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Abstract 

The observation and use of thermal radiation has a long history. Significant 

advance was made in 1879 when Josef Stefan found that “the total radiated power per 

unit surface area of a black body across all wavelengths is directly proportional to the 

fourth power of its temperature”, which was later named the Stefan–Boltzmann law. 

The Stefan–Boltzmann law sets a limit for the thermal radiation from most of natural 

materials, since their total radiated energy is proportional to the fourth power of their 

temperature. Thus, use of natural materials for the control and manipulation of thermal 

emission is hindered from further development. Metamaterials are artificial materials 

consisting of sub-wavelength unit cells, and good candidates to break these limitations, 

since the optical properties of metamaterials originates from their geometrical designs, 

as opposed to their chemical composition. Here we propose and demonstrate the idea of 

metamaterial based on microelectromechanical system capable of dynamically tailoring 

the energy emitted from a surface, with its emission performance going beyond the 

Stefan–Boltzmann law. Our dynamic metamaterial emitters have great application 

prospects in energy harvesting, space exploration, sensing and detecting, and many 

other areas. In addition, our results are not limited to the thermal infrared band, 

demonstrate here, but may be scaled to nearly any sub-optical range of the 
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electromagnetic spectrum, and verify the potential of MEMS metamaterials to operate as 

reconfigurable multifunctional devices with unprecedented energy control capabilities.  

Although metamaterial may yield advanced thermal emission control, they are 

difficult to apply to some applications, such as in thermal imaging and energy 

harvesting with thermophotovoltaics. This is because they are typically fashioned with 

metallic materials and thus possess low melting points, high Ohmic loss, and high 

thermal conductivity. Here we present an all dielectric metamaterial absorber/emitter. 

By overlapping the electric and magnetic dipole resonances, a high absorptive / emissive 

state can be achieved. Due to its great thermal properties, such as heat localization and 

thermal stability, an all dielectric metamaterial absorber/ emitter can replace metal-based 

metamaterial in some application areas, and offers a new route for applications in 

thermophotovoltaics, imaging, and sensing.  

This dissertation consists of seven chapters. The first chapter gives a brief 

introduction to thermal radiation, metamaterials, metamaterial absorbers, and all 

dielectric metamaterials. The second chapter discusses in detail thermochromic infrared 

metamaterials. The third chapter demonstrates a reconfigurable room temperature 

metamaterial infrared emitter. The fourth chapter shows a THz all dielectric 

metamaterial absorber. The fifth chapter gives another example of all dielectric 

metamaterial emitters that can be used in thermophotovoltaic systems. The sixth chapter 

is a summary. The seventh chapter is an executive summary of original contributions.     
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1 Introduction  

In 1792, Thomas Wedgwood, noticed that all objects in an oven, regardless of 

their chemical nature, size, or shape, became red at the same temperature. About 90 

years later, Thomas’s observation was theoretically verified by Josef Stefan in 1879. 

Stefan found that “the total radiated power per unit surface area of a black body across 

all wavelengths is directly proportional to the fourth power of its temperature”, which 

was named as Stefan–Boltzmann (SB) law. In 1900, Max Planck discovered the Planck’s 

law, which theoretically solved the spectrum of blackbody radiation. From then on, 

studying and manipulating the thermal radiation continuously attracted people’s 

attentions, and the ability to control energy emitted from the surface of a material 

underpins many energy harvesting and thermal control applications ranging from 

thermophotovoltaics and low-E glass to spacecraft design and solar cells. However, 

there is little room for variability, since the total energy radiated from a blackbody is 

inexorably tied to its temperature – varying as the fourth power – as prescribed by the 

SB law. Recently, phase change material1, quantum well2, graphene3 and several other 

methods have been developed to dynamically manipulate the thermal radiation by 

engineering the emissivity. However, the applications of these methods are limited, 

because the emissivity is dependent on the natural properties of their chemical 

composites and they can only work at some specific wavelength, temperature or voltage 

region. To break these limits, some artificial materials, whose optical properties can be 
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engineered by their geometrical designs are needed and metamaterial is a good 

candidate.   

1.1 Electromagnetic metamaterials 

Electromagnetic metamaterials are artificial sub-wavelength structures that are 

designed to interact with, and control electromagnetic waves. Metamaterials can be 

designed to achieve unique optical properties that cannot be found in nature. The 

concept of a negative index of refractions was proposed by Viktor Veselago in 19684. In 

the paper, Veselago theatrically demonstrated how wave propagated in a substance, 

whose permittivity and permeability are both negative, following which the concept of 

“negative index material” or “left-handed material” and the consequences due to this 

negative index effects, such as reversed Doppler effect, reversed Vavilov-Cerenkov 

effect, left-handed light refraction and super lenses were proposed. Although the theory 

of negative index material was reported in 60’s of last century, the experimental 

verification of this metamaterial proceeded very slowly since it is challenging to find a 

kind of natural material with both negative permittivity and negative permeability. In 

1999, John Pendry proposed a feasible way to make an artificial plasma medium. He 

showed that a system of metallic wires and split rings could achieve the negative 

permittivity5. One year later, in 2000, the first experimental demonstration of a negative 

index of refraction with metamaterials was reported by David Smith et al6. From that 

point on, the study and demonstration of metamaterials and their applications entered a 
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rapidly developing era.  Metamaterials in optical7, 8, 9, infrared10, 11, 12, terahertz13, 14, 15, 

microwave16, 17 and lower frequency ranges18 have since been reported. In addition, 

metamaterials designed for various applications, such as metamaterial antennas19, 20, 

cloaking devices21, 22, 23, superlens7, 24, 25, perfect absorbers26, 27, 28, 29 and emitters30, 31, 32, were 

demonstrated. In the meantime, dynamic control of the electromagnetic properties of 

metamaterials was achieved using photodoping33, 34, phase change materials35, 36, 37, liquid 

crystals38, 39, 40, graphene41, 42, 43, 44, microelectromechanical systems45, 46, 47 among many 

other various methods. Currently, reconfigurable metasurfaces48, 49, 50, 51, high 

temperature metamaterials32, 52, 53, 54, all dielectric metamaterials55, 56, 57, 58 and their 

applications to imaging59, 60, 61, 62 and energy harvesting63, 64, 65 areas are of interest.   

The electromagnetic performance of metamaterials can be explained by effective 

medium theory due to their subwavelength scale66.  At frequencies less than the plasma 

frequency, metals realize negative permittivity. Further, if one reduces the density of a 

bulk metal by forming an array of wires, the plasma frequency can be lowered owing to 

the reduction of the number density. Alternatively an array of conductive cut wires can 

be designed to achieve a negative dielectric function (Figure 1.167) and the effective 

frequency dependent permittivity can be derived as67: 
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Where 0 is the resonance frequency, Γ is the resistive damping factor and the plasma 

frequency (p) can be written as: 
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n is the carrier density, e is the charge of the electron, and m* is the effective mass of 

carriers. The carrier density and effective mass of such an array of cut-wires are 

dependent on the geometrical designs, which is different from natural materials, whose 

carrier densities and effective mass are determined by their chemical composites.  To 

achieve the negative permeability, an array of split ring resonators (SRR) was proposed 

and simulated5. An example of the unit cell of the SRR array is shown in Figure 1.1b. 

Calculation of the resonance frequency of the SRR arrays can be solved with an LC 

circuit model with the resonance frequency described by: 

LC

1
~                                                                             (1.3) 

The inductance (L) is determined by the path of the current and the capacitance (C) is 

related to the gap of the SRR. The effective frequency dependent permeability can be 

written as: 
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where F is a geometrical factor, i.e. the filling fraction.   

By engineering the geometry of the metallic structures, the effective permittivity 

and permeability can be independently controlled, thus optical properties that cannot be 

found in nature can – in some cases – be achieved with metamaterials. 
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Figure 1.1: Schematic of the compositions of metamaterial. (a) Array of cut-wires. 

(b) A unit cell of spilt ring resonators. 

 

1.2 Metamaterial absorbers/emitters  

One important application of metamaterials is perfect absorber/emitter. A design 

of a metamaterial absorber is shown in Figure 1.227. The metallic electrical ring resonator 

(ERR) is composed of two split rings, sitting back to back. Due to the symmetry of the 

ERR structure, at the resonance frequency the electric field of the normal incident 

electromagnetic wave that is polarized along x-axis (along the cut strip) will be strongly 

coupled with the two current loop of the ERR (Field distribution is shown in Figure 

1.327), while the magnetic field will not . This coupling determines the permittivity 

response. A metallic cut strip sits underneath the ERR, separated by a polyimide spacer. 

The magnetic field of the incident electromagnetic wave will couple with both the center 

bar of the top ERR structure and the bottom cut strip and an antiparallel current was 
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generated (Figure 1.3d), resulting in the permeability response. By engineering the 

geometrical size of this metamaterial, the effective permittivity and permeability can be 

independently controlled. 

 

Figure 1.2: Geometrical design of the metamaterial absorber.  (a) Front view of 

the top ERR. (b) Front view of the bottom cut strip. (c) Schematic of the metamaterial. 

 

Treating the whole metamaterial as an effective medium, and if the 

electromagnetic wave is normally incident on the metamaterial, the reflectivity(R) can be 

written as:    

2

0

0

ZZ

ZZ
R




                                                                   (1.5) 
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Z is the effective impedance (



Z ) of the effective medium. Z0 is the impedance of 

the free space.  Since permittivity and permeability can be independently controlled, 

they can be engineered in such a way that the effective impedance equals to the 

impedance of the free space (Z=Z0), leading to zero reflectivity. This Z=Z0 state is called 

the “impedance matched” condition.  

At the impedance matched condition, the transmissivity(T) and absorptivity(A) 

can be written as: 

dkn
eT 02

2
                                                                  (1.6) 

TRA  1                                                               (1.7) 

n2 is the imaginary part of the effective refractive index of the effective medium, k0 is the 

wave vector in the free space, and d is the thickness of the effective medium. At the 

resonant frequency, the value of n2 is large, leading to a small transmittance. Thus 

according to Equation (1.7), high absorption can be achieved (Figure 1.3e).   

 According to Kirchhoff's law of thermal radiation, for an arbitrary body emitting 

and absorbing thermal radiation in thermodynamic equilibrium, the emissivity is equal 

to the absorptivity68. This statement has also been experimentally verified for 

metamaterials30.  Since the radiative properties of metamaterial emitters are controlled 

via their geometrical parameters rather than through their kinetic temperature or 

chemical composition, metamaterial emitters can be easily engineered to achieve high 

emissive property at almost any desired frequency. In addition, metamaterial emitters 
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can be possibly integrated with dynamic control techniques, utilizing materials or 

systems such as graphene3, liquid crystal69, microelectromechanical systems70, phase 

change materials71 and semiconductors.2, 72, 73  Reconfigurable materials and systems 

make metamaterial emitters promising candidates toward applications for the dynamic 

control of thermal IR emission. 
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Figure 1.3. Field distribution and simulated absorbance of metamaterial perfect 

absorber. (a) The distribution of the x component (along the cut strip) of the electric field 

in the plane of the ERR. (b) The distribution of the x component of the electric field in the 

plane of the cut strip. (c) The current distribution driven by the electric field in the ERR. 

(d) anti-parallel currents driven by the magnetic coupling. (e) Simulated reflectance 

(green), transmittance(red) and absorbance (blue). The absorbance achieves a value of 

98% at 1.12 THz. 

 

1.3 All dielectric metamaterial absorbers 

Metamaterial absorbers consisting of metal, metal-dielectric, or dielectric 

materials have been realized across much of the electromagnetic spectrum and have 

demonstrated novel properties and applications. However, most absorbers utilize metals 

and thus are limited in applicability due to their low melting point, high Ohmic loss and 

high thermal conductivity.  To break these limitations, all dielectric metasurface 
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absorber based on hybrid dielectric waveguide resonances were designed. The concept 

of an all-dielectric metasurface absorber offers a new route for control of the emission 

and absorption of electromagnetic radiation from surfaces with potential applications in 

energy harvesting, imaging, and sensing.  

