in determining the shape of the heat-flux spectrum 

(spectrally-selective or broadband). 

The effect of micro-cube interspacing, 𝐷, on the NFRHT between the two Mie resonance-

based metamaterials is studied in Fig. 4-6(b). This figure shows the heat flux for three interspacing 
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of 𝐷 = 2 µm, 1 µm, and 100 nm as well as for a thin film with the same material and thickness as 

the metamaterials. The refractive index is fixed at 𝑛̃ = 5.0 + 0.05i, while the sizes of the micro-

cubes and vacuum gap remain the same as in the previous cases (i.e., 𝐿 = 𝑊 = 𝐻 = 2 µm and 𝑑 = 

1 µm). As 𝐷 reduces from 2 µm to 1 µm, the heat flux increases in a broadband manner (i.e., at 

both resonance and non-resonance wavelengths). This enhancement is due to a larger volume of 

the Mie resonators per unit area of the metamaterials for the smaller interspacing of 𝐷 = 1 µm. 

Reducing the interspacing to 𝐷 = 1 µm also results in splitting of some of the Mie resonances such 

as the ED resonance at 10.2 µm. The resonance splitting is due to the spatial overlap of the Mie 

modes of the neighboring micro-cubes as described before. When 𝐷 = 100 nm, the neighboring 

micro-cubes are placed at a near-field distance from each other. At near-field distances, the 

destructive interactions between the Mie modes result in damping of the heat-flux peaks except 

for the dominant dipole mode between 8 µm and 10 µm, which is split into two peaks. However, 

the heat flux increases in a broadband manner when 𝐷 reduces to 100 nm. As 𝐷 → 0, the spectrum 

of NFRHT approaches that for a thin film as shown in Fig. 7b. It should be noted that the four 

peaks observed in the spectrum of heat flux for the thin films at 4.0 µm, 5.0 µm, 6.6 µm, and 9.8 

µm are due to the fifth, fourth, third, and second Fabry–Pérot interference resonances, respectively. 

The Fabry–Pérot resonances are excited inside the thin films at wavelengths 𝜆 = 
2𝑛𝐻

𝑁
, where 𝐻 (= 

2 µm) and 𝑁 are the thickness of the film and the order of the resonance, respectively. It should 

also be noted that, unlike indicated by previous studies [16-20], the total heat flux for the Mie 

resonance-based metamaterials is less than that for the thin films with the same refractive index 

and thickness. However, the Mie resonance-based metamaterials provide more degrees of freedom 

for designing the spectrum of NFRHT when compared to thin films. 
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To study the spectrum of NFRHT at smaller separation gaps, the spectral heat flux between 

two Mie resonance-based metamaterials separated by a gap of size 𝑑 = 100 nm is compared with 

the one for 𝑑 = 1 µm in Fig. 4-6(c). The complex refractive index of the micro-cubes is assumed 

to be 𝑛̃ = 5.0 + 0.05i for both cases. As expected, the heat flux increases as the gap size decreases. 

However, as the gap size decreases by one order of magnitude, the total (spectrally integrated) heat 

flux increases only by a factor of 2. This shows that the Mie resonance-based metamaterials are 

suitable for intermediate near-field gaps (i.e., 𝑑  > 500 nm) which are experimentally more 

attainable. With decreasing the separation gap, the spectral locations of some of the Mie peaks 

such as the EQ slightly redshift. Additionally, the spatial overlap of the Mie modes results in 

splitting of the ED, MD, and MQ modes [see Fig. 4-6(c)].    

Lastly, we show that the spectral locations and the relative intensity of the NFRHT peaks can 

be modulated to a great extent via varying the geometry of the Mie resonators. By changing the 

geometry of the resonators, it is possible to have several scattered peaks in the spectrum, or to 

spectrally overlap the Mie modes into a dominant peak. For example, Fig. 4-6(d) compares 

NFRHT for the micro-cube geometry studied so far (𝐿 = 𝑊 = 𝐻 = 2 µm) with that for a cuboidal 

geometry with edge lengths of 𝐿 =  𝑊 = 1.26 µm and 𝐻 = 5.04 µm. The former has a height over 

width of 
𝐻

𝑊
 = 1, while this ratio for the latter is 

𝐻

𝑊
 = 4. The volume (= 8 µm3) and the array pitch (= 

4 µm), and thus the emitting volume per unit area of the metamaterials, are the same for both 

geometries. The refractive index is assumed to be 𝑛̃ = 5.0 + 0.05i for both cases. It is seen that for 

the case with 
𝐻

𝑊
 = 1, there are four dominant peaks at 8.1 µm, 8.9 µm, 12.1 µm, and 12.7 µm, 

which, as discussed before, are due to the MQ, ED, MD, and MD modes, respectively. When 
𝐻

𝑊
 = 

4, the MD modes at 12.1 µm and 12.7 µm blueshift, while the MQ mode at 8.1 µm and the ED 
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mode at 8.9 µm redshift. With the shift of the modes with changing the geometry, the MD, MQ, 

and ED modes spectrally overlap which results in a dominant peak in the spectrum of the near-

field heat flux as seen in Fig. 4-6(d). In addition to the ratio 
𝐻

𝑊
, the location and relative magnitude 

of the heat flux peaks can be tuned by varying the ratio 
𝐿

𝑊
 of the cubes (for example, the spectral 

heat flux for two cases with 
𝐿

𝑊
 = 1.0 and 

𝐿

𝑊
 = 1.5 can be compared in Fig. C-3 of Appendix C).  

 

 

Figure 4-6 The effect of extinction coefficient, cube interspacing, separation gap, and geometry on the 

spectrum of near-field heat flux. 

(a) The effect of the extinction coefficient, 𝜅, on the heat flux. 𝐿 = 𝑊 = 𝐻 = 𝐷 = 2 µm, 𝑛 = 5.0, and 𝑑 = 1 µm (b) 

The effect of cube interspacing, 𝐷, on the heat flux. 𝐿 = 𝑊 = 𝐻 = 2 µm, 𝑛̃ = 5.0 + 0.05i, and 𝑑 = 1 µm. (c) The 

effect of the separation gap, 𝑑, on the heat flux. 𝐿 = 𝑊 = 𝐻 = 𝐷 = 2 µm and 𝑛̃ = 5.0 + 0.05i. (d) The effect of the 

geometry of the Mie resonators on the heat flux. 𝑛̃ = 5.0 + 0.05i, 𝑑 = 1 µm, and 𝐿 = 𝑊. The array pitch is 4 µm, and 

the volume of the Mie resonators is 8 µm3. 
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It should be noted that even though a refractive index of 𝑛 = 5.0 is assumed in Fig. 4-6, the 

effects of 𝜅, 𝐷, 𝑑, and 
𝐻

𝑊
 on the spectrum of near-field heat flux for a smaller refractive index of 𝑛 

= 2.4 remain the same as those found for 𝑛 = 5.0. The spectral heat flux for a refractive index of 𝑛 

= 2.4 as a function of 𝜅, 𝐷, 𝑑, and 
𝐻

𝑊
 is shown in Fig. C-4 of Appendix C [27]. 

