
 

RICE UNIVERSITY

 
 

By 
 
 
 

A THESIS SUBMITTED 
IN PARTIAL FULFILLMENT OF THE 
REQUIREMENTS FOR THE DEGREE 

 
 
 

APPROVED, THESIS COMMITTEE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

HOUSTON, TEXAS 



ABSTRACT

Alternative Materials for Harnessing Symmetry and Topology in Thermal Light Sources for

Thermophotovoltaics

by

Chloe Florence Doiron

Selective thermal emitters emit thermal radiation in a narrow frequency range enabling

applications in sensing, waste heat energy conversion, and radiative cooling. Waste heat

energy recovery through thermophotovoltaics requires high performance selective thermal

emitters. To date, the achieved conversion efficiency values fall well below thermodynamic

limits. The primary factors limiting device performance arise from material limitations

of commonly used optical materials. In this dissertation, I will demonstrate the need for

alternative material platforms and show how these new platforms enable unconventional

thermal light sources using the principles of phase, symmetry, and topology. First, I will

discuss physical modeling to predict the optical properties of doped semiconductors at high

temperatures. This analysis will demonstrate the role loss engineering plays in designing

selective thermal emitters. Next, I will present experimental results of loss engineering in

hybrid plasmonic-photonic resonators resulting in passive parity-time (PT) symmetry in

thermal emission. Using the principles of non-Hermitian physics in such a loss asymmetric

system provides a pathway for overcoming the trade-off between spectral linewidth and peak

emissivity. Furthermore, controlling the coupling between horizontal and vertical modes in

such a hybrid system allows for the observation of higher-order non-Hermitian phenomena.

This control permits the creation of exceptional concentric rings and thermal emitters with



iii

non-trivial topology. Additionally, I will present an experimental demonstration of iron

pyrite (FeS2) as an ultrahigh index dielectric material for mid-infrared metamaterials. Iron

pyrite has a very large refractive index, up to 4.4, with an optical band gap close to 1 eV

far surpassing performance estimates using the Moss rule’s common form. Finally, I will

conclude with an experimental demonstration of a hyperbolic metamaterial using aligned

films of single-walled carbon nanotubes. The optical anisotropy of the aligned films facilitates

the creation of ultra-small thermal emitters with volumes below λ3

700
.
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Chapter 1

Primer on Waste Heat Energy Recovery

The reward of the young scientist is

the emotional thrill of being the first

person in the history of the world to

see something or to understand

something. Nothing can compare with

that experience. The reward of the old

scientist is the sense of having seen a

vague sketch grow into a masterly

landscape.

Cecilia Payne-Gaposchkin

Selective thermal emitters are thermal light sources with engineered spectral, spatial,

or temporal properties. Through proper engineering of thermal radiation, selective thermal

emitters can play an important role in a wide variety of scientific and industrial applications

ranging from sensing to thermal cloaking. Due to the large environmental and sociological

changes occurring because of anthropogenic climate change, the most impactful applications

are waste heat energy recovery and energy storage through thermophotovoltaics. This large

potential impact drives all of the work in this thesis. To provide an introduction to selective

thermal emitters for energy applications, this chapter is divided into two parts focusing on

the energy economy of the United States and the state of selective thermal emitters. The

first part begins with a general description of the current energy economy of the United
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Figure 1.1 : Yearly emissions of CO2 under several representative concentration pathway
(RCP) scenarios. Included are the business-as-usual scenario, RCP 8.5, and 2 ◦C scenario,
RCP 2.6. Image reproduced with permission from Meinshausen et al. [1].

States discussing, all forms of energy usage. From this discussion, it will be apparent that

industrial processes use a significant amount of non-electrical energy, posing some of the

largest barriers to overcome in the decarbonization of the US economy. Furthermore, even

industrial processes using electrical energy generate an excessive amount of waste heat.

One method to overcome these challenges is waste management through waste heat energy

recovery converting waste heat to electrical power. In addition to improving the efficiency

of industrial processes, waste heat energy recovery may enable efficient energy storage for

grid-scale applications. A brief discussion will be presented on the role waste heat recovery

can play in electrical energy storage from renewable energy storage for grid-scale energy

storage. This chapter will conclude with a description of waste heat recovery technologies,

demonstrating that thermophotovoltaics is an ideal technology for waste heat recovery.
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Figure 1.2 : a) Energy usage and b) CO2 intensity from direct energy usage by sector for
the United States. Data provided by the Energy Information Agency [2].

1.1 Energy Economy of the United States

Each year the US economy uses 3.4 TWyr (101 quadrillion BTUs) of direct energy resulting

in the production of 5.3 billion metric tons of CO2 per year [2]. This rate of CO2 emission is

extraordinarily unsustainable [1,15–18]. To understand potential outcomes, the Intergovern-

mental Panel on Climate Change (IPCC) has produced several representative concentration

pathways (RCPs) to model potential emission scenarios. These emission profiles are shown

in Figure 1.1. Among these scenarios, RCP 2.6 is considered an optimal outcome leading to

a maximum CO2-equivalent concentration of 440 ppm. By maintaining CO2 emissions below

this level, the global average surface temperature can be kept below 2 ◦C [19]. While the

RCP 2.6 scenario is much more aggressive than the business-as-usual scenario, even under

this optimal scenario, there are still large threats to food production, water production, se-

curity, infrastructure, human health, and ecological health [16–18]. Decreasing global CO2

production is a necessity to minimize these threats.
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To understand the optimal strategy to minimize global emissions, integrated assessment

models (IAMs) have been developed that are capable of predicting outcomes under various

CO2 production scenarios [15]. By controlling constraints in these models, these models can

identify the best regions and industries to target for achieving the largest carbon reduction at

the lowest cost. The robustness of analysis can be improved by incorporating many integrated

assessment models into a model inter-comparison project (MIP). One such MIP, LIMITS,

combines six models. Using the LIMITS MIP, Tavoni et al. studied the cost and origins

of CO2 reduction under an equal cost scenario where all regions are assigned a reduction

target based on the cost of CO2 abatement [15]. This analysis shows that the median cost

of CO2 emission reduction is around 50 % cheaper in North America and Europe than the

worldwide average. This low cost of CO2 abatement means that under an equal cost scenario,

both North American and Europe need to reduce emissions by over 90 %, compared to 2010

emissions, by 2050 [15]. Going further with this analysis, the mitigation share by sector was

determined. For both Europe and North America, around 40 % of the mitigation share will

come from CO2 reductions in energy production. The next largest source of CO2 reductions

will come from energy demand accounting for over 25 % of total emission reductions requiring

significant improvements in energy usage efficiency [15].

To further understand the sectors with the largest potential for CO2 reduction in the

United States, both energy usage and CO2 intensity for all sectors of the United States

should be considered. The United States Energy Information Administration (EIA) is tasked

with tracking historical energy usage patterns and predicting future trends. Energy usage

by sector and CO2 intensity are presented in Figure 1.2. Comparing energy usage by sectors,

there are two main takeaways. First, the CO2 intensity for all sectors are all on the same

order of magnitude with a minimum of 45 and a maximum of 68 metric tons of CO2 per

billion BTU. The average CO2 intensity is 53 metric tons of CO2 per billion BTU. Secondly,
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Figure 1.3 : Energy usage by source for the industrial sector in the United States. Data
provided by the Energy Information Agency [2].

while transportation and electrical power generation are the most often discussed sectors

to decrease CO2 emissions industrial sector currently accounts for 23 % of direct energy

consumption in the United States. Significant improvements in energy efficiency and CO2

production will need to be achieved in the industrial sector to achieve the goal of over a

90 % reduction in carbon emissions. Looking more closely at the energy sources used by the

industrial sector by source, shown in Figure 1.3, only 23 % of energy is renewable energy

or purchased electricity. With this understanding of the US energy economy, it is apparent

that an electrical grid that is carbon neutral will not be sufficient for reaching the RCP 2.6

scenario, but that significant gains in industrial energy usage efficiency are required.