The study of guided electromagnetic waves began in earnest after the 

establishment and verification of Maxwell’s equations in the late 1800s. In 1897 Lord 

Rayleigh investigated the transmission of electromagnetic waves in hollow perfectly 

conducting tubes74, while in 1899 Arnold Sommerfeld investigated waves guided by 

wires75, 76. In 1909 Sommerfeld’s work was extended by his student - Demetrius Hondros 

- who obtained a more complete solution to the propagation of surface electromagnetic 

waves on wires77. Hondros went on to work with Peter Debye and they predicted that a 

solid lossless dielectric of circular cross section could support a TM electromagnetic 

wave that is confined within the dielectric – except for a small portion lying outside of 

the cylinder which decreases exponentially78. Although experimental verification of the 

TM guided wave was performed only a few years later79, 80, it would take another two 

decades before a full mathematical analysis was carried out in 193681. It was found that 

both transverse electric (TE) and transverse magnetic (TM) modes exist on a dielectric 

with a circular cross section, where the electric or magnetic field is transverse to the 

cylindrical axis. Further, the fields for both the TE and TM modes were shown to be 

axisymmetric and thus have no azimuthal dependence. Notably, it was also shown that 
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a cylindrical dielectric guide can support hybrid modes which lack azimuthal symmetry, 

and thus possess angular dependence81. These hybrid modes are of great utility for 

potential applications, since they are approximate electric dipole (EH) and magnetic 

dipole (HE) modes, which can be independently tuned through modification of the 

waveguide geometry82, 83. 

Consider a periodic array of silicon disks (Figure 1.4a), where the radius of each 

disk is 40m and the thickness is 50m. The simulated frequency dependent 

absorptivity is shown in Figure 1.4b, and it can be observed that the cylindrical array 

realizes a resonance at 1.19 THz, and a second resonance at 1.30 THz. The field 

distributions at these two resonant frequencies are shown in Figure 1.4c and d 

respectively.  From Figure 1.4c and d, it can be observed that the resonance at 1.19 THz 

is magnetic dipole (HE mode) resonance and that at 1.30 THz is an electric dipole (EH 

mode) resonance. 
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Figure 1.4. Simulations on an array of dielectric disks. (a) Schematic of the array 

of dielectric disks. (b) Simulated absorptivity as a function of frequency. (c) Magnetic 

field distribution at the first resonant frequency. (d) Electric field distribution at the 

second resonant frequency. 

 

Based on the above discussion, through tuning the radius and height of the disk, 

the electric and magnetic dipole resonances can be effectively controlled. By optimizing 

the radius and height, both electric and magnetic resonances can be achieved at a single 

frequency, resulting in an impedance matched condition. Figure 1.5 shows an optimized 

design of an all dielectric metamaterial absorber. A peak absorptivity of 99.6% is 

achieved at the frequency of 1.05 THz (Figure 1.5a). The field distributions at this 
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resonant frequency are shown in Figure 1.5b and c, indicating both electric and magnetic 

resonances are achieved at the same frequency. The refractive index and the impedance 

of this medium were extracted and shown in Figure 1.5d. According to Figure 1.5d, at 

the resonant frequency, the impedance matched condition is achieved and the value of 

the imaginary part of the effective refractive index is peaked, leading to almost perfect 

absorption. 

 

Figure 1.5. Simulation results for optimized design. (a) Simulated spectral 

absorptivity. (b) Electric field distribution at the resonant frequency. (c) Magnetic field 

distribution at the resonant frequency. (d) real (sold curve) and imaginary (dashed 

curve) part of extracted relative impedance (red) and refractive index (blue) of the 

medium. 
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1.4 Summary of original contributions 

This dissertation contains several contributions to control of thermal radiation, in 

the form of new approaches and techniques, as declared in this section. 

Metamaterial emitters were combined with microelectromechanical systems 

(MEMS) to achieve dynamic control of thermal radiation84, 85. We proposed the concept 

of, and realized, a material engineered to yield a specific temperature dependent 

emissivity, thus breaking the relationship determined by the Stephen-Boltzmann Law84. 

In particular, our material realized a low emissivity at low temperatures (room 

temperature), but as the temperature is increased, its emissivity rapidly rises faster than 

that possible by the SB Law, thus releasing its heat. Our experimentally realized material 

achieved an emissivity that varied as the sixth power of temperature, i.e. two powers 

greater than the SB Law. Our work is general and not limited to the case experimentally 

demonstrated, but our procedure may be replicated to achieve nearly any desired 

temperature dependent emissivity. This artificial material is diverse and thus highly 

relevant for numerous applications ranging from thermophotovoltaics and low-E glass 

to spacecraft design and solar cells.  

After demonstrating this thermochromic infrared metamaterial, we presented a 

micro-structured metamaterial to yield reconfigurable emissivity85. Remarkably, 

working at room temperature, our emitter realized a modulation index of 23.7% at 

thermal infrared wavelengths, corresponding to a nearly 20 degree centigrade difference 
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when viewed with an infrared camera. Additionally, our device can achieve modulation 

speeds as fast as 110 kHz, about ten thousand times faster than the thermally actuated 

devices. Our work is general and not limited to the case experimentally demonstrated, 

but our procedure may be replicated to achieve nearly any desired voltage dependent 

emissivity at nearly any wavelength. This metamaterial emitter investigated may be 

used for many diverse potential applications ranging from infrared scene projection and 

thermal sensing to friend or foe identification and infrared camouflage.  

We also designed and fabricated a device for infrared real-time display, which 

consist of 8 by 8 pixels of the metamaterial emitter, where each pixel can be 

independently controlled by an external signal. 

Most metamaterials utilize metals and thus are limited in applicability due to their 

low melting point, high Ohmic loss and high thermal conductivity.  We presented 

theory, simulations and experimental verification of a terahertz (THz) all dielectric 

metasurface absorber based on hybrid dielectric waveguide resonances86. The geometry 

of the metasurface was modified in order to overlap electric and magnetic dipole 

resonances, thus achieving an experimental absorption of 97.5%. A simulated dielectric 

metasurface achieved an absorption of 99.6% and a total absorption coefficient 

enhancement factor of 140, with a small absorption volume. Our experimental results 

matched well to theory and simulations and not limited to the THz range, but may be 

extended to microwave, infrared and optical frequencies. In contrast to metal-based 
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approaches, an all-dielectric absorber may utilize high melting point and low loss near 

infrared materials, and thus will be relevant for thermophotovoltaic, imaging, and other 

sensing applications. 

Following the all-dielectric THz absorber work, we realized an all-dielectric near 

infrared metamaterial emitter. In thermophotovoltaics applications, the emitter usually 

needs to be heated to a temperature over 1000°C, which is too high for most of the 

metals. In addition, to improve the efficiency of the thermophotovoltaic systems, 

selective emitters are utilized. Our all-dielectric metamaterial emitter, which consists of 

silicon carbide and quartz, can survive at a temperature as high as 1600°C, and achieve 

an emissivity of 85.7% at 1.24m.  Moving forward, we designed a dual-band emitter, 

whose spectral emissivity can follow the external quantum efficiency of gallium 

antimonide, and the efficiency of the thermophotovoltaic system can be significantly 

improved by utilizing this selective all-dielectric emitter.     

 



 

17 

2 Thermochromic Infrared Metamaterials 

2.1 Introduction 

A chromogenic material exhibits a change in optical properties – scattering, 

absorptivity, reflectivity, or transmissivity – as a result of an external stimulus. Some 

common examples are photochromic and electrochromic materials, where the external 

stimulus is light and electric field, respectively87.  Thermochomism, on the other hand, 

describes a material that changes its optical properties as a function of heat. (The term 

thermotropic is sometimes used to further clarify the exact optical property that is 

changing.) Naturally occurring thermochromic materials have long been known88 and 

have been used for a handful of niche applications – mood rings and baby thermometers 

being well-known examples. Within the last decade, however, these materials have had 

a resurgence in study, due to design strategies involving the chemical or physical 

interaction of non-thermochromic components89.   

Electromagnetic metamaterials are a similar type of composite material where 

the optical properties are obtained from the geometry of the constituent components, 

rather than the specifics of their chemical makeup. Therefore, the electromagnetic 

properties of metamaterials can be engineered by designing the geometrical structures. 

In recent years, tunable metamaterials have made a promising development to achieve a 

real time control of electromagnetic waves, in optical90, 91, infrared36, 46, 92, THz14, 34, 40, 45 and 

lower frequencies93, 94. 
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2.2 Design and Simulation  

Our artificial thermochromic material is made from metamaterial absorbers 

combined with a bimaterial MEMS (Figure 2.1 a,b). The metamaterial absorber often 

consists of a metallic ground plane, a dielectric layer and a top patterned metallic layer, 

and has been shown to yield wavelength dependent emissivity, with peak values 

approaching the ideal blackbody maximum30.  The high absorption / emission values are 

achieved from the confluence of a magnetic and electric resonance, each similar to that 

of a Lorentz oscillator. Thus, if either of the resonances is changed in amplitude or 

frequency location, the metamaterial absorption may be “de-tuned” thus realizing 

values decreasing from unity. In our design, each unit cell consists of five layers in sub 

wavelength thickness (shown in insets of Figure 2.1). Gold (yellow in Figure 2.1) ground 

plane is to prevent the incident electromagnetic wave from passing through, and a 

silicon nitride (green in Figure 2.1) spacer is to optimize absorption performance. The 

suspended three layers (silicon nitride-gold-silicon nitride) are spaced from the silicon 

nitride spacer by air. This symmetrical three-layered design is used to eliminate the 

unwanted bending during the heating process. To achieve the thermal actuation, the 

three-layered structure is connected to the centers of the bi-material beams, which are 

consisted of gold on top of silicon nitride and supported by large anchors (blue blocks in 

Figure 2.1). Initially, the top three layers are suspended and result in a low emissivity. 

When the device is heated up, because of the huge difference of the thermal expansion 
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coefficient between the silicon nitride and gold, the bi-material beams will bend down, 

pulling the suspended three layers downward until the transition temperature, at which 

the three layers touch the silicon nitride spacer, is reached, and then the emissivity 

doubles and the artificial thermochromic material follows a super Stefan-Boltzmann 

curve. Due to this bimaterial thermal actuation together with its electromagnetic 

resonance structure, the emissivity of our metamaterial can be individually controlled 

by wavelength and temperature. By carefully designing the geometry structure of our 

device, the resonant wavelength and transition temperature can be independently 

engineered. 

The simulated spectral emissivity of the metamaterial in the down state is shown 

in Figure 2.2. It can be seen (Figure 2.2) that there is a fundamental absorptive peak at 

5.2 m and a second peak near 2.1 m. The simulated field distributions at the 

fundamental resonance are shown in Figure 2.3.  The incident electric field is coupled 

with the center bar, generating the electric resonance (Figure 2.3c), while the incident 

magnetic field is coupled with both the center bar and the ground plane and generates 

antiparallel currents (Figure 2.3a and b), resulting in the magnetic resonance (Figure 

2.3d). By changing the geometry, the electric and magnetic resonances can be 

independently tuned, resulting in a spectral emissivity peak at 5.2 m. 



 

20 

 

Figure 2.1. Geometrical design and images of the thermochromic metamaterial. 

(a, b) schematic demonstrations of the device and the unit cell dimensions (insets in plot 

a and b) when it is operated in suspended (a) and down (b) states. a=1.8µm, g=1.6µm, 

w=0.33µm, l=0.64µm. (c) Optical picture of the fabricated metamaterial. (d) SEM picture 

of the metamaterial at a viewing angle of 60° from the surface normal. (e)  SEM image of 

the suspended metamaterial layer. 
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Figure 2.2. Simulated spectral emissivity from 1m to 20m. 
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Figure 2.3. Field distributions of the fundamental mode. (a) Current density 

distribution on the patterned gold surface. (b) Current density distribution on the gold 

ground plane. (c) Magnitude of the electric field on the patterned gold surface. (d) 

Magnitude of the magnetic field on the cross section. The red slash regions are patterned 

gold and gold ground plane. 
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2.3 Experimental Results 

Our sample fabrication started with a 120nm gold film deposition (Figure 2.4b). 