4.5 Conclusion 

The spectrum of near-field radiative heat transfer between two Mie resonance-based 

metamaterials is studied using non-approximate numerical simulations. The effects of the 

refractive index, extinction coefficient, shape, and interspacing of the Mie resonators as well as 

the separation gap of the two metamaterials on the near-field spectrum are analyzed. It was shown 

that as the refractive index increases, the Mie resonances redshift and the heat flux increases. The 

number of Mie resonances that can thermally be excited increases with increasing the refractive 

index. As the extinction coefficient increases, the heat flux increases at all wavelengths and the 

Mie resonances start to damp until the spectrum eventually becomes broadband. It was also found 

that as the interspacing of the Mie resonators reduces, the interactions between neighboring 

resonators initially cause resonance splitting and eventually results in disappearance of most of the 

Mie peaks except for the electric dipole mode. The heat flux monotonically increases with 

decreasing the interspacing and eventually converges to that for a thin film with the same thickness 

as the Mie resonators. With decreasing the separation gap of the metamaterials, the heat flux 

increases while the Mie resonances split into a few peaks due to the spatial overlap of the modes. 

Lastly, it was shown that the spectral locations of the Mie resonances are significantly dependent 

on the geometry of the Mie resonators. By modulating the geometry, the Mie resonances can 

spectrally overlap and form a sharp peak in the heat-flux spectrum. The results of this study provide 
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insight into the mechanisms of near-field radiative heat transfer between Mie resonance-based 

metamaterials and can provide a guide for designing materials with desired near-field spectrum. 
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Chapter 5 

Conclusions and Recommendations 

While the main goal of this dissertation is to show the potential of metamaterials for 

engineering the spectrum of thermal radiation in the far-field and near-field regimes, it also aims 

at covering the knowledge gap that exists in the literature of thermal radiation for two of the 

mechanisms that are less explored; namely LSPh modes and Mie resonance modes. The main 

results and contributions of this research as well as recommendations for future studies are 

discussed hereafter. 

5.1 Engineering Far-Field Thermal Emission with Metamaterials Supporting LSPh modes 

In summary, this study investigates far-field thermal emission from non-diffractive arrays of 

subwavelength silicon carbide nanoparticles, with a specific emphasis on the influence of LSPh 

modes. The strategic utilization of these resonant modes underscores the feasibility of approaching 

the blackbody limit for a wide range of emission angles. Achieving the blackbody limit for thermal 

emissivity is possible because of overlapping of the LSPh modes and hybrid waveguide-SPhP 

modes. This effect is realized by optimizing the interparticle spacing between the subwavelength 

constituents, i.e., nanopillars. It was seen that when the interparticle spacing is above the optimized 

value, the resonance modes are spectrally scattered with low values of emissivity while reducing 

the interparticle spacing below the optimized value reduces the dipole moments of nanopillars due 

to the increased negative impact of near-field interaction between the nanopillars. We also found 

that far-field thermal emission from nanoparticles that support LSPh modes is highly independent 

of emission angle. The numerical results for far-field spectral, directional emissivity are backed 

up with experimental measurements using a direct measurement technique that was developed in 

our lab. The angular independence of far-field thermal emission from LSPh modes makes them 
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suitable for practical applications, such as thermal management for electronic devices and 

thermophotovoltaic energy harvesting. In electronic devices, effective thermal management is 

crucial to prevent overheating and optimize performance. The near-unity thermal emissivity 

achieved through LSPh modes could be used for heat dissipation, improving device reliability and 

longevity. The angle independent thermal emission facilitated by metamaterials that support LSPh 

modes makes these types of metamaterials ideal for efficient thermal energy harvesting, potentially 

advancing renewable energy technologies and offering a more sustainable approach to energy 

generation. 

5.2 Engineering Far-Field Thermal Emission with Mie Resonance-Based Metamaterials 

Dielectric materials that support special resonance modes such as surface phonons are limited 

in number, and they may not be suitable for every application. Additionally, the spectral range 

where surface phonon modes are active for these dielectric materials is also limited. Thus, it 

becomes crucial to find a mechanism for engineering the spectrum of far-field thermal radiation 

with more spectral freedom for dielectric materials that do not support surface phonon modes. For 

this purpose, we proposed studying far-field thermal emission from Mie resonance-based 

metamaterials. More specifically, we investigated periodic arrays of Mie resonance-based 

microcuboids made of silicon carbide. Silicon carbide does not support surface phonon modes 

outside its Reststrahlen band bound by ~10-12.5 µm, since the real part of the dielectric function 

for silicon carbide is positive outside of this band. By carefully choosing the size of the 

microcuboids, we showed that it is possible to tune the Mie resonances to occur outside of 

Reststrahlen band of silicon carbide. It was found that when microcuboids of silicon carbide with 

large scattering cross sections (comparable to geometric cross section of the microcubes) are laid 

on a flat substrate made of the same material, the metamaterial can achieve near-unity emissivity 
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over a wide range of wavelengths and angles. The choice of SiC as the substrate was strategic, 

given its inherent properties and relevance in various applications, including optoelectronics, 

thermal management, and energy harvesting. The broadband improvement achieved in emissivity 

was a noteworthy outcome, as it reaches the blackbody limit on both sides of the Reststrahlen 

band. A crucial aspect elucidated in the study was the coupling effect between Mie resonance-

based microcubes and the SiC substrate. The substrate, being composed of the same material as 

the microcuboids, plays a pivotal role in achieving perfect emissivity for Mie resonance-based 

configurations. This coupling effect creates a strong tendency for forward scattering within the 

resonator, forming a leaky channel that enhances thermal emission. Understanding and harnessing 

this coupling effect contributes to the optimization of the metamaterial design for achieving 

superior thermal radiation properties. Moreover, the study explored the potential for 

omnidirectional improvement in thermal radiation. Numerical simulations suggested that the 

enhancement of thermal radiation remains consistent up to 60 degrees, indicating a wide-angle 

efficacy. This was a particularly promising result, as it implied that the proposed metamaterial 

configuration could find applications in scenarios where thermal radiation needs to be enhanced 

across various viewing angles. The omnidirectional improvement further extends the versatility of 

this metamaterial in practical applications, making it a potential candidate for diverse fields such 

as aerospace, electronics, and solar energy. Crucially, the study's theoretical predictions are 

supported by experimental validation, underscoring the robustness and reliability of the proposed 

approach.  