1.2 Role of Waste Heat in Energy Economy

Each year the industrial energy sector uses over 0.77 TWyr (23 quadrillion BTUs) of energy

per year. Industrial processes result in 20 to 50 % of direct energy consumed being converted
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to waste heat [3]. Combing this with the electrical power sector, over 0.91 TWyr of waste heat

are generated each year [20]. To fully explore the potential for waste heat energy recovery, the

source of energy usage and quality of waste heat generated need to be considered. The quality

of waste heat can be determined by three main properties waste heat reservoir temperature,

energy, density, and recovery waste heat reservoir temperature. Starting with energy usage

by source for the industrial sector in the United States, presented in Figure 1.3, shows that

the industrial sector directly uses a wide range of energy sources. These direct energy sources

include hydrocarbon energy sources such as natural gas, petroleum, and coal. With such a

wide range of energy sources and industrial processes being performed, it is unsurprising that

the quality of waste heat varies dramatically. Waste heat reservoirs can be separated into

three temperature groups. The industrial sector predominantly generates low temperature

waste heat with a temperature below 230 ◦C. This can be seen in Figure 1.4 where ≈61 %
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Figure 1.5 : Cumulative residual heat production for power generation plants in the United
States. The residual waste heat production includes contributions from condenser streams
(green) and exhaust streams (blue and red). The power plants considered are coal, natural
gas combined cycle, natural gas steam turbine, natural gas gas turbine, and nuclear. Over
96 % of waste heat originates from condenser streams with temperatures below 41.5 ◦C.
Figure reproduced with permission from Gingerich and Mauter [4].

of waste energy is from low temperature reservoir when the reference temperature is 25 ◦C.

In comparison, reservoir temperatures ranging from 230 ◦C to 650 ◦C only represent ≈32 %

of waste heat potential. The remaining 7 % of waste heat energy comes from reservoirs

with temperatures greater than 650 ◦C representing a small fraction of waste heat potential.

When comparing the potential work that can be extracted based on the Carnot efficiency

limit1 approximately 49 % and 37 % come from low and medium temperature waste heat

reservoirs respectively. From this, it is clear that the vast majority of potential for waste

heat energy recovery in the US industrial sector comes from reservoirs with low and medium

temperatures.

Looking at residual heat production from power generation stations, Gingerich and

1Carnot efficiency limit is given by ηmax = 1− Tc

Th
.
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Mauter determined the total residual heat created by power generation stations each year [4].

The power plants considered include coal, natural gas combined cycle, natural gas steam tur-

bine, natural gas gas turbine, and nuclear generation stations. The cumulative residual heat

generation, shown in Figure 1.5, from condenser streams and exhaust streams. It is imme-

diately apparent majority of waste heat comes from condenser streams with temperatures

below 41.5 ◦C constituting over 96 % of waste heat production. The remaining 4 % of waste

heat production from power plants can be attributed to exhaust streams with temperatures

up to 543 ◦C. One method to use recovered waste heat from power production facilities is

to transport the waste heat to industrial, commercial, or residential users that can make

use of the excess heat. To understand the potential for this Gingerich and Mauter deter-

mined the techno-economic feasibility of waste heat transportation. The upper bound limit

and time averaged cases are shown in Figure 1.6. This analysis showed, that the maximum

transportation distance for condenser stream waste heat is less than 1.5 km [4]. While ex-

haust streams have significant transportation distances, up to 105 km, exhaust streams are

represent a small fraction of the available wast heat potential and the large transportation

distances would result in large losses. From this it can be seen that there is a significant

need for local waste heat energy recovery.

From this analysis of the role of waste heat in the US energy economy, it can be seen

that there is a huge potential for waste heat energy recovery. By converting waste heat to

electricity, electrical power can be generated for use in the industrial, commercial, and resi-

dential sectors. Recovering a significant fraction of available waste heat would dramatically

improve the efficiency of US energy consumption and enable a pathway to achieve the RCP

2.6 scenario to limit the effects of anthropogenic climate change.
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a b

Figure 1.6 : (a) Spatial distribution of the upper bound of techno-economic feasibility of
transport distance for waste heat from condenser and exhaust streams. This analysis as-
sumes that all power generation stations operate at full capacity. (b) Economic feasibility
assuming waste waste heat generation is constant throughout a year. Figure reproduced
with permission from Gingerich and Mauter [4].

1.3 Thermal Energy Storage for Storage Of Renewable Energy

While the largest potential for selective emitters to aid in reduction of CO2 production is

through waste heat energy recovery, there is still a large potential role they may play in

enabling the deployment of renewable electrical power generation through thermal energy

storage for load leveling. One of the main tasks in operating an electrical grid is to maintain

the balance between electrical power production and consumption. The demand for electric-

ity can vary on daily and seasonal timescales, requiring grid operators to adjust electricity

generation. For example, the daily electricity generation by the Southwest Power Pool is

shown in Figure 1.7. From this data, the daily and season variations are easily identified.

In order to balance daily variations, grid operators require dispatchable electricity genera-

tion systems, where the power production can be controlled on demand with fast response
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Figure is reproduced from the US Energy Information Agency.

times. An examples of dispatchable power plants are hydroelectric plants that can have

startup times on the order of minutes [21]. In contrast, solar and wind electricity generation

are non-dispatchable power plants since power production cannot be fully controlled. Since

power plants are often not running at maximum capacity, also known as name plate capacity,

capacity factor2 is used to characterize actual electricity generation from generation stations.

The capacity factors in 2018 for most power production methods in the United States

are shown in Table 1.1. Looking at the capacity factor for all generation technologies there

are two main points to consider. First, even for power generation systems that are consid-

ered “base load” capacity factors for coal and combined cycle natural gas are below 60 %.

Second, while renewable generation stations have higher capacity factor than peaker plants,

capacity factors are still well below 40 %. This lower capacity factor can be attributed to

2Capacity factor is defined by
Pavg.

Pmax
where Pavg. and Pmax are the average power produced and name

plate capacity respectively.
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Source Time Adjusted Capacity (MW) Capacity Factor

Hydroelectric 79,772 0.42

Nuclear 99,605 0.93

Coal 246,867 0.54

Natural Gas Combined Cycle 254,403 0.55

Natural Gas Gas Turbine 126,763 0.12

Natural Gas Steam Turbine 76,178 0.13

Petroleum Steam Turbine 13,300 0.14

Wind 89,229 0.35

Solar Photovoltaic 27,143 0.25

Solar Thermal 1,758 0.24

Table 1.1 : Time adjusted capacities and capacity factors for US power plants using a wide
range of fuels. The time adjusted capacities and capacity factors are determined for the
entire year of 2018. Data provided by the Energy Information Agency [12].

two competing factors. The first and most obvious source of low capacity factor arises from

natural variations in the source such as solar energy or wind. The second and more interest-

ing source comes from the lack of ability to store electrical energy produced from renewable

sources. Through the use of energy storage, energy can be captured at times of naturally

high production when demand increases. There are many methods to store electrical energy

including pumped hydro, batteries, and flywheels. Waste heat energy recovery can also play

a role in energy storage by storing electrical energy produced by renewable sources as heat

which can be converted to electrical power when required.

1.4 Waste Heat Energy Recovery Through Thermophotovoltaics

From the description of the energy economy of the United States, it is clear that there

is a large need for waste heat energy recovery. There is currently a large range of exist-

ing technologies capable of recovering waste heat. Some of these are based on traditional

heat engines, including the Rankine cycle steam-turbine, Kalina cycle engine, and organic

Rankine cycle engine. The main drawback of using waste heat recovery systems based on

traditional heat engines is that they require moving parts. Because of this, there is an in-
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a b

Figure 1.8 : a) Diagram depicting a thermophotovoltaic system. b) Photon flux from Planck’s
law of thermal radiation with a representative emissivity profile for a selective thermal emit-
ter. The desired emission window has an emissivity of ρ and bandwidth ∆. For most energies,
the emission is suppressed to ζ. There may also be a range of unavoidable thermal emission
at lower energies, such as from phonon-polaritons (PhP). Figure adapted from reference [5]
with permission.

terest in developing high efficiency all solid-state waste recovery systems. One such system

is thermophotovoltaics, which uses waste heat to generate thermal radiation in an emitter.