Then, a 140nm silicon nitride film was deposited by PECVD (Figure 2.4c), followed by 

spin coating 1.6m SU-8 as a sacrificial layer (Figure 2.4d). A 70nm silicon nitride layer 

was coated by PECVD (Figure 2.4e) and 55nm gold was patterned by standard E-beam 

lithography process (Figure 2.4f). A 70nm silicon nitride film was deposited again 

(Figure 2.4g) and a 60nm titanium mask, which has the same pattern as the gold layer, 

was coated by E-beam lithography with alignment process (Figure 2.4h). Unwanted 

silicon nitride was removed by RIE etching (Figure 2.4i), and then the titanium mask 

was removed by titanium etchant (Figure 2.4j). Finally, the device was released by 

plasma etching the SU-8 sacrificial layer (Figure 2.4k). The optical and SEM pictures of 

the fabricated sample are shown in Figure 2.1. 

The sample was mounted on a Linkam thermal stage and characterized by an 

infrared microscope with a Fourier transform infrared (FTIR) spectrometer. The 

emissivity (E) of the sample was measured from room temperature to 623.15K (shown in 

Figure 2.5a). Knife edge apertures were used so that only the light reflected from the 

metamaterial portion of the sample is measured by the detector. As the temperature was 

raised, the bi-material beams continuously bent downward. We should note that the 

sample is not perfectly flat, as indicated in the optical picture of the sample (Figure 2.1c). 
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At a temperature of about 523.15 K, the bottom of the sample center reached the surface 

 

Figure 2.4. Fabrication flow 

 

of silicon nitride film below. At that point, with the further increase in temperature, the 

contact area expanded until the maximum temperature 623.15 K was reached. With the 

increase in temperature, the emissivity maximum increases continuously from 53% to 
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80% (the measurement errors are within 4%), while the peak emission position, shifted 

from 4.9m to 5.1m. To confirm our observation, we also made FDTD simulation of our 

sample at both room temperature and 623.15K, which matched well with our 

experiment (Figure 2.5b). Figure 2.5c shows how the Differential Emissivity (DE) of our 

device, which is defined as: DE(,T)=E(,T)-E(,293.15K), changes with frequency at 

different temperatures. From 373.15K to 623.15K, the peak amplitude of DE increases 

continuously and reached 62% at 623.15K with the wavelength position at 5.2m. The 

peak value of DE as a function of temperature is plotted in Figure 2.5d. According to 

Figure 2.5d, at the beginning of the heating process, the peak DE value increases linearly 

with temperature. When the sample is heated to 523.15K, there is a big jump, indicating 

the transition temperature, and then the peak DE value increases linearly again, which is 

consistent with the process we described above. From Figure 2.5c and d, it is clear that 

the DE value of our sample can be independently controlled by wavelength and 

temperature, which means by individually designing the geometrical structures of the 

bimaterial beams and the electromagnetic resonators, the desired temperature and 

wavelength can be flexibly engineered. 

To explain the increase of the amplitude of the spectral emissivity and the red 

shift of the resonant frequency from suspended state to the down state (Figure 2.5), we 

simulated both the suspended state and touched state and extracted the effective 
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impedances in both cases from the simulated S parameters, which are shown in Figure 

2.6a. According to the transmission line theory, the reflectivity is given as,  

 

Figure 2.5. Simulated and measured thermochromic metamaterial emission. (a) 

experimental characterization of the wavelength dependence of the emissivity shown for 

various temperatures. The blue and red curves are for temperatures of 293.15 K and 

623.15 K respectively. (b) simulated room temperature and 623.15 K emissivity. (c) 

wavelength dependent differential emissivity as define in the text. (d) maximum 

differential emissivity as a function of temperature. Dashed vertical line separates 

regions when the metamaterial layer is suspended compared to when it begins to 

contact the bottom ground plane. 
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Zeff is the effective impedance extracted from the S-parameters and Z0 is the impedance 

of the free space, i.e. 377Ω. In our case, since the transmission is negligible, thus the 

spectral emissivity is given as E=1-R. According to Equation 2.1, the spectral emissivity 

can be plotted as a function of the real and imaginary portions of the effective 

impedance; shown as a color map in Figure 2.6b. The x-axis represents the real part of 

the effective impedance and the y-axis represents the imaginary part, with the value of 

the spectral emissivity given by the color bar. We denote two values of complex 

impedance in Figure 2.6b: a star which corresponds to the effective impedance of the 

metamaterial in the down state (at the resonant wavelength of 5.2m) and an open circle 

corresponding to the effective impedance of the metamaterial in the suspended state at 

the same wavelength. From Figure 2.6b it can be observed that, compared to the 

suspended case, the effective impedance in the down state is much closer to the 

maximum possible spectral emissivity. 

The shift of resonance wavelength can be understood using an LC circuit model 

approach. In the suspended mode, the local dielectric environment in proximity to the 

capacitive gap of the suspended resonator mostly consist of air. As the suspended layer 

approaches the conducting ground plane the average dielectric value – and hence 
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capacitance – that determines the resonance frequency via 0~(LC)-1/2 is increasing, thus 

constantly shifting the resonance to lower frequencies.  

 

 

Figure 2.6. Effective impedance of the metamaterial in the down and suspended 

states. (a) The relation between the effective impedance with the wavelength of both 

down and suspended states. The blue curve (down state) corresponds to the right y axis. 

(b) Color map showing the dependence of the spectral emissivity on both the real and 

imaginary portions of the effective impedance. X axis represents the real part of the 

effective impedance and y axis shows the imaginary part of the effective impedance. The 

star at the color map represents the effective impedance in the down state at a resonant 

wavelength (5.2m) and the open circle corresponds to the suspended state at the same 

wavelength. 

 

To further demonstrate the response of our device to temperature, we measured 

the spatially dependent emissivity across the sample’s surface at room temperature and 

623.15K, as well as the differential emissivity. The measurement was taken with a 6x6 

scan, and the wavelength dependent emissivity is measured for each pixel, where the 

pixel size is 18 m. The results are shown in Figure 2.7. From Figure 2.7, we can clearly 
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see that, when the temperature goes to 623.15K, the emissivity of the center part of our 

device, which is the metamaterial pattern, goes to 80% from around 50% at room 

temperature. This is consistent with our emissivity measurement shown in Figure 2.5. 

Compared with the emissivity change in the metamaterial pattern area, the change in 

the area of beams and supporters is much smaller, demonstrating that the thermal 

actuation structures will not affect the electromagnetic properties of the metamaterial 

device. However, in Figure 2.7, we can also find the emissivity distribution is not very 

uniform across the metamaterial. We believe this is due to the stress-induced curved 

surface of our metamaterial device95. In future devices, some post processing methods, 

such as rapid thermal annealing96 and ion beam machining97, can be applied to achieve 

flat metamaterial surfaces. 

According to Kirchhoff’s law, the emissivity can be deduced directly from the 

absorption spectrum, and then the emission properties of the realistic structures can be 

determined by multiplying the blackbody radiation spectrum with the emissivity26.  

Therefore, the spectral radiance of our device can be derived from our measured 

emissivity. Although the natural thermochromic materials have been used for dynamic 

control of the thermal radiation98, this kind of thermal tuning relies on the phase 

transition of a certain thermochromic material, which is difficult to be extended to other 

temperatures. Due to the ability of independently tuning the resonance wavelength and 
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transition temperature, the working temperature of our metamaterial device can 

potentially cover a very broad range. 

 

 

 

Figure 2.7. Measured spatial dependence of the emissivity and differential 

emissivity across the surface of the thermochromic metamaterial. (a) Color map of the 

absorption at room temperature and (b) 623 K shown over a picture of the fabricated 

metamaterial MEMS, both at a wavelength of 5.2m. (c) Isometric view of the spatial 

dependence of the differential emission at a wavelength of 5.2m (defined in the text) 

with the color map shown to the right. 

 

The radiant power density from an object is: 
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Where E is the spectral emissivity of the object. B(,T) is the spectral radiance of a 

blackbody defined as, 
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For blackbody, E=EB=1, and for our metamaterial device, E=ET (T,) is a function of 

temperature and wavelength. 

Figure 2.10a shows spectral radiant power density of our sample with different 

temperatures. To compare the radiant power of our metamaterial with that of the 

blackbody, we calculate the ratio between the radiant power density at a certain 

temperature and that at room temperature. Our integration runs over the range of our 

measurement, which is from 3m to 8m. The ratio for the blackbody and metamaterial 

is thus, 
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where T0 is 293K. 

The normalized radiant power densities of both the black body and our sample 

are shown in Figure 2.10b.  According to Figure 2.10b, the radiative power density of our 

sample at 623.15 K is 215 times higher than that in room temperature, while blackbody is 

only 90 times higher. In addition, according to SB law, the black-body radiant power 
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density across all wavelengths (radiant exitance, J) is directly proportional to the fourth 

power of the black body's thermodynamic temperature (T). This relation is expressed by 

4
TJ                                                                           (2.6) 

 is the Stefan–Boltzmann constant. To explore the relation of the radiant exitance of our 

device with temperature, we used a Lorentz model to fit our experimental emissivity 

data so that it can be extended to the whole wavelength range. As seen in Figure 2.2, the 

second order resonant mode shows up at 2.1m. Due to the separation in wavelength 

between the first and second order modes, only the first order mode is sufficient to 

account for integration of the spectral emissivity. In order to confirm this, we fit our 

simulation result with both a single Lorentz oscillator model and a double Lorentz 

oscillator model and compared the results. The spectral emissivity from simulations 

using both a single Lorentz oscillator model and a double Lorentz oscillator model are 

plotted in Figure 2.8a. The spectral power density is calculated by multiplying the 

emissivity with the blackbody radiation spectrum and shown in Figure 2.8b. As can be 

observed from Figure 2.8b, introduction of the second order mode only reshapes the 

spectral power density in the vicinity of the second order resonant wavelength due to 

the relatively large separation between the second resonant wavelength of the 

metamaterial and the peak wavelength of the blackbody radiation spectrum. We then 

integrate the spectral power density for both the single and double Lorentz model over 

the entire wavelength range (zero to infinity) to obtain the radiant exitance. We find that 
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the radiant exitance using a double Lorentz model is M1=1.89×103 W/m2 and the radiant 

exitance using a single Lorentz model is M1=1.77×103 W/m2. Thus the error due to 

neglecting the second order mode is (M1-M2)/M1×100%=6.3%. Futhermore, we note that 

the above calculation was performed for the 623K case and thus represents the 

maximum error. That is, at all lower temperatures the blackbody peak will have even 

less overlap with the second order mode and thus its contribution will be even smaller. 

We thus conclude that our single Lorentz oscillator model fits the actual situation within 

an acceptable error. 

 

Figure 2.8. The comparison between single Lorentz oscillator model and double 

Lorentz oscillator model in (a) spectral emissivity and (b) spectral power density. 

 

Based on the above analysis, a single Lorentz oscillator, with a fitting equation of, 
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where A, w and 0 are fitting parameters, was used to calculate the radiant exitance. The 

fitting parameters at different temperatures are shown in table 2.1. Both the 

characterized absorption and fitting curves at 623K are shown in Figure 2.9, as an 

example. 

Table 2.1. Fitting parameters at different temperatures. 