5.3 Engineering The Spectrum of NFRHT Using Mie Resonance-Based Metamaterials 

In this work, we studied NFRHT between Mie resonance-based metamaterials in a non-

approximate manner using the Fourier modal method. Using an exact multipole decomposition 
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method, the electromagnetic response of the Mie resonators was characterized by contributions 

from various multipoles and the origins of the peaks in the near-field spectra were identified. It 

was found that the refractive index, extinction coefficient, shape, and interparticle spacing of the 

Mie resonators, as well as the separation distance of the metamaterials have significant effects on 

both the magnitude and the spectrum of NFRHT. The refractive index of the metamaterial emerges 

as a critical factor, with an increase leading to a rise in heat flux and a spectral redshift of Mie 

resonances. This finding suggests that manipulating the refractive index provides a viable avenue 

for tailoring the heat transfer characteristics of Mie resonance-based metamaterials. Additionally, 

the study underscores the role of the extinction coefficient, showing that an increase results in 

higher near-field heat flux. However, this is accompanied by the damping of Mie resonances, 

ultimately leading to a broadband spectrum for heat flux. The delicate balance between 

maximizing heat transfer and maintaining spectral characteristics requires careful consideration in 

the design process. The research also sheds light on the nuanced effects of the shape and 

interspacing of Mie resonators on NFRHT. The observed resonance splitting as the distance 

between resonators approaches the nanometer scale introduces an intriguing aspect to the study. 

This phenomenon implies that the spatial arrangement of Mie resonators can give rise to distinctive 

features in the near-field spectrum. Understanding and harnessing this resonance splitting could 

open new possibilities for tailoring heat transfer in metamaterials for specific applications. The 

significance of the geometry of Mie resonators in shaping the spectrum of NFRHT is a noteworthy 

finding with implications for practical applications. The ability to carefully design the geometry 

to either produce scattered resonances or overlap them into a single, strong peak highlights the 

versatility of Mie resonance-based metamaterials. This design flexibility allows researchers to 

tailor the near-field heat transfer characteristics according to specific needs, whether it be 
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achieving a monochromatic heat transfer or creating a spectrum with multiple peaks. It should also 

be mentioned that, in all cases considered in this study, the NFRHT between the Mie resonance-

based metamaterials is smaller than that between two thin films with the same material and 

thickness as the metamaterials. 

5.4 Recommendations for future research 

Future research in the field of engineering far-field thermal emission with metamaterials 

should focus on several key areas to advance the understanding and application of these materials. 

Firstly, exploring a broader range of dielectric materials that support LSPh and Mie resonance 

modes beyond silicon carbide could lead to more versatile and efficient thermal emission systems. 

Investigating materials with different dielectric properties may reveal new resonant behaviors and 

optimize the spectral and angular characteristics of thermal emission. Additionally, further studies 

should consider the impact of varying environmental conditions, such as temperature and pressure, 

on the performance of these metamaterials to ensure their robustness in practical applications. 

Advanced numerical modeling techniques, combined with experimental validation, can be 

employed to refine the design and optimize the interparticle spacing and geometry of the resonators 

for maximum emissivity. Moreover, integrating these metamaterials into complex systems, such 

as multi-layered structures or hybrid materials, could enhance their thermal management 

capabilities and expand their applicability in areas like thermophotovoltaic energy harvesting and 

electronic device cooling. Finally, long-term durability and stability studies are essential to 

understand the performance of these materials over extended periods, ensuring their reliability for 

industrial and commercial use. By addressing these research directions, the field can move towards 

developing more efficient, sustainable, and versatile thermal emission technologies. 
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In terms of near-field thermal radiation, one recommendation for future research could be the 

experimental analysis of Mie resonance-based metamaterials to validate the accuracy of numerical 

results. Experimental confirmation not only substantiates the numerical simulations but also 

establishes a foundation for further research and development in this direction. The successful 

experimental validation reinforces the practical feasibility of implementing this metamaterial for 

tuning the spectrum of near-field thermal radiation. Utilizing an in-house novel technique that 

couples evanescent waves to a high-refractive-index internal reflection element (IRE), we can 

measure the near-field thermal radiation spectra of Mie resonance-based metamaterials. This 

approach allows for a detailed examination of the specific peaks and spectral characteristics 

associated with Mie resonances, providing deeper insights into their interaction mechanisms and 

optimizing their design for various applications. 
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Chapter 6 

A. 1 Thermal Radiation from a Cylindrical Dipole 

A schematic of the problem under consideration is shown in Fig. A-1. A cylindrical dipole is 

at temperature 𝑇 > 0 K and radiates into the free space.  

 

Figure 6-1 A cylindrical dipole is thermally emitting into the free space. 

The energy density at location 𝐫 in the free space is desired. 

The energy density associated with thermal radiation from a cylindrical dipole at an 

observation point 𝐫 in the free space can be written as [1]: 

𝑢(𝐫,𝜔) =
1

2
𝜀0Trace〈𝐄(𝐫,𝜔) ⊗ 𝐄(𝐫, 𝜔)〉 +

1

2
𝜇0Trace〈𝐇(𝐫,𝜔)⊗ 𝐇(𝐫,𝜔)〉                           (A. 1) 

where 𝑢 is the energy density, 𝜔 is the angular frequency, 𝜀0 and 𝜇0 are the permittivity and 

permeability of the free space, respectively, 𝐄 is the electric field, and 𝐇 is the magnetic field. The 

first term in Eq. A. 1 is the energy density due to the electric field, 𝑢𝐸, while the second term 

represents energy density associated with the magnetic field, 𝑢𝐻. The electric and magnetic fields 

at 𝐫 are related to the dipole moment of the cylinder, 𝐩, as [2]: 

𝐄(𝐫, 𝜔) = 𝜔2𝜇0𝐆
𝐸(𝐫, 𝐫𝒑, 𝜔) ∙ 𝐩(𝜔)                                                                                       (A. 2a) 

𝐇(𝐫,𝜔) = −𝑖𝜔𝐆𝐻(𝐫, 𝐫𝒑, 𝜔) ∙ 𝐩( 𝜔)                                                                                       (A. 2b) 
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where 𝐫𝒑 is the position of the dipole, and 𝐆𝐸  (𝐆𝐻) is the free space electric (magnetic) Green’s 

function relating the electric (magnetic) field at 𝐫 to the dipole moment at 𝐫𝒑 [2]. Substituting Eqs. 