The thermal radiation is then converted to electrical power using a photovoltaic cell, as

shown in Figure 1.8a. Thermophotovoltaics was simultaneously invented by Henry H. Kolm

in 1956 through an experimental demonstration at Lincoln Laboratory and Pierre Aigrain,

who gave a theoretical description in a series of lectures during a visiting professorship at

MIT [22]. The original motivation was not waste heat recovery, but instead power gener-

ation in applications that require silent operation. This motivation drove the development

of TPV in the 1960s. During this time, the emissivity of prospective thermal emitters was

characterized [23] and back reflectors began to be used for the photovoltaic cell to improve

TPV device performance [24].
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A diagram depicting a thermophotovoltaic system is presented in Figure 1.8a. The hot

thermal emitter emits thermal radiation, which is collected by a photovoltaic cell that con-

verts the thermal radiation to electrical power. A heat sink must remove any remaining

waste heat. If the thermal emitter is a perfect blackbody, it emits thermal radiation in

an extremely broad spectral range, following Planck’s law, with a significant portion of the

photon flux occurring at sub-band gap energies which prevent those photons from being con-

verted to electrical power. Similarly, a large portion of the emitted photons can have energy

significantly above the band , which leads to lower device efficiencies from thermalization

losses. Selective thermal emitters provide a pathway to preventing these loss mechanisms

by engineering the emissivity such that the emitter only emits thermal photons in a narrow

energy range above the band gap of the photovoltaic cell. Using the tools of nanophotonics

provides a pathway for engineering high performance selective thermal emitters. To date, se-

lective thermal emitters have been demonstrated using plasmonics [25], semiconductors [26],

refractory metals [27], and photonic crystals [28]. Despite these advancements in selective

thermal emitters, measured device efficiencies are below 10% and well below thermodynamic

limits. Because of this, drastic performance improvements in selective thermal emitter design

are required.

To address these issues, in this dissertation, I will present methods to use alternative ma-

terials to observe the effects of phase, symmetry, and topology in selective thermal emitters.

The ability to use the properties of phase, symmetry, and topology may open new methods

of designing high performance selective thermal emitters. In Chapter 2, I will present semi-

physical modeling to predict the optical properties of semiconductors at high temperatures.

Semiconductors have low, tunable optical losses that can be controlled to optimize thermal

emission. Building on this modeling, in Chapter 3, I will present the first experimental

measurements of passive PT -symmetry in thermal emission. Passive PT -symmetry is ac-
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complished by engineering coupled hybrid plasmonic-photonic resonators. These resonators

support not only horizontal modes but also vertical modes, which increases the dimension-

ality of the system. In Chapter 4, I will take advantage of the higher-order dimensionality

which enables the observation of exceptional concentric rings that indicate the selective ther-

mal emission has non-trivial topology. Iron pyrite will be experimentally demonstrated in

Chapter 5 as a new ultrahigh index semiconductor for nanophotonics in the mid-infrared.

The refractive index reaches up to 4.4 in the mid-infrared with a band gap of 1 eV, which

exceeds the expectations of the common form of the Moss. Next, in Chapter 6 hyperbolic

thermal emitters will be demonstrated using macroscopically aligned films of single-walled

carbon nanotubes. The hyperbolic behavior enables the creation of thermal emitters with

volumes below λ3

700
. Finally, Chapter 7 will summarize the work presented on alternative

materials for harnessing phase, symmetry, and topology for selective thermal emitters.
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Chapter 2

Optical Properties of Semiconductors at High

Temperatures for Selective Thermal Emitters

Mathematics began to seem too much

like puzzle solving. Physics is puzzle

solving, too, but of puzzles created by

nature, not by the mind of man.

Maria Goeppert-Mayer

This work was originally published in Journal of Optics ; it is reproduced here in a

modified form with permission [29].

2.1 Introduction

Selective thermal emitters are devices that emit thermal radiation in a narrow spectral band.

Efficient selective thermal emitters have the potential to revolutionize many applications

including sensing and energy conversion [28, 30]. For example, thermophotovoltaics (TPV)

is a technology for converting heat to electricity using thermal radiation where the spectral

selectivity of the emitter directly relates to the TPV conversion efficiency. Though such

applications demand high spectral selectivity, practical emitters are limited by the intrinsic

optical loss in materials that constitute these emitters [31]. At relatively low temperatures

(T < 600 K), metals make good choices for selective emitters since their optical losses are

small. However, at higher temperatures their optical losses increase too much to allow good

selectivity in thermal emission. On the other hand, semiconductors have much smaller losses
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at room temperature than metals. At high temperatures, their optical losses increase, but

could remain much smaller than metals. To find out if semiconductors are better alternatives

to metals, it is necessary to estimate their temperature dependent optical properties.

Since optical properties of materials arise from microscopic physical processes, under-

standing temperature dependent optical properties requires modeling the temperature de-

pendence of microscopic processes. For metals, the free carriers and their interaction with

phonons and other free carriers are the dominant microscopic physical processes that need to

be considered. Hence, modeling their temperature dependent optical properties is straight-

forward. Several reports have modeled temperature dependent optical properties of many

good metals with fair accuracy [32–34]. However, such simple models are not sufficient for

semiconductors because the effects of band structure changes cannot be neglected. Thus,

semiconductors pose a tougher challenge to model, but are exciting materials for building

selective thermal emitters due to smaller optical losses compared to those of metals.

In this paper, we build approximate physical and semi-empirical models to study the

temperature dependent optical properties of semiconductors in a wide range of doping den-

sities. Note that the focus of this study is only on the optical properties of semiconductors,

and not on their thermal stability. We focus on two popular semiconductors, GaAs and Si,

which can be used as a representative polar and non-polar semiconductor respectively. We

study n-type semiconductors because their carrier mobilities are generally higher, they lack

interband absorption features in the wavelength range of interest, and their optical properties

arise mainly from majority carriers [35–37]. We will describe how to model the temperature

dependent optical properties of these semiconductors for doping concentrations of 1016-1020

cm−3 and temperatures between 300 and 1200 K. We will then show that our prediction

agrees reasonably well with results from more complicated and accurate methods such as

second order perturbation theory. With the predicted high temperature optical properties,
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we will show that selective emitters with high Q factor are possible using appropriately doped

semiconductors. While this work focuses on GaAs and Si, our modeling approach is general

and may easily be extended to other semiconductors.

2.2 Modeling Methods

The optical constants of a semiconductor in the range of photon energies significantly below

the band gap may be modeled with reasonable accuracy using the Drude-Lorentz model as

shown in equation 2.1 [38–40].

ε(ω) = ε∞ −
ω2
p

(ω2 + iΓtω)
+

(εdc − ε∞) · ω2
to

(ω2
to − ω2 − iωγto)

(2.1)

In this equation, ωto and γto are the transverse optical (TO) phonon resonance frequency

and damping respectively. At frequencies ω � ωto, the background permittivity is almost a

constant offset, namely ε∞. Similarly, at the low frequencies ω � ωto, the background per-

mittivity is εdc. These components capture the response strength from the optical phonons

described by the Lorentz oscillator. The free carrier contribution is determined by the Drude

term containing the plasma frequency ωp, and Drude damping Γt. Calculating the temper-

ature dependences of each of these parameters produces the temperature dependent optical

properties of the material. Figure 2.1 presents the scheme for modeling the temperature

dependent optical constants used in this paper.

At a high level, the three contributions are from background permittivity, phonons, and

free carriers. The temperature dependence of both the background permittivity and lattice

contributions can be modeled using simple phenomenological fits and models describing the

transverse optical phonons discussed in section 2.2.1. The free carrier contribution is strongly

affected by the temperature dependence of ωp and Γt. Both of these parameters depend

strongly on effective mass m∗, and carrier density n, which are determined from the band
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Figure 2.1 : Flow chart showing the modeling scheme adopted in this work. The Drude-
Lorentz model, assumed to describe the infrared optical properties of semiconductors, con-
sists of three parts: background permittivity, free carrier and phonon responses. The temper-
ature dependence of each of these contributions are estimated by modeling the microscopic
processes that influence them. The parameters connected by dotted lines are evaluated
self-consistently to predict the temperature dependent optical properties of semiconductors.

structure. The changes in band structure are modeled using the k · p method, accounting

for temperature dependence of band gap, lattice expansion, and impurity ionization. Once

the temperature dependent changes in band structure have been calculated, the physical

scattering mechanisms that contribute to Drude damping are considered. Here, we consider

four dominant carrier damping mechanisms: acoustic phonon, polar optical phonon, neutral

impurity, and ionized impurity scattering and the effect of electron electron scattering on

these damping mechanisms [6,41,42]. We model temperature dependent carrier mobility µt

and relate the mobility to Drude damping through Γt = ~e
m∗µt

, where e is the electronic charge.