 

The radiant exitance is given by, 
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Temperature [K] w (10-6) 0(10-6) A (10-6) 

293 1.5840 5.0029 1.3558 

323 1.5955 5.0257 1.3718 

373 1.4834 5.0239 1.3016 

423 1.4456 5.0427 1.2822 

473 1.5684 5.0732 1.4052 

523 1.6815 5.3481 1.6992 

548 1.7399 5.3473 1.8799 

573 1.7060 5.3183 2.0244 

598 1.6130 5.2882 2.0392 

623 1.5940 5.2256 2.0990 
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The temperature dependent radiant exitance is shown as the gray squares in Figure 

2.10b (right axis). A power law equation, which is expressed as: y=axb, is used to fit the 

derived curve. Both curves are plotted in Figure 2.10b. The fitted parameter b is 6.19. So, 

our device provides higher power law relation than the SB law. Due to its  

 

Figure 2.9. Measured (black curve) and fit (red curve) of the wavelength 

dependent spectral emissivity for a temperature of 623K. 

 

property of self-tunable emission, our sample can be potentially used as a smart material 

which can control its own emission based on the environmental temperature. For 
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example, in space exploration area, current space thermal control systems require 

heaters with an additional power penalty to maintain spacecraft99. By carefully designed, 

our device can make the satellite work in a desired temperature by automatically 

controlling its emitted energy without use of any power. 

 

Figure 2.10. Emitted power density of our thermochromic metamaterial. (a) 

Power density per wavelength for different temperatures as indicated in the inset 

legend. (b) Normalized power density (left vertical axis) as a function of temperature for 

both the metamaterial (open red circles) and blackbody (open black circles). The open 

gray squares show the radiant exitance (right vertical axis) determined by a Lorentz 

model fit to the experimental spectral emissivity data. The solid gray curve is a power 

law fit to the open gray squares. 

 

2.4 Conclusion 

In conclusion, we have designed, fabricated and characterized a new artificial 

thermochromic material. The differential emissivity of our device continuously changes 

with temperature and can reach 62% at 623.15 K. These results provide experimental 

verification of a smart thermochromic material, which can be used in many fields, such 
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as solar energy and space exploration. In addition, due to its outstanding thermal 

emission performance, which is beyond SB law, it can respond more efficiently to the 

surrounding temperature change. Undoubtedly, our device will be very useful for the 

future novel thermochromic materials fields and its great tunability and flexibility will 

play a key role. 
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3 Reconfigurable Room Temperature Metamaterial 
Infrared Emitter 

3.1 Introduction 

Studying and making use of thermal radiation has a long history in science and 

engineering since 1858, when Balfour Stewart first measured the thermal radiation from 

polished plates in comparison with radiation from lampblack at the same temperature100. 

To this day there is continued interest in the control of radiation for a wide range of 

applications, including thermophotovoltaic, thermal imaging, thermal sensing and 

thermal camouflage. Recently, the ability to dynamically manipulate thermal infrared 

radiation has been demonstrated1, 2, 3, 101, 102. For example, combined with the 

microelectromechanical systems (MEMS), a switchable thermal emitter was shown, 

which may be useful for combat identification systems103, 104, a technique for 

differentiating the targets to be determined as friend, enemy or neutral.  Although 

progress has been made, performance of dynamic thermal radiation devices is limited 

due to high operation temperature, slow modulation speed and constrained spectral 

range.   

Metamaterial emitters are potential candidates to fashion feasible thermal 

emitting devices, since the radiation spectra from metamaterials can be controlled via 

their geometrical structures. A series of achievements have been made in metamaterial 

emitters from microwave to the near infrared30, 32, 105, 106. The combination of MEMS and 

metamaterials can realize modulation speeds of a few tens of kHz46. Here, we propose 
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and demonstrate a metamaterial emitter based on electrically actuated MEMS, whose 

modulation speed is as fast as 110 kHz, which is much higher than that of the 

temperature-modulated emitters101, 104. In addition, to achieve the detectable room 

temperature modulation with infrared camera, the emissivity peak of the emitter is 

designed around 9m, which is close to the peak of the blackbody radiation at room 

temperature, and the differential emissivity between on and off state can be nearly 0.7. 

3.2 Design and Simulation 

Each unit cell of our metamaterial emitter consists of a gold ground plane, an 

aluminum oxide spacer and suspended patterned metallic (gold-germanium-gold) 

layers. Due to this metal-insulator-metal design, an electric resonance and a magnetic 

resonance can be driven and independently tuned10. The optimized coupling between 

the electric and magnetic resonances results in the nearly unity emissivity and, on the 

other hand, a change in geometry will break optimal coupling resulting in a decrease of 

peak emissivity. Initially, the patterned metallic layers are designed to be suspended 

from the ground plane, supported by eight cantilever beams (“off-state”, Figure 3.1a, left 

configuration), leading to a low emissivity. As bias is applied to the device, at a critical 

point, which is called “pull in voltage”107, the suspended film will snap down on the 

ground plane (“on-state”, Figure 3.1a, right configuration), and the emitter achieves the 

near unity emissivity. 
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Figure 3.1. A schematic of the metamaterial emitter in both the emissive on state, 

and the off state. (a) A schematic of the metamaterial emitter in both emissive off (left) 

and on (right) states. (b) SEM image of the metamaterial emitter at a tilt angle of 45°. (c) 

Close-up image of the metamaterial. Dimensions are p=4.6m, l=1.3m, w=0.6m. 

 

To further understand how the high absorptive/emissive state is achieved, we 

simulated the field distribution at the resonant frequency, when the metamaterial was at 

“on” state, and the results are plotted in Figure 3.2. The simulation was done using 

FDTD method in CST 2015 microwave studio and we applied perfect electric boundary 

conditions at the boundaries normal to y-axis and perfect magnetic boundary conditions 

at the boundary normal to x-axis. The electromagnetic wave propagated along the z-axis 
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and was incident normally onto the metamaterial. According to Figure 3.2, at the 

resonant frequency, the incident electric field couples strongly with the metallic center 

bar of our metamaterial (Figure 3.2a), resulting in the electric resonance response. At the 

same time, the incident magnetic field couples with both the center bar and the gold 

ground plane (Figure 3.2b) and generates the antiparallel currents in the center bar and 

the ground plane (Figure 3.2c and d), leading to the magnetic resonance response. This 

coupling between the electric and magnetic resonances yields the high 

absorptive/emissive state. 

In addition to the modulation index of the thermal radiation, another important 

figure of merit is modulation speed. Our MEMS device can be described as a forced 

resonant spring mass system Figure 3.3a. The “mass” is the center metallic pattern and 

its mass can be calculated as: 1.52×10-11kg. The spring constant of the eight beams of our 

device is simulated using the CST Multiphysics Studio (Figure 3.3b) and it is 5.09 N/m. 

The actuated force is the electrostatic force between the suspended films and the ground 

plane, which can be solved using the parallel plate capacitor model. The resonance 

frequency of our MEMS device is: 

kHz
m

k
f 92

2

1



                                                             (3.1) 
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Figure 3.2. Simulated field distributions. (a) The simulated magnitude of the 

electric field distribution on the patterned gold. (b) The simulated magnitude of the 

magnetic field distribution on the cross section. (c) The simulated current density 

distribution on the patterned gold. (d) The simulated current density distribution on the 

gold ground plane. 
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Figure 3.3. Forced resonant spring mass system (a) Spring-mass model. 

(b)Simulated displacement of a single spring beam of our device with the change of 

force. Blue circle is calculated data and red curve is the linear fitting curve. 

 

3.3 Experimental Results 

The fabrication process began with 120nm deposition of gold film on a silicon 

substrate (Figure 3.4a). Next a 300nm thick Al2O3 film was deposit by atomic layer 

deposition, followed by selective buffered oxide etching the Al2O3 with photoresist mask 

to make the bottom electrical contact (Figure 3.4b). A 55nm thick silicon nitride film 

(protector film against the wet etching for the final release), followed by a 2m thick 

silicon dioxide film (sacrificial layer), was deposit by plasma enhanced chemical vapor 

deposition (PECVD) (Figure 3.4c). After the PECVD step, 100 nm gold film, together 

with a 200nm germanium film and another 70nm gold film, was patterned and 

deposited with standard E-beam lithography process. The top gold contact was made by 
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photolithography (Figure 3.4d). The sample was released by wet etching the silicon 

dioxide sacrificial layer with Silox Vapox III etchant and dried in critical point dryer 

(Figure 3.4e). The sample was wire-bonded to a chip carrier for the electric connection. 

The SEM images of the fabricated emitter are shown in Figure 3.5 and due to the 

unbalanced stress in the suspended films, a slight curvature across the sample surface 

can be observed95. 

 

Figure 3.4. Fabrication flow of metamaterial emitter 

 

The spectral emissivity of our metamaterial emitter, with various bias voltages 

up to 15V, was measured using the FTIR with an infrared microscope (Figure 3.5a). In 

the off-state, the top patterned metallic film is suspended from the ground plane (optical 
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microscope image is shown in the inset of Figure 3.5a), and the spectral emissivity curve 

is broad and the peak value is just 0.5 (blue curve). When 15V bias was applied, the 

suspended film snapped down on the ground plane and a sharp resonance was 

achieved with the peak spectral emissivity equaling 0.95 at a wavelength of 8.9m (red 

curve).  To better demonstrate the modulation of the spectral emissivity of our 

metamaterial emitter, the differential spectral emissivity (DE), which is defined as: 

DE()=|Eon()-Eoff()|, where the E() is the spectral emissivity, is plotted in Figure 3.5b. 

A sharp peak of the differential emissivity with the value 0.69 located at 8.9m, the same 

as where the spectral emissivity peak is located. Finite difference time domain (FDTD) 

simulation was performed on the differential emissivity and the results match well with 

measurement (Figure 3.5b), thus further confirming our observation. To illustrate the 

potential application and advantage of our device as a modulator of thermal radiation, 

the modulation speed was characterized (Figure 3.5c), and the 3dB point was found 

around 110kHz. The peak around 80kHz is due to a mechanical resonance of the MEMS 

structure, and it is close to the resonant frequency calculated above (Equation 3.1). 

Compared to traditional temperature actuated emitters101, 104, this is about ten thousand 

times faster, and the modulation speed can be further increased by optimizing the size 

of the center membrane and the structure of the supporting arms108. 
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Figure 3.5. FTIR measurement result of the metamaterial emitter. (a) Measured 

spectral emissivity of the metamaterial emitter in both on (red curve) and off (blue 

curve) states. The insets show microscope images of our sample in both on (right) and 

off (left) states. (b) Measured (red solid curve) and simulated (blue dashed curve) 

differential emissivity. (c) Measured infrared signal as a function of modulation 

frequency. (d) Spectral radiant exitance versus wavelength in both on (red curve) and off 

(blue curve) states. 

 

An infrared camera was used to record the radiance from the surface of our 

emitter with time. Based on the spectral emissivity we measured before, the spectral 

radiant exitance detected by the camera can be derived by multiplying the spectral 
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emissivity with the blackbody radiant spectrum at room temperature and the spectra 

sensitivity of the camera: 

)45.296,()()()45.296,( KTBESKTM  


                              (3.2) 

S() is the responsivity of the infrared camera (Figure 3.6a). E() is the spectral 

emissivity of the sample. B(,T) is the spectral radiance of the blackbody defined as: 

1)exp(

12
),(

5

2





Tk

hc

hc
TB

B





                                                    (3.3) 

The spectral radiant exitance in both on and off state are shown in Figure 3.5d. By 

integrating both spectral radiant exitance over the 6m to 16m range (the wavelength 

range that our IR camera can detect), the radiant exitance from the metamaterial emitter 

detected by the camera can be obtained for both on and off state and it changes from 

45.90W/m2 (off-state) to 60.41W/m2 (on-state), indicating the temperature of the emitter 

changes from 23.3°C to 41.65°C.   