A. 2a and A. 2b into Eq. A. 1, the energy density can be written as: 

𝑢(𝐫,𝜔) =
1

2
𝜔4𝜇0

2𝜀0Trace[𝐆𝐸(𝐫, 𝐫𝒑)〈𝐩(𝜔)⊗ 𝐩(𝜔)〉𝐆̿𝐸†(𝐫, 𝐫𝒑)] +

1

2
𝜔2𝜇0Trace[𝐆𝐻(𝐫, 𝐫𝒑)〈𝐩(𝜔)⊗ 𝐩(𝜔)〉𝐆̿𝐻†(𝐫, 𝐫𝒑)]                                                                 (A. 3) 

where † shows the Hermitian operator. The dipole moment of the cylinder, 𝐩, is related to its 

thermally fluctuating dipole moment, 𝐩𝑓𝑙, as [3]: 

𝐩 = 𝐁̿ ⋅ 𝐩𝑓𝑙                                                                                                                                (A. 4) 

Matrix 𝐁̿ in Eq. A. 4 is diagonal and its elements are determined as: 

𝐵𝑗𝑗 =
1

1+𝐿𝑗(𝜀−1)
, 𝑗 = 𝑥, 𝑦, 𝑧                                                                                                     (A. 5) 

where 𝐿𝑗 and 𝜀 are the depolarization factor [4,5] and the dielectric function of the cylinder, 

respectively. The spatial correlation function of 𝐩𝑓𝑙 is given by the fluctuation dissipation theorem 

as [3]: 

〈𝐩𝑓𝑙⊗𝐩𝑓𝑙〉 =
4𝜀0𝜀"𝑉

𝜋𝜔
Θ(𝜔, 𝑇)𝑰̿                                                                                         (A. 6) 

In Eq. A. 6, 𝜀" is the imaginary part of the dielectric function, 𝑉 is the volume of the cylinder, 

and Θ(𝜔, 𝑇) is the mean energy of an electromagnetic state [3]. The spatial correlation function of 

the dipole moment of the cylinder appeared in Eq. A. 3 can be found using Eqs. A. 4 – A. 6 as: 

〈𝐩(𝜔)⊗ 𝐩(𝜔)〉 =
4𝜀0𝜀"𝑉

𝜋𝜔
Θ(𝜔, 𝑇) 𝐁̿ ⋅ 𝐁̿†                                                                             (A. 7) 

Substituting Eq. A. 7 into Eq. A. 3, the electric energy density, 𝑢𝐸, is found as: 
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𝑢𝐸(𝐫,𝜔) =
2

𝜋
𝜔3𝜇0

2𝜀0
2𝜀"𝑉Θ(𝜔, 𝑇) [|𝐵𝑥𝑥|

2 (|𝐺𝑥𝑥
𝐸 |2 + |𝐺𝑦𝑥

𝐸 |
2
+ |𝐺𝑧𝑥

𝐸 |2) + |𝐵𝑦𝑦|
2
(|𝐺𝑥𝑦

𝐸 |
2
+

|𝐺𝑦𝑦
𝐸 |

2
+ |𝐺𝑧𝑦

𝐸 |
2
) + |𝐵𝑧𝑧|

2 (|𝐺𝑥𝑧
𝐸 |2 + |𝐺𝑦𝑧

𝐸 |
2
+ |𝐺𝑧𝑧

𝐸 |2)]                                                     (A. 8) 

Considering the facts that 𝜀"𝑉|𝐵𝑗𝑗|
2
= Im[𝛼𝑗]  and 𝐵𝑥𝑥 = 𝐵𝑦𝑦 for a cylindrical dipole, Eq. A. 

8 can be written as: 

𝑢𝐸(𝐫,𝜔) =
2

𝜋
𝜔3𝜇0

2𝜀0
2Θ(𝜔, 𝑇) [Im[𝛼𝑥] (|𝐺𝑥𝑥

𝐸 |2 + |𝐺𝑦𝑥
𝐸 |

2
+ |𝐺𝑧𝑥

𝐸 |2 + |𝐺𝑥𝑦
𝐸 |

2
+ |𝐺𝑦𝑦

𝐸 |
2
+ |𝐺𝑧𝑦

𝐸 |
2
) +

Im[𝛼𝑧] (|𝐺𝑥𝑧
𝐸 |2 + |𝐺𝑦𝑧

𝐸 |
2
+ |𝐺𝑧𝑧

𝐸 |2)]                                                                                         (A. 9) 

The magnetic energy density, 𝑢𝐻, can be written in a similar manner as: 

𝑢𝐻(𝐫,𝜔) =
2

𝜋
𝜔𝜇0𝜀0Θ(𝜔, 𝑇)Trace [Im[𝛼𝑥] (|𝐺𝑥𝑥

𝐻 |2 + |𝐺𝑦𝑥
𝐻 |

2
+ |𝐺𝑧𝑥

𝐻 |2 + |𝐺𝑥𝑦
𝐻 |

2
+ |𝐺𝑦𝑦

𝐻 |
2
+

|𝐺𝑧𝑦
𝐻 |

2
) + Im[𝛼𝑧] (|𝐺𝑥𝑧

𝐻 |2 + |𝐺𝑦𝑧
𝐻 |

2
+ |𝐺𝑧𝑧

𝐻 |2)]                                                               (A. 10) 

As it is seen from Eqs. A. 9 and A. 10, the electric and magnetic energy densities are dependent 

on the imaginary parts of the polarizability of the dipole along 𝑥  and 𝑧  directions. When the 

denominators of Im[𝛼𝑥] and Im[𝛼𝑧] become negligible, the energy density resonantly increases 

due to thermal emission of transversal and longitudinal localized surface phonons, respectively. 