Using the temperature dependent ωp, Γt, ωto, γto, ε∞ and εdc in equation 2.1, we predict the

optical constants of representative polar (GaAs) and non-polar (Si) semiconductors in a wide

range of temperatures and doping densities.
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2.2.1 Background Permittivity and Phonon Contribution

The high frequency or background permittivity ε∞, and the low frequency permittivity εdc

are commonly measured parameters as a function of temperature. Using IR reflectivity

measurements, the high frequency dielectric constants can be measured and fit with a linear

function at high temperatures [43]. The fits used for Si and GaAs are provided in Table

2.1. A linear fit for εdc can be found from temperature dependent low frequency capacitance

measurements [35].

The TO phonon frequency ωto, and damping, γto are commonly measured by NIR Raman

spectroscopy at room temperature [43,44]. While the temperature dependence of ωto is often

reported in literature [43], the damping γto at any temperature T, can be calculated using

equation 2.2.

γto(T ) = γto(0) ·
(

1 +
2

e(~ωto)/(2kBT ) − 1

)
(2.2)

Equation 2.2 is derived assuming that the TO phonon lifetime is limited by the decay of one

TO phonon into two acoustic phonons of half energy.

2.2.2 Band Structure and Effective Mass

The k·p method is an effective method for calculating properties derived from band structure

such as the effective mass of free electrons (m∗). Models used for these calculations vary from

the simple 3-level model to more complex 8 and 30 band models [45–47]. For the calculations

in this work, we use the results from a simple 3-level model for GaAs, and a 3-level model

with phenomenological corrections for Si. In a typical semiconductor, the valence band is

split into non-degenerate bands due to spin-orbit coupling. Using the 3-level k · p method,

the interaction of these valence bands with the conduction band may be calculated resulting

in a change in band curvature and thus, the effective mass. The interaction between the

bands depends strongly on the band gap, requiring a model for the temperature dependence
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of the band gap Eg. The Varshni expression shown in equation 2.3 has been shown to work

well for temperatures lower than 300 K to over 1000 K [35,48].

Eg(T ) = Eg(0)− αT 2

T + β
(2.3)

The expression has two constants, α and β, that are used as fitting parameters.

Using the relationship from equation 2.3, the k · p method can be used to calculate the

density of states (DOS) effective mass m∗dos, and conductivity effective mass m∗cond. When

the spin-orbit coupling energy is significantly greater than the thermal energy, as in the

case of GaAs with ∆soc = 0.34 eV, the effect of thermal band blurring can be ignored and

the 3-level k · p works very well and can accurately account for the non-parabolicity of the

conduction band [49]. By assuming that the doped semiconductor is degenerate, Raymond

et al. demonstrated that the 3-level k · p method can accurately predict the effect of heavy

doping on the free electron effective mass for carrier concentrations of 1016-1019 cm−3 [50].The

results from this model are presented in equations 2.4 and 2.5.

m∗cond(T ) = m∗cond(0)

(
1− 2 ·Θ · n2/3

m∗cond(0) · Eg

)−1
(2.4)

m∗dos(T ) = m∗cond(0)

(
1− Θ · n2/3

m∗cond(0) · Eg

)−1
(2.5)

The parameter Θ contains physical constants which are enumerated in equations 2.10-2.12.

These equations show that in addition to the dependence of effective mass on the spin-

orbit coupling and carrier density, the band gap plays an important role leading to large

temperature dependence for both the conductivity and DOS effective masses.

Quantitatively predicting the effective masses in semiconductors with ∆soc comparable

or smaller than the thermal energy (e.g. Si) is significantly more challenging. Using a

phenomenological parameter α to capture the non-parabolicity of the conduction band [51],

the 3-level k · p method fairly accurately predicts the temperature dependent conductivity
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effective mass for temperatures over 1200 K. The effect of carrier concentration on the

electron effective mass can be neglected as long as the doping is below the degeneracy level,

i.e. n < 1020cm−3 [51, 52]. Equation 2.6 shows the temperature scaling of conductivity

effective mass of Si where α is obtained from experiments [51]. A similar 3-level k · p

method applied to evaluate DOS effective mass results in effective mass linearly related to

the bandgap [53]. However, measurements have shown that a quadratic scaling fits better

for temperatures upto 1200 K. Thus, we adopt a phenomenological relationship shown in

equation 2.7 for predicting the temperature dependent DOS effective mass of Si.

m∗cond(T ) = m∗cond(0) · (1 + 5αkBT ), α = 0.6 (2.6)

m∗dos(T ) =

(
Eg(0)

Eg(T )

)2

·m∗dos(0) (2.7)

2.2.3 Carrier scattering and Matthiessen’s Rule

We model the temperature dependences of four dominant mechanisms of carrier damp-

ing: acoustic phonon, polar optical phonon, ionized impurity and neutral impurity scatter-

ing. Assuming that each scattering mechanism is independent from one another, we use

Matthiessen’s rule shown in equation 2.8 to evaluate the total Drude damping Γt. While

Matthiessen’s rule is easy to implement, the assumption of independent scattering events

does not hold well, especially at high carrier concentrations. Equation 2.8 has been shown

to overestimate carrier mobility by 10-40% [6], though it captures the temperature scaling

trend correctly [54]. For more accurate predictions, more complex models based on varia-

tional principle [6] could capture the correlated scattering. However, in this paper, we use

Matthiessen’s rule for its ease of implementation and ability to capture the temperature scal-

ing trend important for identifying the best semiconductor material for any given operating
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temperature.

Γt ≈ Γii + Γpo + Γac + Γni (2.8)

Acoustic Phonon Mobility

For non-polar materials such as Si, acoustic phonon scattering plays a large role in determin-

ing electron mobility. To model the acoustic phonon mobility we use the method of effective

masses [55]. The shifts in the electronic band edges are characterized by the deformation

potential Edef.. The equation for calculating the acoustic phonon mobility is shown in equa-

tion 2.13. The model treats the material as an isotropic material with an effective elasticity

constant cl derived from the elasticity constants along different propagation directions - c11,

c12, and c44 - as shown in equation 2.14.

Polar Optical Phonon Mobility

In III-V semiconductor materials, polar optical phonon scattering plays a large role in de-

termining the overall electron mobility. To model polar optical phonon scattering, we use

the method proposed by Gelmont et al. [56] based on the relaxation time approximation and

including nonparabolicity effects. While the relaxation time approximation assumes that the

energy loss in a scattering event is much smaller than the thermal energy of electrons, the

method has been shown to work with materials such as GaN where the polar optical phonon

energy is much larger than thermal energy. Gelmont et al. demonstrated that their method

was capable of accurately predicting the polar optical phonon scattering in bulk GaAs up

to 1200 K [56] and here, we adopt their model to calculate polar optical phonon mobility as
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shown in equations 2.15-2.17.

Ionized Impurity Mobility

For doped semiconductors at room temperature, the free carrier scattering can be dominated

by ionized impurity scattering. To model the ionized impurity mobility in weakly doped

GaAs and Si, we use the Brooks-Herring method. The Brooks-Herring method assumes

that only electrons participate in charge screening, leading to a screened coulomb potential

that is only valid when the Born approximation is satisfied [57]. The Born approximation

is satisfied when the wavelength of an electron is much smaller than the screening radius

Rs, which can be calculated from the Thomas-Fermi screening length as shown in equation

2.20. For the parameter space explored in this work, the Born approximation is always

satisfied for Si, but not for GaAs. For GaAs, the Born approximation holds when the carrier

concentration n < 1018 cm−3 at 300 K and the threshold n increases for higher temperatures.

When the Born approximation is valid, we employ the Brooks-Herring method to predict

temperature dependent ionized impurity scattering. The Brooks-Herring method assumes

that the effective mass is isotropic which does not hold in Si. Hence, the calculated ionized

impurity scattering in Si is smaller than in experimental measurements.

To correct this error, the scattering rates in the parallel and perpendicular directions

need to be averaged to determine an isotropic effective mobility. There have been numerous

approaches for dealing with this anisotropy, including assuming an isotropic effective mass

m∗cond. ≥ 0.2 · me, assuming the parallel and perpendicular scattering rates are identical

and that only mobilities are anisotropic, and adding tuning parameters into parts of the

Brooks-Herring method [58–60].