The sample was mounted at the focal plane, and the surface is normal to the 

camera.  Since our infrared image was taken at room temperature and our emitter was 

partially reflective in the detecting wavelength range of the camera, the radiant power 

from the metamaterial emitter didn’t dominate over the radiance from the environment 

that reflected by the emitter1. The radiance (total power density, emitted and reflected) 

from the sample was detected by the camera. A cursor, which covered 3 by 3 pixels, was 

placed at the center of the sample, and the spatially averaged (over the 3 by 3 pixels) 
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time dependent total power density from the sample was recorded by the camera and 

shown in Figure 3.7a. The total power density detected by the camera (P) was mainly 

contributed by two terms, the emitted power density from the metamaterial (PE) and the 

power density from the environment reflected by the metamaterial (PR), and it can be 

written as: 
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R and E are two calibration coefficients that can be obtained by measuring the radiance 

from the gold reference near the sample [R()=1 and PE=0] and the carbon black film 

[E()=1 and PR=0] respectively. 

 To obtain the calibration coefficient R, a reference point of bare gold – located 

close to the sample – is measured. We assume the spectral reflectivity of the reference 

point is unity, and the total power density detected by the camera is only the reflected 

part, which is: 
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Normalized to the measured data (Figure 3.7b), which is 40.28W/m3, R can be derived 

as 0.2993. According to the measured reflectivity of our sample in both on and off state 

(Figure 3.6b), the reflected part can be calculated in both on and off state: 
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Then PE at both on and off states are derived from equation (3.4). 

 

Figure 3.6. (a) Responsivity of the infrared camera used in this measurement. (b) 

Measured reflectivity of the sample in on (Red curve) and off (blue curve) state. 

 

The lampblack reference was deposited on aluminum using a common 

procedure involving the incomplete combustion of hydrocarbons (butane C4H10) and 

oxygen from air1. To confirm the near-unity emissivity of lampblack, we additionally 

deposited a lampblack film on gold, and used a gold mirror as a reference. We then 

measured both the reflectance of the lampblack films deposited on aluminum and gold. 

The measured reflectance is plotted in Figure 3.8. The measured reflectance (R) for 

lampblack on aluminum was 0.5% at 6m and slowly increased to 1.25% at 16m. Since 
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the lampblack was backed by a good conductor we observed zero transmittance, i.e. T = 

0 over the measured spectral range. The absorptivity (A) can thus be obtained by A=1-R-

T≈99%, According to Kirchhoff’s law of thermal radiation in thermodynamic 

equilibrium, the emissivity of a material is equal to its absorptivity, thus the average 

emissivity of our lampblack film was around 99% in the wavelength range from 6m to 

16m. We thus utilized the thin lampblack film as a blackbody reference and assumed 

its emissivity to be unity. 

 

 

Figure 3.7. (a) Directly measured time dependent signal of the sample with 

infrared camera. (b) Measured signal of gold reference (red curve) and lampblack (blue 

curve). 

 

We measured the radiance from the lampblack (Figure 3.7b). By normalizing the 

calculated radiance from Equation (3.6) to the measured data, the calibrated coefficient 

E was derived as 0.2706. 
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Figure 3.8. Measured reflectance of lampblack film deposited on aluminum (blue 

curve) and gold (red curve). 

 

In the measurement, a ¼ Hz saw wave voltage with the magnitude from 0V to 

20V was applied to the device. The derived emitted power density of our metamaterial 

emitter from the measurement is shown in Figure 3.9a (left y axis). According to Figure 

3.9a, the modulation index of our device on the thermal radiation can be 23.5%. 

To confirm the derived emitted power density from the measurement, we 

calculated the emitted power density according to our measured emissivity data: 
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According to Figure 3.9a, the derived emitted power density is 16.90W/m2 at on 

state and 12.93W/m2 at off state. Compared with the calculated result, the error for the 

on state is: 100%× (16.90 -16.35)/16.9 = 3.25% and the error for the off state is: 100%× 

(12.93 - 12.45)/12.93 = 3.71%. 

The thermal radiation from a surface is dependent on its emissivity and kinetic 

temperature. As discussed above, the radiation of our emitter is tailored by dynamically 

controlling the spectral emissivity. On the other hand, if we assume the spectral 

emissivity of our emitter is only wavelength dependent and the same as that in the off-

state, according to Equation (3.6), the temperature of the emitter that corresponds to a 

certain radiant exitance can be obtained. The derived temperature variation with time is 

presented in Figure 3.9a (right y axis) and the temperature can rise by nearly 20°C from 

room temperature.  The spatial distribution of the derived temperature over the surface 

of the emitter in both on and off state is shown in Figure 3.9b and c respectively. Again, 

in the off-state the temperature over the whole sample area is around 25.5°C. When the 

15 V voltage is turned on, the temperature jumps to 44.3°C. It is a roughly 20°C change. 

This great temperature modulation from room temperature can be utilized in 
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applications of thermal imaging and sensing. As another example, this emitter can 

operate as a programmable infrared source used in IFF systems.   

 

Figure 3.9. Imaging measurement result of the single-pixel metamaterial emitter. 

(a) Time dependence of the spatially averaged emitted power density (left y-axis) and 

temperature (right y-axis). The two black horizontal lines denote the time and space 

averaged emitted power density in on and off state respectively. (b) Spatial dependence 

of the temperature over the sample surface in on (b) and off (c) states. 

 

To demonstrate the realistic application of our metamaterial emitter device in 

combat identification area, a device composed of 8 by 8 emitters, encoding the 

information “D”, was designed and fabricated.  The device is composed of 64 pixels, and 

each pixel has the same structure as the single pixel we discussed above. The 

distribution of these 64 pixels is shown in Figure 3.10(a). In Figure 3.10(a), all red pixels 

are connected to a contact pad with bias applied, while yellow pixels are isolated from 

the contact. Initially, all pixels are at off state and there is no radiation difference across 
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the whole device, so the encoded information cannot be captured by the infrared 

camera. When the bias applied passed the pull in voltage, the red pixels switched to on 

state while the yellow pixels kept their off state, and the letter “D” appeared viewed 

through the infrared camera. The SEM picture of the fabricated device is shown in 

Figure 3.10(b). 
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Figure 3.10. (a) The pixel design of the device (b) SEM image of the device with 

tilt angle=45°, (c) Original measured data with the infrared camera when the device is in 

on-state and (d) off state. 

 

A ½ Hz sine wave signal from 0 V to 13 V was applied to the device, and the 

device was viewed and imaged by the infrared camera. The original captured image of 

the device in both on and off state is shown in Figure 3.10c and d respectively. The 
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thermal radiance from our device was derived from the original captured images in the 

same way we discussed for the single pixel and is shown in Figure 3.11. Even at room 

temperature, the letter “D” clearly appears (on-state Figure 3.11a) and disappears (off-

state Figure 3.11b) periodically in ½ Hz. Compared to the traditional infrared emitter for 

identification friend or foe (IFF) systems, which works at several hundred centigrade 

degrees, our room temperature emitter device has much more promising application 

prospects. 

 

Figure 3.11. Emitted power density of our metamaterial emitter device imaged 

with an IR camera in (a) on and (b) off states. 

 

3.4 Further Discussion 

In the above sections, a dynamic metamaterial emitter working at room 

temperature has been fabricated and characterized.  A large difference in the radiant 

exitance between the “on” and “off” state has been achieved and this difference 
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corresponds to the temperature increase of nearly 20°C from room temperature viewed 

from an infrared camera. As an extension, a device with 8 by 8 pixels was fabricated. 

Both the electromagnetic and the mechanical performance of the single pixel here is the 

same as those in Figure 3.1. Here, each single pixel can be independently controlled by 

the external signal. By applying the programed signal to all the 8 by 8 pixels, a real time 

of infrared displaying can be achieved and the speed can be as fast as 110kHz.    

As am example, we proposed a movie with letters “D” “U” “K” “E” (Figure 

3.12). By programming each pixel, the letter “D”, “U”, “K” and “E” can appear and 

disappear one by one periodically.   

 

Figure 3.12. Proposed images viewed from an infrared camera. The letter will 

appear and disappear one by one. 

 

The fabrication process is different from the one mentioned in Figure 3.4, i.e. 

instead of patterning and pixelating the top metamaterials, we pixelate the bottom 

ground plane. The fabrication process is shown in Figure 3.13, and started with 

depositing 400nm silicon dioxide film on silicon substrate by thermal oxidation to make 

an insulation layer (step a in Figure 3.13). 10nm Chromium and 150nm gold were 
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patterned by photolithography as the bottom electrodes (step b). Then, a 300nm silicon 

nitride insulation layer was deposited by PECVD (step c). Photoresist was patterned 

with alignment process as a mask and the silicon nitride was etched by reactive ion 

etching to open the via (step d). Another 10nm Chromium and 150nm gold were 

patterned by photolithography with alignment process as the ground plane (step d). 

300nm aluminum oxide was deposit by atomic layer deposition as the dielectric spacer 

(step f). A 55nm silicon nitride was deposit as a protector layer for releasing, followed by 

1200nm silicon dioxide deposit by PECVD as a sacrificial layer (step g). Photoresist was 

patterned again as a mask, and the sample was etched in the buffered oxide etch to 

make the bottom electrode exposed to air (step h). Gold-germanium-gold films were 

patterned using E-beam lithography with alignment process as top metamaterial and 

support beams (step i). The sample was released in Silox Vapox III etchant and dried in a 

critical point dryer (step j). Finally, the sample was wire-bonded (step k). The optical 

image of the fabricated sample is shown in Figure 3.14.  
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Figure 3.13. Fabrication process of the device. 

 

Figure 3.14. Optical images of the fabricated sample. 

 

A four-color metamaterial pixelated emitter was also investigated. The design of 

the four-color emitter array is shown in Figure 3.15a. The red, yellow, blue and green 

represent the four designs with the periodicity of the unit cell 5.6m, 4.6m, 4m and 

3.6m respectively. The simulated spectral emissivity of these four designs is shown in 
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Figure 3.15b, and the simulated spectral emissivity with each of the design at both on 

and off design is shown in Figure 3.16. 

 

Figure 3.15. Design of the 4-color emitter array. (a) Design of the array. (b) 

Simulated emissivity of the four designs. 

 

The fabricated process is the same as what is shown in Figure 3.13, the only 

difference being that a new pattern is used for E-beam lithography process in step i. The 

fabricated sample will be controlled by the FPGA and characterized with a focal plane 

array detector on an infrared microscope with FTIR, and the proposed false color image 

“D”, “U”, “K” and “E” will appear and disappear one by one periodically. The proposed 

images are shown in Figure 3.17.     
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Figure 3.16. Simulated emissivity at both on (black curve) and off (red curve) 

states. (a) “red” pixel. (b) “yellow” pixel. (c) “blue” pixel. (d) “green” pixel. 

 

 

Figure 3.17. Proposed false color images. (The image will appear and disappear 

one by one) 
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3.5 Conclusion 

In conclusion, we have designed, fabricated and demonstrated a dynamic 

metamaterial infrared emitter, whose modulation speed can be as high as 110kHz. Due 

to the 23.5% modulation index on the thermal radiation, working at room temperature, 

the viewed temperature difference of our device between on and off state, which 

captured by the infrared camera, can be 20 centigrade degrees. In addition, the 

demonstration of the room temperature dynamic programmable infrared imager 

presents a potential application for IFF systems. Furthermore, our work can be also 

applied into many other areas in thermal imaging and sensing. 
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4 Experimental Realization of a Terahertz All-dielectric 
Metasurface Absorber 

4.1 Introduction 

The Terahertz (THz) region, a band of frequencies between radio frequencies and 

the infrared light, is usually defined from 0.3 THz to 3 THz. The THz, compared with 

other frequency regions, is the least developed due to the technology shortage in this 

region109. Metamaterial, an artificially engineered material whose optical property is not 

only dependent on its composites but also on its structure110, is a promising candidate to 

fill the “THz gap”. Since 2004, when the first THz metamaterial was demonstrated111, 

significant advance has been made, for example; absorbers27, 112, 113, metasurface114, 

reconfigurable devices14, 41, 115, 116, as well as spatial light modulators for imaging59, 62, 117. 