A. 2 Ellipsometry Measurement of the Dielectric Function of 6H-SiC at 400°C 

To determine 6H-SiC ordinary and extraordinary complex dielectric functions at a temperature 

of 400°C, a single-side polished 6H-SiC c-plane (<0001>) substrate was mounted inside of a 

Linkam TSEL1000 high temperature stage [6] attached to a J. A. Woollam IR-VASE Mark II 

ellipsometer [7]. Data were acquired every 4 cm-1 from 333 – 5900 cm-1 (1.7 – 30 µm, 0.041 – 

0.73 eV). All data were acquired at 50° angle of incidence (a relatively shallow angle for 

ellipsometric measurements), because the light beam needed to clear the edge of the crucible heater.  
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The sample was modeled as a uniaxial anisotropic substrate. For a c-plane surface, the ordinary 

dielectric response ( 𝜀𝑜 ) interacts with the electric field component parallel to the surface 

(perpendicular to the c-axis), and extraordinary dielectric response (𝜀𝑒) interacts with electric fields 

normal to the surface (parallel to the c-axis). The phonon modes in both 𝜀𝑜 and 𝜀𝑒 were modeled 

using four asymmetric Lorentz oscillators to account for coupling between the modes8. The various 

oscillator parameters were optimized until the model fit the ellipsometric data using a procedure 

similar to Tiwald et al. [9] (also see Herzinger et al. [10]).  

Because the substrate’s c-axis is normal to the <0001> surface, the measured spectra is 

dominated by 𝜀𝑜 and has very limited sensitivity to 𝜀𝑒, except for a narrow range of wavenumbers 

between 960 and 1070 cm-1 which is the epsilon-near-zero (ENZ) region for both 𝜀𝑜 and 𝜀𝑒. The 

high sensitivity to 𝜀𝑜 means that it is relatively easy to extract 𝜀𝑜 versus temperature. It is much 

more difficult to track the evolution of 𝜀𝑒with temperature, especially when the large 𝜀𝑜 phonon 

mode is broadened at higher temperatures which tends to mask the effects of 𝜀𝑒 in the ENZ region. 

Given this limited sensitivity to 𝜀𝑒, we made the assumption that the magnitude and broadening 

versus temperature would shift at the same rate for the 𝜀𝑒 phonon modes as for the 𝜀𝑜 modes. Using 

that assumption, the model-generated data fit the experimental data very well, but the 𝜀𝑒 evolution 

with temperature has not been independently determined. The measured ordinary and 

extraordinary dielectric functions are plotted in Fig. A-2. 

A. 3 Far-, Middle-, and Near-Field Components of the Free Space Green’s Function  

The free space electric Green’s function relating the electric field observed at point 𝐫 to an 

emitting dipole at location 𝐫𝒑 ≠ 𝐫 in the free space (see Fig. A-1) is given by [3]: 
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Figure 6-2 The real and imaginary parts of the measured dielectric function. 

(a,b) ordinary dielectric function, and (b,c) extraordinary dielectric functions of 6H-SiC at 400°C. 

 

𝐆(𝐫, 𝐫𝒑) =
𝑒𝑖𝑘0𝑅

4𝜋𝑅
{[1 −

1

(𝑘0𝑅)2
+

𝑖

𝑘0𝑅
] 𝐈̿ − [1 −

3

(𝑘0𝑅)2
+

3𝑖

𝑘0𝑅
] 𝐑̂ ⊗ 𝐑̂}                                       (A. 11) 

where 𝑘0 is the magnitude of the wavevector in the free space, 𝑖 is the imaginary unit, 𝐈̿ is the 

unit dyad, 𝑅 is the magnitude of the vector 𝐑 = 𝐫 − 𝐫𝒑, 𝐑̂ =
𝐑

𝑅
, and ⊗ denotes the outer product.  

The Green’s function can be decomposed into three far-field (𝐆FF), middle-field (𝐆MF), and 

near-field (𝐆NF) components [11]: 

𝐆FF(𝐫, 𝐫𝒑) =
𝑒𝑖𝑘0𝑅

4𝜋𝑅
[𝐈̿ − 𝐑̂ ⊗ 𝐑̂]                                                                                     (A. 12a) 
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𝐆MF(𝐫, 𝐫𝒑) =
𝑖𝑒𝑖𝑘0𝑅

4𝜋𝑘0𝑅2
[𝐈̿ − 3𝐑̂ ⊗ 𝐑̂]                                                                                     (A. 12b) 

𝐆NF(𝐫, 𝐫𝒑) =
𝑒𝑖𝑘0𝑅

4𝜋𝑘0
2𝑅3
[𝐈̿ + 3𝐑̂ ⊗ 𝐑̂]                                                                                     (A. 12c) 

Equations A. 12a – A. 12c show that the far-field, middle field, and near-field components of 

the Green’s function vary with the distance between the source dipole and the observation point, 

R, as 
1

𝑅
, 
1

𝑅2
, and 

1

𝑅3
, respectively. 

A. 4 Isofrequency contours of surface phonon polaritons for short- and long-pitch 

shallow gratings 

Figures A-3a and A-3b show the isofrequnecy contours of surface phonon polaritons (SPhPs) 

for a two-dimensional shallow grating at a wavenumber of 𝜂 = 937.8 cm-1 corresponding to the 

SPhP resonance of a bare 6H-SiC substrate at 𝑇 = 400°C. Figure S3a corresponds to a long-pitch 

array with a pitch size Λ =
3𝜆

4
, while Fig. A-3b shows the isofrequnecy contour for a short-pitch 

array with Λ = 0.09𝜆. The area inside red circles correspond to the electromagnetic modes with a 

parallel component of the wavevector, 𝑘𝜌 = √𝑘𝑥2 + 𝑘𝑦2, smaller than the wavevector in the free 

space, 𝑘0. The blue circles show the parallel component of the wavevector of the SPhPs, 𝑘𝜌
SPhP, 

for a bare substrate at the given wavenumber, which is obtained using the dispersion relation as 

𝑘𝜌
SPhP = 𝑘0√

𝜀

𝜀+1
 [12]. The purple circles represent the modified parallel component of the 

wavevector of SPhPs in the presence of the shallow gratings found as 𝑘𝜌,𝑚𝑛
SPhP = 𝑘𝜌

SPhP ±𝑚
2𝜋

Λ
±

𝑛
2𝜋

Λ
 for 𝑚, 𝑛 = ±1. Figure A-2a shows that 𝑘𝜌,𝑚𝑛

SPhP for long-pitch gratings can be located within 

the free space circle, while the short-pitch arrays cannot reduce 𝑘𝜌,𝑚𝑛
SPhP enough to be less than 𝑘0.  
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Figure 6-3 The isofrequency contour of SPhPs. 

for (a) a long-pitch, shallow grating with a pitch of Λ =
3𝜆

4
, and (b) a short-pitch, shallow grating with a pitch of Λ =

0.09𝜆. 