When the Born approximation does not hold, the ionized impurity positions in the semi-
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conductor lattice are not completely random and instead, are correlated due to Coloumbic

interactions. Thus, ionized impurities also participate in charge screening. Therefore, the

screening radius in equation 2.20 needs to be corrected by an additional term Ro as shown

in equation 2.9.

R−2 = R−2s +R−2o (2.9)

Ro may be evaluated using the model proposed by Yanchev et al. [61] where the screen-

ing length from ionized impurities is approximated by a Thomas-Fermi screening length

presented in equation 2.21. The ionized impurity screening length depends on a phenomeno-

logical temperature T0. This temperature represents the temperature at which the diffusivity

of ionized impurities begins to reduce significantly for T < T0 and impurity diffusion is frozen

out. For GaAs, T0 ≈ 900 K when the doping compensation ratio is zero [61]. Using equation

2.9 in equations 2.23-2.27, the ionized impurity mobility can be calculated at room tem-

perature. The mobility µii is then scaled for any higher temperature using Brooks-Herring

scaling of µii ∝ T 3/2.

Neutral Impurity Scattering

At high doping densities, the concentration of neutral impurities can become large enough

to cause significant free carrier scattering. Neutral impurity scattering was modeled by

calculating the scattering of electrons by hydrogen atoms in semiconductors [62]. Because of

the dependence of scattering cross section on effective mass, this damping mechanism only

needs to be considered for Si for the doping density and temperature ranges used in this

study [63,64]. In the low temperature limit, the hydrogen atom scattering model leads to an

explicitly temperature independent model presented in equation 2.30 [62]. Experimentally

the neutral impurity mobility has been shown to vary as a function of temperature up to
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about 50 K [42]. The temperature independent model was extended to high temperatures,

leading to equations 2.31-2.32 [65]. To extend these models to other materials, the electron-

hydrogen atom scattering cross section would need to be calculated [63,64].

Effects of Electron-Electron Scattering

Since electron-electron scattering cannot change total momentum, it is not capable of directly

affecting current density. However, electron-electron scattering randomizes the momentum

distribution so that electron damping mechanisms are more efficient. The effects of electron-

electron scattering on acoustic phonon (τ ∝ E−1/2) and ionized impurity mobility (τ ∝

E3/2) in Si needs to be incorporated to produce accurate mobility models [42, 66]. Since

neutral impurity scattering has negligible energy dependence, the effect of electron-electron

scattering can be neglected. It is not necessary to consider this effect in GaAs because of

the lower electron-electron scattering rate [67,68].

To determine the effect of electron-electron scattering on damping mechanisms, it can be

assumed that electron-electron scattering is perfectly efficient at randomizing the momentum

distribution. Boltzmann transport theory can then be used to determine the maximum

reduction in mobility. Luong and Shaw used single-particle time-independent Hartree Fock

theory to determine the effect on ionized impurity mobility presented in equation 2.33 [69].

All free carriers can be assumed to be from ionized impurities leading to an almost 40%

reduction in mobility. A similar process was performed for acoustic phonon scattering leading

to equation 2.34 and a 12% reduction in mobility [70].
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Figure 2.2 : Calculated total Drude damping rate for a) n-GaAs and b) n-Si over a wide
range of temperatures and doping densities. The calculations sum the contributions from
four major carrier scattering mechanisms - polar optical phonon, ionized impurity, neutral
impurity and acoustic phonon scattering. The damping for Si at low doping densities is
underestimated due to the assumption of spherical dispersion.

2.3 Results and discussion

2.3.1 Optical Properties of n-GaAs and n-Si at High Temperatures

The temperature dependences of the physical parameters obtained from the semi-empirical

model described in the previous section allow the prediction of optical properties of semi-

conductors at any temperature and doping concentration. Among all the parameters, the

change in the Drude damping is the most important for designing semiconductor selective

thermal emitters. The spectral selectivity of the emitter is inversely related to the Drude

relaxation rate, and Figure 2.2 shows the computed Drude damping for n-GaAs and n-Si

for a wide range of temperature and doping concentrations. For both materials, the Drude

damping may be tuned in a wide range. It should be noted that the damping strongly varies

with temperature, and hence, designing a thermal emitter using room temperature optical

constants would lead to large errors.
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From Figure 2.2, it can be seen that Drude damping is generally smaller in n-Si at

high temperatures than in n-GaAs. To understand why, the subcomponents of damping

are plotted in Figure 2.3 for GaAs and Si with an initial donor doping density of 3 × 1018

cm−3. For GaAs, the room temperature damping is 3 meV and has significant contributions

from polar optical phonon and ionized impurity damping. As the temperature is increased

to 1200 K, the damping increases to 23 meV and is dominated by polar optical phonon

damping. At 300 K, the damping for Si is 7.6 meV, with the main contribution coming from

ionized impurity and acoustic phonon scattering. Since Si is non-polar and does not suffer

from polar optical phonon scattering, only acoustic phonon scattering dominates at high

temperatures, resulting in a slower rise in Drude damping to 8.6 meV at 1200 K. Note that

for both semiconductors, with doping concentrations less than 5×1019 cm−3 the total Drude

damping at any temperature is significantly lower than those reported for any refractory

metal, e.g. tungsten has a Drude damping of 64 meV at 300 K [71].

2.3.2 Correction for Anisotropic Ionized Impurity Scattering in Si

The Brooks-Herring method can underestimate damping from ionized impurity scattering

in semiconductors such as Si with non-spherical dispersion. Since determining an effective,

isotropic ionized impurity mobility is difficult for materials with non-spherical dispersion, we

implemented a mostly-empirical correction for n-Si by assuming that the scattering rates in

the longitudinal and transverse directions are equal [60] and may be calculated using the SKD

method [72]. With the SKD scattering rate, the anisotropic ionized impurity mobility can

be calculated using the same procedure as the Brooks-Herring method [59]. Results for free

carrier damping in n-Si, accounting for anisotropic ionized impurity scattering, are presented

in Figure 2.4. At all temperatures and doping concentrations, the total Drude damping is

larger due to increased ionized impurity damping. Figure 2.4(b) shows the components
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Figure 2.3 : Calculated total Drude damping rate for 3×1018 cm−3 doped a) n-GaAs and b)
n-Si. The plots show the contributions to the total damping from four dominant scattering
processes. The ionized impurity damping component for Si can be underestimated by up to
a factor of five due to the assumption of spherical dispersion.

of Drude damping as a function of temperature for a doping concentration of 3 × 1018

cm−3. At 300 K, the total Drude damping is 9.9 meV compared to 7.6 meV when assuming

spherical dispersion. At 1200 K, the difference reduces as the total Drude damping is 8.9

meV and 8.6 meV with anisotropic and isotropic scattering respectively. Though accounting

for anisotropic ionized impurity scattering slightly improves the accuracy of our prediction,

extending this implementation to semiconductors other than Si is not straightforward because

the correction method is mostly empirical.

2.3.3 Approximations and Accuracy of Drude-Lorentz Model

In order to determine the accuracy of our model and approximations, we benchmarked our

Drude-Lorentz model with carrier mobilities calculated using a variational method. The

variational method does not assume independence of scattering events, and instead directly
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Figure 2.4 : a) Calculated total Drude damping rate for n-Si with anisotropic ionized im-
purity scattering. b) Contributions from the three dominant scattering processes, including
anisotropic ionized impurity scattering, to total Drude damping for n-Si doped at 3 × 1018

cm−3.

calculates the total mobility. In addition to the total mobility, Walukiewicz et al. provides the

variational method mobility of GaAs when only one of the three dominant carrier scattering

mechanisms are present [6]. Figure 2.5a) shows the carrier mobilities in n-GaAs predicted

from our simpler semi-empirical model and the more complex variational method. Note

that the three mobilities from the variational method do not add up in accordance with

Matthiessen’s rule, i.e. sum of reciprocal mobilities do not add to give the reciprocal of total

mobility. Hence in Figure 2.5(a), we plot the difference mobility arising from the correlated

scattering as correlation correction mobility.