However, the electromagnetic performance of traditional metamaterial is limited by the 

metallic losses, and in addition, due to the high thermal conductivity of metals, is not 

feasible to realize thermal imaging applications with metallic metamaterials. Dielectric 

metamaterials, whose electric and magnetic resonances can be controlled by engineering 

their geometries118, can potentially solve these problems and have attracted much 

interest recently119, 120, 121, 122, 123. Here we present a THz all dielectric metasurface absorber 

based on hybrid dielectric waveguide resonances. We tune the metasurface geometry in 

order to overlap electric and magnetic dipole resonances at the same frequency, thus 

achieving an experimental absorption of 97.5%. A simulated dielectric metasurface 

achieves a total absorption coefficient enhancement factor of FT=140, with a small 
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absorption volume. Our experimental results are well described by theory and 

simulations and not limited to the THz range, but may be extended to microwave, 

infrared, and optical frequencies. The concept of an all-dielectric metasurface absorber 

offers a new route for control of the emission and absorption of electromagnetic 

radiation from surfaces with potential applications in energy harvesting, imaging, and 

sensing. 

4.2 Design and Simulation 

We start by calculating the different modes that can be supported by a cylindrical 

waveguide. We consider a cylindrical waveguide (medium 1) with radius a in vacuum 

(medium 2). The electric and magnetic fields along z direction (the axis of the 

waveguide) are82: 
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The field in the vacuum can be written by replacing the constant An and Bn in equation 

(4.1) and (4.2) with Cn and Dn, and Bessel function Jn (1r) by the modified Hankel 

function of the first kind Kn (2r).  The wave vector is:     
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The radial wave vectors in both waveguide and vacuum are real and equal to:   
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 is a propagation constant along the axis and is continuous at the boundary.  n and n 

are phase factors related to the boundary conditions. The transverse components of the 

electric and magnetic fields can be derived82. At the boundary r=a, the tangential 

components of both electric and magnetic fields are continuous. The dispersion relation 

of different modes supported by the waveguide can be solved with the boundary 

conditions: 
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Combining equation (4.4) to (4.7), the propagation constant along the cylindrical axis as 

a function of wave vector in vacuum can be solved. 

Here, for our all dielectric metamaterial absorber, we only consider the situation 

where the electromagnetic wave is normally incident, and in this case, only hybrid 

modes can be excited124. The two common groups of the hybrid modes are HE modes 

(Hz≪Ez) and EH modes (Hz≫Ez)125. The HE mode is a magnetic dipole (MD) like mode 

since Ez is dominated and the EH mode is an electric dipole (ED) like mode since Hz is 

dominated. We studied the lowest order HE and EH modes (HE111 mode and EH111 

mode) and achieved a highly absorbing state by making the resonant frequencies of the 

HE111 mode and EH111 mode overlapped.      
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At the beginning of the study, we calculated the minimum height (h) and radius 

(r) of a silicon cylindrical resonator in vacuum that can support both the lowest order of 

the magnetic dipole like resonance mode (HE mode) and the electric dipole like 

resonance mode (EH mode) at a target frequency f0.  In order to achieve high absorption, 

we want most of the fields to be localized inside the resonantor, so the relative dieletric 

constant (r) needs to be high. The wavelength of an electromagnetic wave that is inside 

the waveguide is: 
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c is the speed of light. 

To calculate the height of the resonator (h) that can support the lowsest order 

magnetic dipole resonance, the resonantor can be approximately treated as a half-wave 

dipole with  

r

g c

f
h





0
2

1

2
                                                           (4.9) 

Although the HE mode has no cut-off and can exist at zero frequency, the EH mode will 

have a cut-off, which is determined by the radius of the cylindrical resonantor and the 

dieletric constant of the resonantor. We then calculate this cut-off radius of a cylindrical 

resonantor that can support the lowest order EH resonance mode at the target frequency 

f0. As what we discussed above, we want the majority of the energy to be inside the 
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resonator, so the radial k-vector (kr) should meet the total internal reflection condition 

incide the resonantor: 
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By applying the magnetic wall boundary condition at the perimeter, the cut-off radius 

will be approximately deternmined by the roots of the Bessel function82: 
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r is the radius of the cylinder. Here we are only interested in the cut-off radius for the 

lowest order mode, which can be deternmined by the first nontrivial solution of 

Equation (4.11): 
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Equation (4.9) and (4.12) give us a general guidance for designing an absorber. To show 

our theoretical calculations generally work for metasurface absorber designs with 

different dielectric materials, we calculated the radius and height for designing a 

dielectric metasurface absorber at 1.0 THz with different dielectric constants, and 

compare with those from the simulations as shown in Figure 4.1. In the simulation we 

kept the periodicity fixed (p = 210m) and varied the radius and height with the 

dielectric constant. The calculated results (red solid curves) are close to the simulations 

(blue open circles). In the calculation, we assume all the fields are within the disk. 

However, some portion of the fields will extend beyond the boundary of the cylindrical 
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particles, and this field leakage results in deviation of the simulated radius from the 

theoretical calculations. Based on Equation (4.12), we fitted the simulations with power 

law: a(x-1)-1/2 and the curves are plotted as the red dashed curve in Figure 4.1a. The fitted 

curve for the radius matches well with the simulated results with the factor a =200.34m, 

and is only 8.7% different from the the calculated factor of 3.83c/(2f0 )=182.87μm. 

Similarly, the height of the cylinder was fit with power law: a' x-1/2 and the fitted curve is 

shown as the red dashed curve in Figure 4.1b. Curve fits match the simulation well with 

the fitting factor a'=175.58m, which deviates from the theoretical calculation of 

c/(2f0)=149.90m by 14.6%. As a result, the height and radius of the dielectric cylinders 

from our calculation are close to those from the simulation over a very broad range of 

the dielectric constants. 

 

Figure 4.1. (a) Calculated (red solid curve) and simulated (blue open circle) 

radius as a function of dielectric constant. The simulated results are fit with power law 

(red dashed curve). (b) Calculated (red solid curve) and simulated (blue open circle) 

height as a function of dielectric constant. The simulated results are fit with power law 

(red dashed curve). The periodicity for both simulations were retained at 210m. 
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To experimentally realize an all dielectric metamaterial absorber, we chose boron 

doped silicon as the guide material since it realizes a relatively high dielectric value 

(r=11.0) with moderate loss at THz frequencies. We choose a target frequency of 1.0THz 

and, using Equation (4.9) and (4.12), we calculate the dimensions of our cylindrical 

waveguide – ignoring the host substrate – to have a height of hSi = 45m and a radius of 

rSi = 58m. Although we expect an all-dielectric metasurface with the above calculated 

dimensions to yield high absorption, we first simulate the absorbance for values far 

away from optimal in order to study the individual hybrid modes and their dependence 

on geometry. 

A 2D array of Boron doped silicon cylinders (substrate not included) with a 

radius of r=40m, a height of h=50m, and a pitch of p=210m was simulated. In Figure 

4.2a we show the absorbance – calculated as A() = 1-R()- T(). The simulation results 

show two peaks in the absorption – over the range investigated – at 1.186 THz and 1.294 

THz. We find that the lower frequency peak (indicated by the dashed vertical grey line) 

is due to a magnetic dipole resonance HE111, while the higher energy peak (dashed 

vertical black line) is due to an electric dipole resonance EH111118, 126. To investigate the 

specific dependence of the lowest order HE and EH modes on geometry, we simulate 

the spectral absorbance with the radius of the silicon disk varying from 30m to 80m. 

In Figure 4.2b we plot a surface map of the absorbance as a function of both frequency 
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and radius, where the height and pitch of the metasurface are kept constant with values 

of h = 50m and p=210m. From Figure 4.2b, we can clearly see two branches, one is 

electric dipole mode (dashed black curve) and the other is magnetic dipole mode 

(dashed gray curve). We observe that as the radius increases, both the electric and 

magnetic dipole modes shift to lower frequencies, although at different rates. However, 

simulations presented in Figure 4.2b reveal that the electric mode is more sensitive to 

radius which results in the resonance frequencies of the two modes approaching each 

other as the radius of the disk is increased. We find that near a radius of 60m, a highly 

absorptive mode due to the overlap of the electric and magnetic modes is achieved 

around 1.1THz127, 128. We also study the dependence of HE and EH modes as a function 

of height (Figure 4.2c) and periodicity (Figure 4.2d). The frequency of peak absorbance 

as a function of height yields a similar dependence as to that of the radius. However, 

compared with the EH mode (dashed black curve), HE mode (dashed gray curve) is 

more sensitive to the height, making the two modes overlap with each other, achieving 

high absorption state around h=50m. Since our absorbers utilize relatively large 

dielectric values, the fields fall off rapidly outside of the waveguide. We thus find that 

A(0) is relatively independent of periodicity and remains large, except for low p values 

where nearest neighbor interactions become significant, and for p≥0, where periodic 

scattering becomes important. 



 

71 

Simulation results presented in Figure 4.2 verify the feasibility of achieving high 

absorption with an array of cylindrical metasurfaces. However, we must incorporate a 

substrate into simulations to support our metasurface for eventual fabrication. A host 

substrate material is used to support the array of cylindrical dielectric structures and 

Polydimethylsiloxane (PDMS) was chosen owing to its low dielectric loss and low 

thermal conductance (see inset of Figure 4.3a). Guided by Equation (4.9) and (4.12), and 

simulation results shown in Figure 4.2, we select cylindrical dimensions of hSi = 50m 

and rSi = 62.5m, with a periodicity of p = 172m. The simulated spectral reflectance 

(blue curve), transmittance (black curve) and absorbance (red curve) are shown in 

Figure 4.3a. As demonstrated in Figure 4.3a, a sharp absorption peak is located at 

1.02THz with a value of 93.8%. To further investigate the underlying mechanism 

responsible for the high absorption, the electric and magnetic field distributions at the 

resonant frequency were investigated. In Figure 4.3b we plot the electric field in the xz-

plane, and the magnetic field in the yz-plane at the resonant frequency of 1.02THz. 

Fields shown in Figure 4.3b are plotted at the same phase and we find that they are 

strongly localized within the dielectric metasurface, with a small portion lying outside. 
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Figure 4.2. Dependence of absorbance for HE111 (gray dashed curves) and EH111 

(black dashed curves) cylindrical modes as a function of geometrical parameters. (a) 

Simulated frequency dependent absorbance with dimensions of height h=50m, radius 

r=40m, and a periodicity of p=210m. The first absorption peak at 1.186 THz results 

from the magnetic dipole resonance and the second peak at 1.294 THz is due to the 

electric dipole resonance. (b) Dependence of the absorbance on frequency and radius 

with h=50m and p=210m, plotted as a color map (color bar). (c) Dependence of the 

absorbance on frequency and height with r=60m and p=210m. (d) Dependence of the 

absorbance on frequency and periodicity with h=50m and r=60m. 
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Figure 4.3. Simulation of all dielectric metamaterial absorber. (a) Simulated 

spectral reflectance (blue), transmittance (black) and absorbance (red). The inset plot 

shows the unit cell geometry of the design, where r=62.5m, p=172m, h=50m and 

t=35m. (b) Electric field in the xz-plane (right half) and the magnetic field in the yz-

plane (left half), both shown at the same phase and resonant frequency. 

 

4.3 Experimental Results 

The fabrication process starts with a silicon on insulator (SOI) substrate (step a in 

Figure 4.4). The thickness of the device silicon layer is 50m. A photoresist (AZ9260) was 

spin-coated and patterned on top of the SOI substrate as a mask for the deep reactive ion 

etching (DRIE) process (step b). Then a DRIE process was performed to pattern the 

silicon device layer (step c). The scanning electron microscopy (SEM) images of the 

patterned sample with DRIE is shown in Figure 4.5c. The oxide layer of the patterned 

SOI sample was etched by 49% hydrofluoric acid to make enough undercut for further 

releasing process (step d). 25m thick polydimethylsiloxane (PDMS) was spin-coated on 
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a second silicon substrate and cured at 80°C for 2 hours (step f). Another 10m thick 

PDMS was spin-coated on top of the cured PDMS (step g). The etched SOI sample was 

flipped over (step e) and bonded to the PDMS film by curing at 80°C for another 2 hours 

(step h). The top silicon handle substrate was released by pushing it away by hand (step 

i). The sample was bonded to a thick PDMS frame with a window at center and peeled 

off from the back silicon (step j). The final fabricated sample is shown in the inset of 

Figure 4.5c. 