A. 5 Method for Fabricating SiC Nanopillars 

Semi-insulating, 430 micron-thick 6H-SiC <0001> wafers (MSE Supplies) were cleaned in 

piranha solution and DI water. For use as a hard etch mask, a 100-nm chromium layer was 

deposited using RF sputtering at a rate of 2.6A/s. The wafer was coated in a protective layer of 

Shipley S1818 photoresist and diced into 12-mm square chips, followed by photoresist stripping 

and another piranha cleaning step. Individual Cr/SiC chips were coated with a 300-nm layer of 

maN-2403 negative-tone resist. A 1-cm square array of 500 nm-diameter circles was patterned 

into the resist using a Nanobeam Ltd. nB4 e-beam writer with an acceleration voltage of 80 kV 

and beam current of 31 nA. The exposed pattern was developed in AZ 300 MIF developer and 

rinsed with DI water. The chromium circles were defined using inductively-coupled plasma 

reactive ion etching (ICP-RIE) in a Cl2/O2 plasma (Oxford PlasmaPro Cobra 100). Any residual 

resist was then removed by piranha cleaning. The SiC nanopillars were defined by a second ICP-
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RIE step, utilizing a SF6/O2 plasma. The forward RIE power and ICP power were set at 150 and 

1500 watts, respectively, with a pressure of 6 mtorr. The height of the pillars was controlled by the 

etch duration. Residual chromium hard mask layers were removed in a commercial chromium 

etchant (Transene CR1A) at room temperature overnight. Final treatment of the nanopillars in 50:1 

buffered oxide etch solution was used to remove residual surface oxides and/or particles. 
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Chapter 7 

B. 1 Modeling Near-Field Radiative Heat Transfer using the Fourier Modal Method 

Near-field radiative heat flux between the two Mie resonance-based metamaterials is 

calculated using the Fourier modal method as implemented in the MESH electromagnetic solver 

[1]. A schematic of the system under study is shown in Fig. B-1.  

 

Figure 7-1 A schematic of the system under study. 

Two Mie resonance-based metamaterials with a height of 𝐻 (media 1 and 3) are periodic in the 𝑥-𝑦 plane and are 

separated by a vacuum gap. 

 

The two metamaterials, labeled as media 1 and 3, have a height of 𝐻 along the 𝑧-axis and they 

are periodic in the 𝑥 and 𝑦 directions. The spectral heat flux can be found using the 𝑧 component 

of the Poynting vector as [22]: 

𝑄𝜔 =
1

2
[𝛩(𝜔, 𝑇3) − 𝛩(𝜔, 𝑇1)] Re{Tr[𝛱

⊺〈𝐄𝐇∗〉]}                                                                  (B. 1) 

where 𝛩(𝜔, 𝑇) is the mean energy of an electromagnetic state [2,3], 𝜔 is the angular frequency, 

𝑇1 and 𝑇3 are the temperatures of the two metamaterials, 𝐄 and 𝐇 are the electric and magnetic 

fields, respectively, Re indicates the real part of a complex tensor, Tr and subscripts * and ⊺ refer 

to the trace, complex conjugate and transpose operations, respectively, and 𝛱𝐫,𝛼;𝐫′,𝛽 = 𝜋𝑧𝛼𝛽 with 

Appendix B 
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𝐫 and 𝐫′ being the position vectors in the 𝑥-𝑦 plane and 𝜋𝑧𝛼𝛽 being the three dimensional Levi-

Civita symbol. The electric and magnetic fields can be written using the electric (𝐆𝑒) and magnetic 

(𝐆ℎ) Green’s functions as: 

𝐄 = 𝐆𝑒𝐉                                                                                                                            (B. 2a) 

𝐇 = 𝐆ℎ𝐉                                                                                                                             (B. 2b) 

where the stochastic current density,  𝐉, is the source of thermal radiation. The mean value of 

the stochastic current density is zero, while its spatial correlation is given by the fluctuation 

dissipation theorem as [2,3]: 

〈𝐉𝛼(𝐫, 𝑧)𝐉𝛽
∗ (𝐫′𝑧′)〉 =

4𝜖0𝜔

𝜋
𝛩(𝜔, 𝑇)𝛿(𝑧 − 𝑧′)𝛤𝛼𝛽                                                                  (B. 3) 

In Eq. B. 3, 𝜖0 is the permittivity of the free space, 𝛿 is the Dirac function, and 𝛤𝛼𝛽 is defined 

as  𝛤𝛼𝛽 = 𝛾𝛼𝛽𝛿(𝐫 − 𝐫
′) where 𝛾 is the imaginary part of the dielectric function tensor.  

Substituting for 𝐄 and H using the Green’s functions presented in Eq. B. 2 and utilizing Eq. B. 

3, the net heat flux given by Eq. B. 1 can be written as: 

𝑄𝜔 =
2𝜖0𝜔

𝜋
[𝛩(𝜔, 𝑇3) − 𝛩(𝜔, 𝑇1)] ∫ Re{Tr[𝛱⊺𝐆𝑒𝛤𝐆ℎ

†]}𝑑𝑧′
𝐻

0
                                         (B. 4) 

Where the superscript † refers to Hermitian operator. The Green’s functions 𝐆𝑒 and 𝐆ℎ relate 

the electric and magnetic fields at point 𝐫 generated due to emission by a source, 𝐉, located at 𝐫′. 