From Figure 2.5(a), we can see that our model captures the right trend and estimates

mobilities with an overall accuracy of about 30%, except for impurity scattering. The larger

discrepancy in the ionized impurity mobility may be attributed to our model incorporating

the correlated ionized impurity screening in the ionized impurity mobility whereas the vari-
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Figure 2.5 : Comparison of our predictions of carrier mobilities with those from more com-
plex methods: a) Total carrier mobility and its components predicted from our model us-
ing Matthiessen’s rule and the variational method from reference [6] for n-GaAs at 300 K.
Matthiessen’s rule is known to overestimate mobility by 10-40%. b) Absorption coefficient
of n-GaAs at 300 K at a wavelength λ = 10 µm. The predicted absorption coefficient from
our Drude-Lorentz model is compared with those calculated using the variational method
and second order perturbation theory from reference [6].

ational method does not include this effect. The total mobility trend agrees reasonably well

with the variational method. Note that the deviation of our prediction from the variational

method gradually increases with increasing carrier concentration, and reaches a maximum

of about 40% at a carrier concentration of about 2× 1018 cm−3 and is expected to decrease

for further higher carrier concentrations.

Further, we compare our predictions with those of second order perturbation theory: a

more complicated but accurate model that agrees almost perfectly with experiments. The

second order perturbation theory based calculations for n-GaAs report absorption coefficient

(or imaginary refractive index) at λ = 10µm [6], and in Figure 2.5(b), we compare the

absorption coefficients predicted from our Drude-Lorentz model, the variational method and
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second order perturbation theory. Note that the variational method absorption curve uses

effective masses obtained from our model discussed before. It is clear that our Drude-

Lorentz model agrees well with second order perturbation theory for carrier concentrations

less than 1018 cm−3. However, the deviations for carrier concentrations greater than 1018

cm−3 arises mainly from the Drude-Lorentz model, and not from the microscopic models.

The Drude-Lorentz model assumes a constant carrier damping rate as a function of frequency

which is generally not true for doped semiconductors [73]. Hence, second order perturbation

theory becomes necessary for calculating the wavelength dependent damping and absorption

coefficients that match measured values [6, 73, 74]. While the Drude-Lorentz model could

be modified by phenomenological corrections capturing the right scaling laws, the presented

model works well to get an estimate of optical properties at high temperatures.

2.4 n-GaAs nanosphere as a highly selective thermal emitter

The optical constants of n-GaAs at two different temperatures 300 and 1200 K, and two

different doping densities 1016 cm−3 and 2 × 1019 cm−3 are plotted in Figure 2.6(a). The

imaginary permittivity (ε′′) scales up significantly with temperature as expected. Higher

doping also increases imaginary permittivity by both higher damping and larger plasma

frequency. The real permittivity (ε′) increases at higher temperatures due to increasing

background permittivity. Using the temperature dependent optical constants, the spectral

selectivity or Q factor of thermal emission from a simple selective thermal emitter - spher-

ical Mie resonator - may be computed . Figure 2.6(b) plots the Q factor of the electric

quadrupolar mode of a 2 µm diameter n-GaAs sphere occurring at a wavelength of 3 µm.

The quadrupolar resonant mode was chosen due to its long radiative lifetime allowing for us

to understand the impact of material properties on the quality factor.

The Q factor of thermal emission slightly increases with temperature for doping concen-
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Figure 2.6 : a) Real part of permittivity at 300 K (solid line) and 1200 K (dashed line) for
doping densities N = 1016 cm−3 (blue) and N = 2× 1019 cm−3 (orange). When the doping
density is low, the effect of increased background permittivity at high temperatures increases
ε′. For higher doping density, the increasing plasma frequency begins to have a significant
effect. The imaginary component of refractive index ε′′ is shown in the inset for the same
temperatures and doping densities exhibiting tuning of over two orders of magnitude. b)
The Q factor for the electric quadrupolar resonance of a GaAs microsphere with a diameter
of 2 µm using temperature dependent optical properties as a function of temperature and
doping concentration. At doping densities below 1018cm−3 the Q factor of the resonator is
cavity limited, while at higher doping concentrations the Q factor is lifetime limited.

trations less than 3 × 1018 cm−3 due to increasing ε′ resulting in better mode confinement.

However, for doping densities greater than 3× 1018 cm−3, the Q factor drops with tempera-

ture due to a faster increase in ε′′. In any case, the Q factor always stays higher than 200 and

may be tuned up to 800 by choosing the right doping density. It is important to note that

the Q factors achievable by metal resonators are far less than semiconductors (Qmetal < 50

for T > 600 K) [30,75,76].
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2.5 Conclusion

Highly selective thermal emitters require materials with small, but non-zero optical loss.

Losses in metals are too high to allow high selectivity. Though semiconductors make low

loss alternatives, modeling their high temperature optical properties is complicated. By

using temperature dependences of microscopic processes, we modeled the optical properties

of a polar (GaAs), and a non-polar (Si) semiconductor in a wide range of temperatures and

doping concentrations. The predictions from our model agree reasonably well with more

complicated models such as the variational method and second order perturbation theory.

The major deviation from the most accurate method, second order perturbation theory,

was observed to arise not from our microscopic models, but from the Drude approximation.

Nevertheless, our model enables a simple method to estimate the optical properties of bulk

semiconductors with reasonable accuracy. Furthermore, the optical constants obtained from

our model prove that high quality factor (> 200) resonant thermal emission is possible

using semiconductors. The models presented here are general and can be easily extended

to other semiconductors if their material parameters shown in Table 2.1 are known. This

study guides the material choice for selective thermal emitter design from the perspective

of optical properties. For any material, the room temperature optical properties are not

necessarily indicative of high temperature performance. Polar semiconductors such as III-

V’s and transparent conducting oxides (TCOs) are attractive due to low optical losses at

room temperature. But at high temperatures, the optical losses may become worse than non-

polar semiconductors, as in the case when comparing n-GaAs to n-Si. The models presented

here focused on bulk semiconductors, though their extension to dimensionally constrained

systems where the carrier damping mechanisms can be significantly different may lead to an

interesting realm of thermal emitter design [56, 77, 78]. Ultimately, this study provides an

insight into new material discovery and design for highly selective thermal emitters operating
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at elevated temperatures with applications including energy harvesting and sensing.

2.6 Appendix A - Modeling Methods

2.6.1 3-level k · p Model for GaAs

Using the method demonstrated by Raymond et al. , the 3-level k · p model can be imple-

mented to calculate the electron effective mass for n-GaAs [50]. If the n-GaAs is assumed

to be degenerate, equations 2.10-2.12 can be derived to predict both the conductivity and

DOS of states effective mass.

m∗cond(T ) = m∗cond(0)

(
1− 2φ′ · (3π2)2/3~2n2/3

m∗cond(0) · Eg

)−1
(2.10)

m∗dos(T ) = m∗dos(0)

(
1− φ′ · (3π2)2/3~2n2/3

m∗dos(0) · Eg

)−1
(2.11)

φ′ =

(
1− m∗dos(0)

me

)2

·
1 + x+ 1

4
x2

1 + 4
3
x+ 4

9
x2
, x =

∆soc

Eg
(2.12)

2.6.2 Acoustic Phonon

The acoustic phonon mobility for both polar and non-polar semiconductors can be calculated

by using the method of effective masses reported by [55]. Using equation 2.13, the acoustic

phonon mobility can be computed by knowing the deformation potential Edef , and effective

isotropic elasticity constant cl. An estimate for the isotropic elasticity constant can be found

by averaging the elasticity constants for several different directions: c11, c12, and c44 as shown

in equation 2.14 [79].

µac =

√
8π · e · ~4cl

3E2
def. · (m∗)5/2

(kBT )−3/2 (2.13)
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cl = (3c11 + 2c12 + 4c44)/5 (2.14)

2.6.3 Polar Optical Phonon

The relaxation time approximation can be used to find the polar optical phonon mobility up

to high temperatures. The model developed by Gelmont et al. results in equations 2.15-2.17

and is capable of accounting for band non-parabolicity.

µpo =
4πε0(ε

−1
∞ − ε−1dc )−1~

3 · e · n ·m∗cond(T )

√
2~

m∗cond(T ) · ωto(1 + ~ωto/Eg)

I2

(
kBT
Eg

)
I1

(
kBT
Eg

) (2.15)

I1(γ) =

∫ ∞
0

(1 + 2γx)
√
x(1 + γx)e−xdx (2.16)

I2(γ) =

∫ ∞
0

(1 + 2γx)−1 [x(1 + γx)]3/2 e−xdx (2.17)

2.6.4 Brooks-Herring Method

The Brooks-Herring model shown in equations 2.18-2.20 is able to predict ionized impurity

mobility when the Born approximation is satisfied. In these equations, the ionized impurity

density and impurity charge are N+ and Z respectively. Note that Fj is the Fermi-Dirac

integral of order j.