The spectral transmittance and reflectance of the fabricated sample was 

characterized with a THz time domain spectroscopy (TDS) system. The sample was 

placed at the focal plane for both reflectance and transmittance setups. The TDS system 

was purged with nitrogen gas during the measurement. The absolute reflectance was 

obtained by referencing measurements with respect to a gold mirror and were made at 

normal incidence using a beam splitter configuration. Absolute transmittance 

measurements used an open aperture as a reference and were performed at normal 

incidence. The measured reflectance (R), transmittance (T) and absorbance (A) are 

shown in Figure 4.5a. A peak absorption (A=97.5%) at 1.011THz is realized. In Figure 

4.5b we plot both experimental and simulated A(). Good agreement is evident and the 

slight difference is due to scattering from the periodic metasurface and surface 

roughness of the fabricated sample, which is not taken into account in simulation. 



 

75 

 

Figure 4.4. Fabrication flow of THz all dielectric metamaterial absorber. 

 

The dipole modes supported by the dielectric cylindrical metasurface extend 

beyond their surfaces and are thus affected by materials in the surrounding 

environment. Since a supporting substrate breaks the symmetry, it is not a prior obvious 

that experimental realization of a dielectric absorber is possible, owing to the necessity 

of overlapping resonate frequencies of the HE111 and EH111 modes. In the inset to Figure 

4.5b the spatial distribution of the power loss density is shown in the xz-plane. As can be 

observed, although the supporting substrate breaks the symmetry, most power is still 

dissipated within the silicon metasurface, and only a tiny portion persists in the 

substrate. However, in order to verify the ability of the all-dielectric metasurface to 

function as a high absorber of radiation we perform a substrate free simulation and plot 

A() and the power loss density in Figure 4.5d. Simulation reveals that we can achieve a 

peak absorbance of A=99.6% at a frequency of 1.05THz. 
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In our simulations, we use unit-cell boundary conditions, where any scattered 

radiation is collected by Port 1 (reflection) or Port 2 (transmission). Thus, in simulation, 

scattering would enter into the reflectance (Rsim) and/or transmittance (Tsim), where 

Asim=1-Rsim-Tsim. On the other hand, in experiment, the majority of scattered light does not 

make it back to the detector, and thus the reflectance (Rexp) and/or transmittance (Texp) 

would be smaller. The result is that Aexp=1-Rexp-Texp is larger than that in simulation. Thus, 

the scattering (S) may be equal to the difference between the experimental and 

simulated absorbance, i.e. S=Aexp-Asim. For the case studied here, the scattering calculated 

in this way would be S=97.5%-93.8%=3.7%.  

We performed a simulation in order to gain more insight into the impact of the 

scattering. A frequency domain simulation of the exact dielectric absorber structure 

shown in Figure 4.3(a) was performed, and again found the peak absorbance to occur at 

a frequency of 1.02THz with a value of A = 93.8%. Our simulation software uses a 

default emitted port power of 0.5 Watts for each frequency investigated, i.e. at 1.02THz. 

We then simulated the distribution of power loss density and integrated it over the 

dielectric absorber and support dielectric in order to obtain the total absorbed power. 

We found an integrated power loss of 0.467 Watts to occur within our material and host 

substrate. The absorbance can be calculated as Apower=0.467/0.5=93.4%. Thus, we find an 

absorbance with a value that is only 0.4% different from the absorbance evaluated in 

simulation using Asim=1-Rsim-Tsim=93.8%. Although Apower ≈ Asim, it is important to note that 
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they are both unable to determine the amount of scattering. However, in Figure 4.5d we 

obtained Asim=99.6%, for geometrical parameters nearly equal to the case discussed 

above. Thus, since Apower ≈ Asim, the scattering must be negligible since the absorbance 

determined by power can account for 99.6% of all energy in the simulation, indicating 

that the scattering is at most 0.4% in this case. We take the above computational analysis 

to indicate that, if we are able to fabricate a perfect sample, the scattering would be small 

for the geometrical parameters used for our study. However, in any realistic 

experimental realization, there would be random errors due to fabrication tolerances 

and scattering would enter in some amount. The upper bound on scattering in our case 

is 3.7%. 
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Figure 4.5. (a) Measured reflectance (blue), transmittance (black) and absorbance 

(red). (b) Simulated (red dashed curve) and measured (red solid curve) absorbance. The 

inset shows the power loss density distribution in cross section. (c) SEM image of the 

patterned SOI sample via deep reactive ion etching (view angle is 45°). The inset image 

shows the final fabricated sample. (d) Simulated absorbance of a substrate free dielectric 

metasurface which achieves A(1.05THz) =99.6% and has dimensions of h=50m, r=60m, 

and p=210m. The inset shows a cross sectional view of the power loss density. 
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4.4 Further Discussion 

Our simulated substrate-free metasurface is moderately sub-wavelength and 

realizes a free space wavelength to particle diameter of 0/2r=2.4. The ability of 

metamaterials and metasurfaces to manipulate electromagnetic waves on a sub-

wavelength scales is a salient feature that permits realization of broad-band and 

wavelength specific absorptivity28 and emissivity30. Likewise, the all-dielectric 

metasurface absorbers realized here may permit the same high degree of tailorable 

emission and / or absorption of energy from a surface. Thus, in order to quantify the 

ability of our metasurface to absorb radiation on a sub-wavelength scale, we define an 

absorption coefficient () enhancement factor, 

Si

mm
F






                                                                    (4.13) 

where mm and Si are the absorption coefficients of the metasurface and bulk silicon, 

respectively, at 1.05 THz (Figure 4.6) . We investigated the absorbance of the bare silicon 

film, while keeping the silicon film thickness the same as the cylinders. As shown in 

Figure 4.6a, the maximum absorbance of the free standing silicon film is 27.6% at 0.5THz 

and decreases to only 14% around 1THz, which is significantly lower than the near unity 

absorbance from the cylinders. In addition, we calculated the absorption coefficient of 

our free standing silicon metasurface (Meta) from the imaginary part of its extracted 

refractive index [Imag(nMeta)]. We plotted the absorption coefficient and the imaginary 

part of the refractive index of both the bulk silicon and our free-standing silicon 
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metasurface in Figure 4.6b. From Figure 4.6b, it can be observed that our doped silicon 

yields Si=42cm-1, whereas our metasurface achieves mm=1500cm-1. We thus calculate that 

the simulated metasurface absorber shown in Figure 4.5d achieves an absorption 

coefficient enhancement factor of F =35. We note that for a bulk silicon layer with Si=11,  

the conventional limit129 is F=4nSi2=4Si=44. However, our dielectric metasurface absorber 

utilizes significantly less material volume, i.e. the filling fraction is F=r2/p2=0.256. 

Strikingly, our metasurface realizes increased absorption in a reduced volume, and thus 

we find a total absorption coefficient enhancement factor of130: 

140
1



FF

Si

mm

T




                                                          (4.14) 

Thus although various dielectric materials may function as absorbers131, 132, they utilize 

sizes large compared to the wavelength, and / or have a significant portion of absorption 

occurring within the support substrate. 
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Figure 4.6. (a) Simulated reflectance (black curve), transmittance (blue curve) and 

absorbance (red curve) of 50m thick Boron-doped silicon. (b) Absorption coefficient (, 

solid curve) and imaginary part of refractive index (Imag(n), dashed curve) of both bulk 

silicon (blue) and metasurface (red). 

 

4.5 Conclusion 

We have designed, fabricated and demonstrated an all dielectric THz 

metasurface absorber. The cylindrical geometry allows independent modification of the 

EH and HE hybrid modes and we thus realize a highly absorbing state that is localized 

within the metasurface particles. The absorption mechanism is independent of host 

substrate and we find a small absorption volume with a total absorption coefficient 

enhancement factor of 140. Experimentally we realize an absorbance of 97.5% at 

1.011THz and find a good match with simulation. The availability of high thermal 

insulating properties of dielectric substrates suggests our all dielectric absorber can 

create a new route in THz thermal imaging/sensing applications. The results 

demonstrated here are not restricted to the THz frequency range, but like metallic based 
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metamaterials and metasurfaces, may be scaled to operate in nearly any sub-optical 

band of the electromagnetic spectrum. In contrast to metal-based approaches, an all-

dielectric absorber may utilize high melting point and low loss near infrared materials, 

and thus will be relevant for thermophotovoltaic, imaging, and other sensing 

applications. 
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5 All-dielectric Metamaterial Emitter for 
Thermophotovoltaics 

5.1 Introduction 

Thermophotovoltaics (TPVs) are energy harvesting system that converts thermal 

energy to electricity. This energy conversion process basically consists of two steps. First, 

an emitter is heated up by input energy and emits thermal radiation from its surface. 

Second, the radiated energy is absorbed by a photovoltaic (PV) diode, generating 

electron-hole pairs, and resulting in current flow133. In 1956, Henry H Kolm at MIT’s 

Lincoln Laboratory constructed an elementary TPV system134. Later, Pierre Aigrain 

proposed the energy conversion concept of TPV system in the early 1960s135, and 

following Aigrain, a series of research efforts were performed136, 137, 138. Although more 

attention was given to other energy harvesting techniques, and the pace of TPV 

development slowed down in the mid 1970s, TPV system has been a hot topic again due 

to the rapid development of semiconductor advances and microfabrication techniques in 

recent years.   

By treating the TPV system as an ideal heat engine, the theoretical limit of its 

efficiency () is about 85%139. However, due to the radiative property of the emitters, the 

absorptive property and the conversion efficiency of photovoltaic cells, as well as the 

limitation of the operating temperature, the maximum efficiency of TPV systems that 

have been designed is around 35%, much lower than the ideal limit140. In principle, one 

way to improve the efficiency is to make the radiation spectrum from the thermal 
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emitter overlap with the external quantum efficiency (EQE) of the PV cell, which is the 

ratio of the number of the electron-hole pairs generated by the photovoltaic cell to the 

number of photons at a given wavelength that is incident onto the cell141. The PV cell has 

almost zero EQE at wavelengths lower than the bandgap of the semiconductor, so only 

the incident photons with energy higher than the semiconductor bandgap can generate 

electric current142. Since the emitters are usually heated to a temperature range of 1000 

°C to 2000 °C, indicating most of the energy is emitted as near infrared radiation, 

semiconductor materials with low band gap energy are desired to improve the 

efficiency. For example, gallium antimonide (GaSb) – used widely in TPV systems – has 

a band gap of 0.726 eV143, and would require a blackbody to achieve a temperature of 

1425 °C in order for the radiation peak and band-gap to occur at the same wavelength. 

144 On the other hand, since the radiated energy below the band gap is not usable, it is 

very important to design selective emitters whose radiation is suppressed below the 

band gap of the PV semiconductor. Recenltly, researches utilizing photonic crystals145, 146, 

147, 148, gratings149, 150, 151 and plasmonic metamaterials53, 54, 152 have been reported to achieve 

this selective emission.   