To find the Green’s functions, the in-plane electromagnetic fields 𝑒∥ and ℎ∥ at a given location 𝑧 

are first expanded into eigenmodes as [1]: 

𝑒∥(𝑧) = 𝑀
𝑒𝐹(𝑧)𝑎                                                                                                                (B. 5a) 

ℎ∥(𝑧) = 𝑀
ℎ 𝐹(𝐻 − 𝑧)𝑏                                                                                                    (B. 5b) 
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where the matrix 𝑀𝑒 (𝑀ℎ) includes the expansion coefficients of 𝑒∥ (ℎ∥) in terms of the modal 

basis, 𝑎 and 𝑏 vectors contain the modal amplitudes for the forward and backward propagating 

modes (see Fig. B-1), respectively, and 𝐹 is a diagonal matrix defined as 𝐹𝑛𝑛 = 𝑒
−i𝑞𝑛𝑧 with 𝑞𝑛 

representing the 𝑛th eigenvalue. The modal amplitudes are found using the scattering matrix 

method and substituted in Eqs. B. 5a and B. 5b as [2]: 

𝑒∥ = 𝑅𝑒𝐿𝑀𝑠
−1𝑃𝐉                                                                                                               (B. 6a) 

ℎ∥(𝑧) = 𝑅ℎ𝐿𝑀𝑠
−1𝑃𝐉                                                                                                               (B. 6b) 

In Eqs. B. 6a and B. 6b, 𝐿 =  [
𝐹𝑠(𝐻 − 𝑧

′) Ο

Ο 𝐹𝑠(𝑧
′)
], 𝑃 =

(

 
 

1

i𝜔𝜖0

𝜕

𝜕𝑥
𝜂𝑧𝑥

1

i𝜔𝜖0

𝜕

𝜕𝑥
𝜂𝑧𝑦

1

i𝜔𝜖0

𝜕

𝜕𝑥
𝜂𝑧𝑧

1

i𝜔𝜖0

𝜕

𝜕𝑦
𝜂𝑧𝑥

1

i𝜔𝜖0

𝜕

𝜕𝑦
𝜂𝑧𝑦

1

i𝜔𝜖0

𝜕

𝜕𝑦
𝜂𝑧𝑧

0 1 0
−1 0 0 )

 
 

, 

and [
𝑅𝑒
𝑅ℎ
] = 𝑀𝑟 [

𝐹𝑟(𝑧0)𝐷1
𝐹𝑟(𝐻 − 𝑧0)𝐷2

] 𝐾1
−1[𝐈 𝐾2]  where 𝐾1 = 𝐈 − 𝐹𝑠𝑆12(𝑠

−, 0)𝐹𝑠𝑆21(𝑠
+, 4)  and 𝐾2 =

−𝐹𝑠𝑆12(𝑠
−, 0) , and 𝐷1 = (𝐈 − 𝑆12(𝑠

+, 𝑟)𝑆21(𝑟, 𝑁))
−1
𝑆11(𝑠

+, 𝑟)  and 𝐷2 = 𝑆21(𝑟, 𝑁)𝐷1  [1]. In 

these equations, the subscripts 𝑠 and 𝑟 refer to the source and receiver layers, respectively, 𝑆𝑖𝑗 

(𝑚, 𝑛) is the element 𝑖𝑗 of the scattering matrix between layers 𝑚 and 𝑛, 𝐈 is the unit matrix, 𝑧′ is 

𝑧-component of the location of the source, 𝑧0 is the location at which the electromagnetic field is 

evaluated, 𝜂 is the inverse of the dielectric tensor 𝜖, and 𝑠+ and 𝑠− are two artificial layers with a 

thickness of 0 defined at the top and bottom surfaces of emitting layer 𝑠, respectively. The 𝑠+ and 

𝑠− layers have the same dielectric function as layer 𝑠.  

Comparing Eqs. B. 6 with B. 2, the electric and magnetic Green’s functions are found as: 

𝐆𝑒 = 𝑅𝑒𝐿𝑀𝑠
−1𝑃                                                                                                               (B. 7a) 

𝐆ℎ = 𝑅ℎ𝐿𝑀𝑠
−1𝑃                                                                                                               (B. 7b) 
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Substituting Eqs. B. 7a and B. 7b into Eq. B. 4 and evaluating the integral, the spectral heat 

flux between the two metamaterials is found as [1]: 

𝑄𝜔 =
2𝜖0𝜔

𝜋
[𝛩(𝜔, 𝑇3) − 𝛩(𝜔, 𝑇1)]Re{Tr[Π

⊺𝑅𝑒[(𝑀𝑠
−1𝑃Γ𝑃†[𝑀𝑠

−1]†) ∘ Y]𝑅ℎ
†]}                 (B. 8) 

where ∘ indicates Hadamard product and matrix Y = [
𝑦1 𝑦2
𝑦2 𝑦1

] is defined as [1]: 

𝑌1,(𝑚𝑛) =
1−𝑒−i(𝑞𝑚−𝑞𝑛

∗ )𝐻

i(𝑞𝑚−𝑞𝑛
∗ )

                                                                                                    (B. 9a) 

𝑌2,(𝑚𝑛) =
𝑒i𝑞𝑛

∗ 𝐻−𝑒−i𝑞𝑚𝐻

i(𝑞𝑚−𝑞𝑛
∗ )

                                                                                                   (B. 9b) 

In Eq. B. 9, 𝑞𝑚  and 𝑞𝑛  are the 𝑚 th and 𝑛 th eigenvalues of the electromagnetic field, 

respectively. 
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Chapter 8 

C. 1 Supplemental Material for Tuning the Spectrum of Near-Field Radiative Heat 

Transfer using Mie Resonance-Based Metamaterials 

 

Figure 8-1 The spatial distribution of the induced electric field within the micro-cubes at the spectral 

locations of the NFRHT peaks. 

The electric field is plotted in the 𝑥 = 
𝐿

2
 plane. The complex refractive index is 𝑛̃ = 3.5 + 0.05i, while 𝐿 = 𝑊 = 𝐻 = 𝐷 

= 2 m and 𝑑 = 1 m. The unit for the color bar is V/m. 
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Figure 8-2 The scattering cross section of an individual micro-cube. 

The scattering cross section is normalized by the geometrical cross section, when the micro-cube is illuminated by 

an incident plane wave. The incident electric field is polarized along the 𝑥-axis, while it propagates along the 𝑧-axis 

in Panel (a) and at angle of 45° with respect to the 𝑧-axis in Panel (b). See the insets of Panels (a) and (b) for 

schematics. The refractive index of the micro-cubes and the separation gap of the metamaterials are 𝑛̃ = 5.0 + 0.05i 
and 𝑑 = 1 m, respectively, while 𝐿 = 𝐻 = 𝑊 = 𝐷 = 2 m. 

 

Figure 8-3 The effect of the geometry of the Mie resonators on the heat flux. 

(a) The effect of cubes’ length to width ratio (
𝐿

𝑊
) on the spectrum of near-field heat flux between two Mie resonance-

based metamaterials. 𝑛̃ = 5.0 + 0.05i, 𝑑 = 1 m, and 𝐿 = 𝑊. The array pitch is 4 m, and the volume of the Mie 

resonators is 8 m3. (b) Multipole expansion of scattering cross section for the case with 
𝐿

𝑊
 = 1.5. 