µii =
128 ·
√

2π(εdcεo)
2

N+ · Z2e3(m∗cond(T ))1/2
· (kBT )3/2

[
ln(1 + b)− b

1 + b

]−1
(2.18)

b =
8 ·m∗cond(T ) · (3kBT )

~2β2
s

(2.19)



36

R−2s = β2
s =

n · e2

εdcεokBT
·
F−1/2(η)

F1/2(η)
, η =

Ef
kBT

(2.20)

2.6.5 Correlated Ion Impurity Scattering Model

At high ionized impurity densities, impurity positions become correlated and play a role in

charge screening. This additional screening may be described by the Thomas-Fermi screening

length for ionized impurity screening as shown in equation 2.21. Combining the impurity and

carrier screening together, a total effective screening length shown in equation 2.22 [61,80,81]

is computed. With these parameters, the ionized impurity mobility can be found by using

equations 2.23-2.27.

Ro =

(
εoεdckbT0
N+ · e2

)1/2

(2.21)

R−2 = R−2s +R−2o (2.22)

µii =
e~kfREf

α1γ20m
∗
cond(T )

(2.23)

α1 =
1

16

∫ ∞
0

erfc
(
Es

y
4γ1
− Ef

γ1

)
1 + y + R2

s

R2
o

dy +
1

16

∫ ∞
1

erfc
(
Es

y
4γ1
− Ef

γ1

)
y(1 + y + R2

s

R2
o
)

(2.24)

γ21 =
NRe4

2πε20ε
2
dc

(
1 +

2R2

πR2
s

[
Rs

R
− π

2
+ tan−1

(
R

Rs

)])
(2.25)

Es =
~2

2m∗condR
2
s

(2.26)

γ20 =
N+ ·R · e4

4πε20ε
2
dc

(2.27)
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2.6.6 Anisotropic Ionized Impurity Scattering in Si

To calculate an empirical correction that accounts for anisotropic ionized impurity mobility,

the scattering rates in the longitudinal and transverse directions are assumed to be equal

[59, 60] and may be found using the SKD method [72]. This scattering rate incorporated

in the Brooks-Herring treatment [59] results in equations 2.28 and 2.29 for calculating the

empirically modified mobility.

µii =
133 ·
√

2π(εdcεo)
2

N+ · Z2e3(m∗cond(T ))1/2
· (kBT )3/2 [ln(b)− 1.2]−1 (2.28)

b =
8 ·m∗l · (3kBT )

~2β2
s

, m∗l = 0.98me (2.29)

2.6.7 Neutral Impurity Scattering

At high doping densities the concentration of neutral donor atoms can become significant. A

simple expression for neutral impurity scattering was first found by Erginsoy, which agreed

well for Si at low temperatures [62]. This method assumes no explicit temperature depen-

dence which was experimentally shown to occur up to 50 K. An extended neutral impurity

scattering model valid at high temperatures was developed by Sclar and is shown in equations

2.31-2.32 [42,65].

µni′ =
2π3e3m∗cond(T )

5Nnεdcεoh3
(2.30)

En = 1.136× 10−19 · m
∗
cond(T )

me

· ε
2
0

ε2dc
(2.31)

µni = 0.82 · µni′
(

2

3
·
(
TmkB
En

)2

+
1

3
·
(

En
TmkB

)2
)
, Tm = 50K (2.32)
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2.6.8 Effects of Electron-Electron Scattering

Electron-electron scattering is not directly able to change the current density since the total

momentum is conserved. But electron-electron scattering can change the momentum distri-

bution so that energy dependent scattering mechanisms become more efficient. The upper

bound of this effect can be found by assuming the momentum distribution is completely

randomized by electron-electron scattering. Since ionized impurity scattering time constant

has an energy dependence of E3/2, Luong and Shaw estimated the maximum effect using

time-independent Hartree-Fock theory resulting in equation 2.33 [69]. Classical Boltzmann

transport theory can be used to perform a similar analysis for acoustic phonon scattering

which has an E−1/2 energy dependence leading to equation 2.34 [70].

µii,ee =
(

1− e−n/N+
)
· µii ≈

(
1− e−1

)
· µii (2.33)

µac,ee = 0.88 · µac (2.34)

2.3 Appendix B - Material Properties
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Table 2.1 : Material Properties of GaAs and Si.

Material Property GaAs Si

ε∞(T) 10.60 · (1 + 9× 10−5 · T ) [35] 11.97 · (1 + 7.8× 10−5 · T ) [82]

εdc(T) 12.40 · (1 + 1.2× 10−4 · T ) [35] 11.97 · (1 + 7.8× 10−5 · T ) [82]

ωto(T) (cm−1) 273 · (1− 5.5× 10−5T ) [35] 527 · (1− 4.3× 10−5T ) [83]

γto/ωto (cm−1) 0.002 [35] 0.002 [83]

Eg(T) (eV) 1.519− 5.40× 10−4 · T 2

(T+204)
[35] 1.156− 7.02× 10−4 T 2

(T+1108)
[48]

∆SOC (eV) 0.34 [50] 0.044 [51]

m∗dos(0)/me 0.067 [35] 1.09 [84]

m∗cond(0)/me 0.067 [35] 0.26 [84]

Ec - Ed (eV) 0.006 [84] 0.05 [84]

αV (T) (K−1) 3 · (4.24× 10−6 + 5.82× 10−9 · T 3 · (3.725 · (1− e
−5.88×10−3

(T−124) )

−2.82× 10−12 · T 2) [35] +5.548× 10−4T )× 10−6· [85]

c11 (dyn/cm2) 1.221×1012 [79] 1.670×1012 [55]

c12 (dyn/cm2) 5.66×1011 [79] 6.20×1011 [55]

c44 (dyn/cm2) 5.99×1011 [79] 8.70×1011 [55]

Edef. (eV) 6.3 [79] 6.5 [55]

Timp. (K) 900 [80] Not Applicable
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Chapter 3

Selective Thermal Emitters using Passive

PT-Symmetry

A ship in port is safe, but that is not

what ships are for. Sail out to sea and

do new things.

Grace Hopper

This work was originally published in Advanced Materials ; it is reproduced here in a

modified form with permission [86].

3.1 Non-Hermitian Selective Thermal Emitters

using Metal–Semiconductor Hybrid Resonators

Thermal light sources generate light directly from heat making them useful for a wide va-

riety of applications in sensing [30] and energy conversion [26, 87–89]. Thermal emitters

require optical losses to emit thermal radiation, through which they exchange energy with

the environment, making them open systems [90]. Open systems differ from closed sys-

tems in that they cannot be described by Hermitian physics as their eigenvalue spectrum

is no longer required to be real. Hence, all thermal emitters are non-Hermitian systems.

Non-Hermitian systems may provide novel design tools for thermal emitters such as symme-

try [91,92], topology [93,94], and phase [95]. Non-Hermitian systems comprising of a nearly

closed subsystem coupled with a nearly open subsystem are interesting. Such systems pos-
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sess parity-time symmetry (PT -symmetry) and exhibit an optical phase transition between

weak and strong coupling regimes [96,97] at the exceptional point. At the exceptional point,

the Hilbert space of the system becomes severely skewed [98,99] and as a result, the system

becomes extremely sensitive to small perturbations. Furthermore, an exceptional point has

topological properties such as chirality [98] and unidirectional energy transfer between the

eigenmodes when encircling a path [100,101]. Thus, the physics of non-Hermitian systems is

fascinatingly different from Hermitian systems and therefore its exploration in the context

of thermal emitters can provide new methods to design and build thermal emitters with

extreme spatial and spectral properties.

Because thermal emitters always require optical losses, coupling them with lossless res-

onators can result in systems displaying passive PT -symmetry. A simple mathematical

description of this system is as a pair of coupled oscillators with extreme asymmetry in

optical losses as described by the Hamiltonian in Equation (3.1).