Electromagnetic metamaterial emitters, which are capable of tailoring thermal 

radiation through geometrical designs, are great candidates for selective emitters in TPV 

systems. Single band and dual band infrared metamaterial emitters were experimentally 

demonstrated in 2011, and the possibilities for the metamaterial emitter used as the 
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emitter in TPV system to achieve significant efficiency improvement were proposed as 

well30. Since TPV systems are usually operated over 1000°C, conventional metamaterial 

emitters based on noble metals suffered from their low melting points. To Solve this 

problem, different metamaterial emitters based on high melting point transition metals31, 

153, 154, refractory materials153, 155, 156, and semiconductors157 have been reported, and the 

working temperature can be as high as 1000°C.  However, these demonstrated emitters 

are not chemically stable at high temperatures and require a vacuum environment to 

prevent the oxidation process, which significantly raises the complexitivity and cost of 

TPV systems. All dielectric metamaterial absorbers / emitters, which achieve a high 

absorption / emission state by overlapping the fundamental hybrid dielectric waveguide 

resonances at the same frequency86, 127, provide another direction for solving the thermal 

stability problems at high temperatures. Here, we experimentally demonstrate an all 

dielectric metamaterial emitter (DMME) based on a silicon carbide cylindrical resonator 

array, which is thermally stable in ambient environment at 1600 °C, and can 

experimentally achieve a high emissivity of 85.7% at a wavelength of 1.24m. In 

addition, we proposed a dual band emitter to enable more spectral overlap with the 

EQE of the GaSb, further improving the efficiency.       

5.2 Design and Simulation 

  The schematic of our DMME design is shown in Figure 5.1a. Our DMME 

consists of a periodic array of silicon carbide disks on top of a quartz substrate, and the 
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design of each unit cell is shown in the inset of Figure 5.1a.  With a target wavelength of 

1.24m, and guided by Equation (4.9) and (4.12), we selected the cylindrical dimensions 

of radius r=325nm, height h=300nm and periodicity p=900nm. The simulated reflectivity 

(R), transmissivity (T) and absorptivity/emissivity (E=A=1-R-T) as a function of 

wavelength (m) are shown in Figure 5.1b. According to Figure 5.1b, at the resonant 

wavelength, transmissivity approaches to zero, together with the low reflectivity, 

leading to a peak absorptivity with a value of 88%. To understand how this high 

absorptive resonance is achieved, we simulated both the electric and magnetic fields at 

the resonant wavelength and plot the results in Figure 5.2a and b. The field distributions 

confirm that the high absorption resonance comes from the overlap of the electric and 

magnetic dipole resonances, which are polarized perpendicular to each other and 

localized inside the dielectric cylinder. The power loss density distribution at the 

resonant wavelength is shown in the inset of Figure 5.1b, and it can be observed that 

almost all the energy is absorbed inside the silicon carbide cavity.   

5.3 Experimental Results 

The fabrication process starts with depositing silicon carbide thin film by 

sputtering on a quartz substrate (Figure 5.3a step i). Next, 100 nm thick nickel film was 

deposited and patterned by E-beam lithography process as a mask (step ii). Reactive ion 

etching was performed to define the silicon carbide pattern (step iii), and the nickel 

mask was removed afterwards (step iV). Finally the sample was annealed at 600 °C in 
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Figure 5.1. (a) Schematic of our DMME. The Inset is the unit cell design, 

D=650nm, h=300nm, p=900nm. (b) Simulated reflectivity (black curve), transmissivity 

(blue curve) and absorptivity (red curve). Inset: power loss density at the resonant 

wavelength. 

 

 

Figure 5.2. Electric (a) and magnetic (b) field distribution at the resonant 

frequency. 

         

an atmosphere environment for half an hour. SEM images of the fabricated DMME 

sample are shown in Figure 5.3b and c.         
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Figure 5.3. (a) Fabrication flow of the DMME. (b) SEM image of the fabricated 

sample in tilt view (tilt angle is 45°) and top view (c). 

 

The spectral reflectivity (R) and transmissivity (T) of the fabricated DMME were 

measured with an infrared microscope coupled with a Fourier transform infrared 

spectrometer. Sets of knife edge apertures were used so that only the light reflected by 

the DMME (for reflectivity measurement) or transmitted through the DMME (for 

transmissivity measurement) can be detected. A gold mirror was used as a reference for 

reflectivity measurement while an open aperture was used for transmissivity 

measurement. The emissivity (E) of the DMME can be derived from E=A=1-R-T. The 

measured R, T and E as a function of wavelength were plotted in Figure 5.4a. As shown 
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in Figure 5.4a, an absorptivity peak with a value of 85.7% was achieved at 1.24m. The 

resonant peak of the measured emissivty is broader than that of the simulation, which 

may be due to the tilt side walls of the fabricated disks, as well as the final annealing 

process153. In addition, due to the small incident angle that is off from the normal in the 

reflectivity and transmissivity measurement, scattering effects may also be present and 

responsible for the mismatch between simulation and experiment, especially for the 

high order modes.   

 

Figure 5.4. (a) Measured reflectivity (black curve), transmissivity (blue curve) 

and emissivity (red curve). (b) Measured emissivity of the original fabricated sample, 

and the sample after 1 hour of annealing in ambient environment at 600°C. 

 

To demonstrate the thermal stability of our DMME at high temperatures, we 

annealed our DMME at 600°C for an hour in an atmosphere environment and measured 

its emissivity after the annealing process. The measured emissivity of our DMME after 

this annealing process, together with that before the annealing is shown in Figure 5.4b. 
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There is almost no change of the emissivity after the annealing process, indicating our 

DMME is very stable in an atmosphere environment at 600°C. In addition, according to 

physical and chemical properties of silicon carbide and quartz158, our DMME will be 

thermally stable at a temperature all the way to 1600°C.   

To demonstrate the design flexibility of our DMME to engineer the surface 

emission over a broadband, we proposed a dual band DMME to follow the EQE curve of 

the GaSb159. The schematic of the unit cell design is shown in the inset of Figure 5.5a. The 

first layer of silicon carbide disk array is embedded in the SiO2 medium, and the second 

layer of silicon carbide disk array sits on top of the SiO2 medium. The radius of the top 

(r1) and bottom disk (r2), the height of the top (h1) and bottom disk (h2), the periodicity of 

both disk arrays (a), and the separation between these two disk arrays (t) are: r1=353nm, 

r2=373nm, h1=292nm, h2=347nm, a=1035nm and t=1000nm respectively. The simulated 

spectral emissivity of this dual band DMME and the EQE of the GaSb are plotted in 

Figure 5.5a. A good match between the spectral emissivity and the EQE can be observed, 

indicating a promising perspective of our DMME as a selective emitter in TPV systems. 

To demonstrate the significant improvement of the efficiency by utilizing this 

selective emitter, using GaSb as an example, we calculated the ratio (E)of the energy 

that can be converted to charge carriers to the total energy emitted from our emitter and 

compared to the ratio (B) using the blackbody as an emitter. Here we assume the 

emitter is heated to a temperature of 1600°C (1873K), which is the up limit temperture 
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that quartz can survive. We integrated the spectral radiance over the wavelength range 

from 0.5m to 10m, which is the thermal radiation wavelength range from a blackbody 

at 1600°C and E and B are calculated as:      

 

Figure 5.5. (a) Simulated emissivity of the dual band DMME (black curve) and 

EQE of GaSb (red curve). The dashed blue lines indicate the resonant wavelength of the 

fundamental two modes. The inset shows the unit cell design. D1= 706nm, h1=292nm, 

D2= 746nm, h2=347nm, a=1035nm. (b) Power loss density at the fundamental resonant 

wavelength (1.49m). (c) Power loss density at the second resonant wavelength 

(1.34m). 
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Q() is the external quantum efficiency of GaSb, E() is the spectral emissivity of our 

dual band emitter, and B(,T) is the spectral radiance of the blackbody. From Equation 

(5.1) and (5.2), we can see that there is an increase of 32% by replacing the blackbody 
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emitter with our dual band all-dielectric emitter, indicating the significant improvement 

of the efficiency of the thermophotovoltaic systems.    

5.4 Conclusion 

In conclusion, we designed and experimentally demonstrated an all dielectric 

metamaterial emitter, which can achieve its thermal emissivity of 85.7% at the 

wavelength of 1.24m. In addition, the thermal stability of our DMME in an ambient 

environment at 600°C was experimentally demonstrated, and our DMME was able to 

survive at a temperature up to 1600°C due to the high melting point and oxidation 

resistance of both silicon carbide and quartz. Finally, a dual band DMME was proposed, 

and the extreme flexibility of our DMME to engineer its thermal radiation makes it a 

very promising candidate as a selective emitter to improve the efficiency of TPV 

systems. 
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6 Summary 

Control of thermal radiation is a very interesting topic and has been applied in a 

wide range of areas, including imaging, sensing, energy harvesting and space 

exploration. Metamaterial is a promising technology to manipulate radiation due to its 

flexibility and scalability. In the preceding chapters, I presented four examples to show 

how metamaterials make significant advances in controlling thermal radiation.  

In Chapter 2, I demonstrated a new artificial thermochromic material which 

achieves outstanding thermal emission performance beyond what is predicted by the 

Stefan–Boltzmann law. The emissivity of the device is a monotonically increasing 

function of temperature and reaches a peak emissivity of 81% at 623 K. Results verify the 

potential of metamaterials to function as smart materials, i.e., able to passively control 

their own temperature, which may be useful in many fields such as solar energy 

harvesting and space exploration. Our work is general and not limited to the case 

experimentally demonstrated, but our procedure may be replicated to achieve 

temperature dependent emissivity in other desired temperature and frequency regions.  

In Chapter 3, I presented a room temperature dynamic metamaterial IR emitter, 

whose modulation speed can be as high as 110 kHz. A measured modulation index of 

23.7% at thermal IR wavelengths was obtained and corresponds to a nearly 20°C 
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difference when viewed with an IR camera. In comparison, a traditional IR emitter for 

friend or foe identification systems operates at several hundred degrees centigrade and, 

since they are thermal-based devices, our metamaterial emitter achieves modulation 

speeds that are approximately ten thousand times faster. The results verify the capability 

of metamaterials to enable real-time control of the emissivity of surfaces and 

demonstrate a new path forward to related applications in IR camouflage, friend or foe 

identification, and IR scene projectors. We believe that the control of IR radiation 

enabled by reconfigurable MEMS metamaterials has the potential to significantly impact 

nanoscience and nanotechnology due to their novel design approach and 

multifunctional capabilities.  

In Chapter 4, I presented a THz all dielectric metasurface absorber based on 

hybrid dielectric waveguide resonances. Through modification of the geometry, we can 

tune the lowest order HE and EH modes to overlap in frequency, such that incident 

energy is not transmitted nor reflected, but rather is completely absorbed entirely within 

the dielectric. The resulting composite material thus functions as a sub-wavelength 

metasurface with tunable permittivity and permeability permitting the realization of an 

all-dielectric absorber. Our experimental results are well described by theory and 

simulations and not limited to the THz range, but may be extended to microwave, 

infrared and optical frequencies. The concept of an all-dielectric metasurface absorber 

offers a new route for control of the emission and absorption of electromagnetic 
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radiation from surfaces with potential applications in energy harvesting, imaging, and 

sensing. 

In Chapter 5, I showed an all dielectric metamaterial emitter, which is thermally 

stable up to a temperature of 1600°C.  A thermal emissivity of 85.7% was achieved at a 

wavelength of 1.24m by tuning the emitters’s geometry to make the fundamental HE 

and EH modes overlap in frequency. In addition, a dual band all dielectric metamaterial 

emitter was proposed, and the emissivity of this dual band emitter can follow the EQE 

of GaSb, which makes it a promising candidate to improve the efficiency of a TPV 

system.        
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7 Executive Summary of Original Contributions 

1. The experimental demonstration of a thermochromic metamaterial, which can 

achieve outstanding thermal radiation performance beyond what is predicted by 

Stefan-Boltzmann law84. 

2. The experimental demonstration of a reconfigurable metamaterial emitter that 

operates at room temperature, and can achieve an apparent temperature change 

of nearly 20°C viewed through an infrared camera, at a speed of 110kHz85.   

3. The development of a fabrication process to realize a dynamic metamaterial 

emitter array with 8 by 8 pixels.     

4. The experimental demonstration of a freestanding all-dielectric absorber, which 

can achieve an absorption of 97.5% around 1THz86.  

5. The experimental demonstration of an all-dielectric near infrared emitter, which 

can survive at a temperature of 1600°C and achieve an emissivity of 85.7% at 

1.24m.  
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