𝐿

𝑊
= 1.5 
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Figure 8-4 The spectrum of near-field heat flux between the two Mie resonance-based metamaterials 

schematically shown in Fig. 4-1.  

(a) The effect of the extinction coefficient, 𝜅, on the heat flux. 𝐿 = 𝑊 = 𝐻 = 𝐷 = 2 µm, 𝑛 = 2.4, and 𝑑 = 1 m (b) 

The effect of cube interspacing, 𝐷, on the heat flux. 𝐿 = 𝑊 = 𝐻 = 2 µm, 𝑛̃ = 2.4 + 0.05i, and 𝑑 = 1 m. (c) The 

effect of the separation gap, 𝑑, on the heat flux. 𝐿 = 𝑊 = 𝐻 = 𝐷 = 2 µm and 𝑛̃ = 2.4 + 0.05i. (d) The effect of the 

geometry of the Mie resonators on the heat flux. 𝑛̃ = 2.4 + 0.05i, 𝑑 = 1 m, and 𝐿 = 𝑊. The array pitch is 4 m, and 

the volume of the Mie resonators is 8 m3.  
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Appendix D 

D. 1 Fabrication of 6H-SiC Microcuboids 

6H-SiC microcuboids with side lengths 2.1 by 2.1 by 2.3 m and an inter-cube spacing of 𝐷 = 

1.47 m (pitch of Λ = 3.57 m) were fabricated on a 430-µm-thick 6H-SiC substrate. Initially, 100 

nm of chrome was deposited on the substrate to serve as a hard mask for the etching process. This 

was followed by spin-coating PMMA (polymethyl methacrylate) in preparation of the dicing saw. 

A 1.5 cm by 1.5 cm area, onto which the microcubes are written, was centered within a 2 cm by 2 

cm area using the NanoBeam Electron Beam Lithography system at 70 kV and 70 nA. The resist 

stack consisted of 2 layers of PMMA 950k A2 spun at 4000 rpm with a bake at 180℃ for 2 minutes 

followed by 6% HSQ in MIBK spun at 4000 rpm for 1 min. Following exposure of the resist stack, 

a 30-minute acetone development was done. Next, the chrome layer was etched using the chlorine 

reactive ion etching (Cl-RIE) Oxford Cobra III-V followed by the SiC etching using the fluorine 

RIE (F-RIE) in the Oxford Cobra 300. The parameters of the Cl-RIE and F-RIE are listed in Table 

A1. Lastly, the samples were immersed in chrome etchant 1020 to remove the hard mask and then 

rinsed in water. An SEM image of the fabricated sample is shown in Fig. 3-3(a). 

 Cl-RIE F-RIE 

Gas Flow 
Cl2: 42 sccm 

O2: 8 sccm 

SF6: 40 sccm 

O2: 10 sccm 

Pressure 12 mTorr 6 mTorr 

Forward power 10 W 150 W 

DC bias 109 V 247 V 
Table D-1 The parameters of the Cl-RIE and F-RIE. 
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Chapter 9 

E. 1 Emissivity Measurement 

The spectral, directional emissivity of the sample is measured directly using an in-house 

emissometer, which is schematically shown in Fig. E-1 [1]. The sample is affixed onto an 

aluminum stage using S-Clip holders. A cartridge heater (Watlow Firerod) is installed inside the 

aluminum stage to raise the temperature of the sample to 400°C. The stage is mounted on a rotary 

stage (Standa Inc., 8MR174-11-20) to enable directional measurements of the emissivity. The 

exact temperature of the sample is determined by knowing the emissivity of the sample (= 1.0) at 

the Christiansen wavelength (10.1 µm) [1,2]. Thermal emission from the heated sample (𝐼𝑆,𝜆) is 

directed towards a Fourier Transform Infrared (FTIR) spectrometer (Thermo Fisher Scientific, 

Nicolet iS50), equipped with a mercury-cadmium-telluride detector (Thermo Fisher Scientific, 

MCT-A/CdTe) using flat (Thorlabs, PFSQ20-03-M03) and parabolic (Thorlabs, MPD269-M03) 

mirrors. An iris element is placed in front of the sample to restrict the collection angle. Thermal 

radiation from a blackbody (ISDC, IR-563), with the same optical path and temperature as the 

sample, is also measured (𝐼𝐵𝐵,𝜆). Background thermal radiation (𝐼𝐸,𝜆) is recorded with both the 

heater and the blackbody turned off and is subtracted from the sample and blackbody emissions. 

The spectral, directional emissivity is then found as 𝜀𝜆
′ =

(𝐼𝑆,𝜆−𝐼𝐸,𝜆) 

(𝐼𝐵𝐵,𝜆−𝐼𝐸,𝜆) 
. 
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Figure 9-1 A schematic of the experimental setup used for direct measurement of spectral, directional 

emissivity. 

 

E. 2 References 

[1]  Arnold, C.; Marquier, F.; Garin, M.; Pardo, F.; Collin, S.; Bardou, N.; Pelouard, J.-L.; Greffet, 

J.-J. Coherent Thermal Infrared Emission by Two-Dimensional Silicon Carbide Gratings. 

Physical Review B 2012, 86 (3), 035316. 

[2]  Pouria, R., Chow, P.K., Tiwald, T., Zare, S. and Edalatpour, S., 2022. Far-field thermal 

radiation from short-pitch silicon-carbide nanopillar arrays. Applied Physics Letters, 121(13). 

  



 

110 

 

Chapter 10 

Ramin Pouria was born in Mianeh, Iran, in 1990. He was raised in Mianeh and graduated from 

the National Organization for Development of Exceptional Talents high school in 2008. He earned 

his bachelor’s degree in mechanical engineering with a concentration in Thermo-Fluid sciences 

from Azerbaijan University, Tabriz, Iran in 2012. After taking the national entrance exam, he was 

admitted to the University of Tehran to pursue his Master’s studies in Mechanical Engineering 

with a concentration in renewable energies engineering, from which he graduated in 2016. Later, 

he joined the Department of Mechanical Engineering at the University of Maine in August 2019. 

Ramin is a candidate for the Doctor of Philosophy degree in Mechanical Engineering from the 

University of Maine and is expected to graduate in August 2024. 

BIOGRAPHY OF THE AUTHOR 


	Engineering Far-field and Near-field Thermal Radiation Using Metamaterials
	Recommended Citation

	tmp.1729189354.pdf.TC12z