Ĥ =

ω1 + γ1 · i κ

κ ω2 + γ2 · i

 , with γ1 ≈ 0 and ω1 ≈ ω2 (3.1)

The eigenstates of this passive PT -symmetric device can be controlled by varying either

the coupling between resonators κ or the damping of the lossy resonator γ2. Consequently,

the thermal emission from this system can be engineered by the same parameters which

makes non-Hermitian systems an exciting platform for designing selective thermal emitters.

Plasmonic nanostructures are an obvious choice for a lossy resonator. The optical proper-

ties of metals, commonly used in thermal emitters, degrade significantly at high temperatures

making a plasmonic resonator a nearly open subsystem [25,30,33,34,102]. On the other hand,

common semiconductors in the sub-bandgap region (1500 cm=1-6500 cm=1) have negligible

optical losses and remain almost lossless even at elevated temperatures up to 1000 ◦C [26,29].

Because of this, sub-micron semiconductor structures can form high-Q resonators that can
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be approximated as nearly closed subsystems. Thus, a coupled plasmonic-semiconductor

resonator system makes an ideal platform for a passive PT -symmetric thermal emitter.

We implemented this system by fabricating cylindrical silicon resonators on a MgF2

dielectric spacer layer on a tungsten substrate as shown in the schematic of Figure 3.1a. The

silicon disk is the lossless resonator while the surface plasmon-polaritons excited on tungsten

is the lossy resonator as depicted in Figure 1c. The coupling between the two resonators

is controlled by the thickness of the MgF2 spacer layer which is varied in our experiments.

The simple Hamiltonian shown in Equation (3.1) can describe our system by considering

the interaction of the silicon resonator with its image in the tungsten ground plane. The

losses in tungsten make the image resonator lossy as depicted in Figure 3.1c. Through the

combination of spatial inversion and loss asymmetry the system satisfies the conditions for

passive PT -symmetry [103].

A lumped circuit element model, described in Section 3.3.1, for our thermal emitter

system predicts an optical phase transition at the exceptional point and the resultant thermal

radiation spectrum also shows the same behavior as seen in Figure 3.1d. It is important to

note that PT -symmetric behavior is observed when the oscillators are in or out of phase

with each other as shown in Figure 3.5b. Strong thermal emission occurs in both the PT -

symmetric and broken PT -symmetry phases, but not at the exceptional point. This occurs

because in both of these optical phases small imaginary components of eigenvalues can be

achieved, as seen in the inset, allowing the system to more efficiently out-couple thermal

radiation [104, 105]. At the exceptional point, thermal emission is reduced because of the

relatively large imaginary components of eigenvalues.

The implementation of our non-Hermitian thermal emitter requires a periodic array of

silicon disks coupled via MgF2 spacer to tungsten. Isolated silicon resonators were not

capable of displaying passive PT -symmetry as shown in Figure 3.6 An SEM image of a
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Figure 3.1 : a) Representation of the semiconductor-insulator-metal structure forming a
coupled photonic and plasmonic resonator system. b) Diagram showing classical oscillator
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fabricated sample is shown in Figure 3.1e. The silicon disks are 800 nm in diameter and

400 nm tall making a hexagonal lattice with a nearest neighbor separation of 2µm. The

periodic array of silicon disks forms a metasurface that suppresses the radiative damping

of a single silicon resonator. In order to preserve the non-Hermitian behavior of the local

resonance of an individual silicon disk, we design a Friedrich-Wintgen quasi bound state

in the continuum (BIC). The quasi-BIC design allows treating the silicon disk array as a

collection of individual resonators coupled to the plasmonic substrate.

The full wave simulations of far-field thermal emission in the direction normal to our non-

Hermitian device is shown in Figure 3.2a for various MgF2 thicknesses. When no MgF2 is

present, two strong peaks are observed at 2900 cm=1 and 4700 cm=1. As the MgF2 thickness

increases to 180 nm, these two modes merge together at a branch point occurring near the

exceptional point. Increasing the MgF2 spacing even further to 320 nm, PT -symmetry is

broken and only a single mode remains at 4000 cm=1. To determine if the coupled resonator

system undergoes an optical phase transition, the most robust method is to look at the

energy exchange between the oscillators as a function of time [106]. We calculated the

stored electromagnetic energy as a function of time in the silicon and tungsten resonators

when the system is driven by dipoles in the photonic resonators. A complete description

of the calculation method is provided in Section 3.3.4. In the PT -symmetric phase the

oscillators are strongly coupled and exhibit energy exchange due to Rabi oscillations. In

contrast, a monotonic increase in energy is observed in the broken PT -symmetry phase.

The measured thermal emission spectra are shown in Figure 3.2c at an operating tem-

perature of 700 ◦C. As expected from simulations, we observed two prominent peaks at

3270 cm=1 and 5050 cm=1 when there was no MgF2 layer. When the MgF2 layer thickness

is increased to 300 nm, both of these prominent peaks merge together as predicted by both

the analytical model and full-wave simulations. When the dielectric layer thickness is in-
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creased even further, the system transitions to the broken PT -symmetry phase where the

eigenvalues determining peak emission diverge in the imaginary part, but have the same

real part. This causes the Q-factor of the thermal emission peak to increase to 37 while

maintaining a nearly constant peak emissivity. From these measurements, we can observe

that by tuning the MgF2 spacer thickness, we can tune the coupled resonator system from

the PT -symmetric to the broken PT -symmetry phase.

The thermal emission spectra in Figure 3.2c were collected in the normal direction using

an objective with a maximum acceptance angle of 4.6◦. The off normal collection probes the

vertical modes supported in the sample observed in Figure 3.2c. The two peaks at 3930 cm=1

and 4270 cm=1 for the sample with no MgF2 spacer are from the vertical mode. Similar to

the horizontal mode, the vertical mode is localized and exhibits passive PT -symmetry via

interaction with its image dipole. Unlike the horizontal mode with an out-of-phase image, the

vertical mode has an in-phase image, which results in larger damping. As a result, the PT -

symmetric feature exhibited by the vertical mode is distinctly different from the horizontal

mode. Figure 3.2d highlights this point by plotting the expected PT -symmetric behavior

when the tungsten electric mirror is replaced by an equivalent magnetic mirror. The magnetic

mirror creates an in-phase image of the horizontal dipole resulting in larger damping. Hence,

the splitting between the modes in the PT -symmetric phase is smaller. Also, the exceptional

point occurs at a smaller spacer thickness (larger coupling constant). This same behavior

can be seen in the experimental measurements measurements in Figure 3.2c. More details

on the vertical mode and off-normal simulations are provided in Section 3.3.7. These results

demonstrate that internal phase of the coupled oscillators is a powerful tool to tune far-

field thermal radiation. Through proper design of the phase profile of coupled resonators,

thermal emission can exhibit super-radiance (in-phase oscillators) and sub-radiance (out-of-

phase oscillators) leading to sub-linear and super-linear scaling respectively [92, 107]. With
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onal lattice of cylindrical silicon photonic resonators with 2 µm periodicity and diameters
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modes. When the resonances nearly cross a Friedrich-Wintgen quasi bound state in the
the continuum (BIC) occurs. Experimental polarization resolved thermal emission measure-
ments for samples in b) PT -symmetric (0 nm MgF2) and c) broken PT -symmetry phases
(460 nm MgF2). The independence of emissivity from polarization demonstrates the modes
are localized. Magnitude of electric field for d) PT -symmetric and e) broken PT -symmetry
phases. The divergence of Poynting vector in the cases of f) PT -symmetric and g) bro-
ken PT -symmetry phases shows that the source of thermal emission is the lossy plasmonic
resonance.

further study, PT -symmetric super-radiance or sub-radiance may be possible by engineering

the internal phase of many such coupled oscillators.
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The mode localization required in our device is enabled by the quasi-BIC mode supported

by the silicon resonator array. The quasi-BIC mode originates from balancing the damping

rates of the electric and magnetic dipolar modes of the silicon resonator to the continuum.

This feature can be observed in the simulated total reflectance spectra at normal incidence of

the resonator array with different diameters of silicon disks shown in Figure 3.3a. Tuning the

diameter of the silicon disks results in an avoided crossing of electric and magnetic dipolar

modes. The avoided crossing is difficult to observe due to high radiative damping. However,

the interaction between the two modes results in a quasi-BIC mode that manifests in a Fano

line shape. Silicon disk diameter of 950 nm exhibits such Fano line shape indicating the

avoided crossing behavior [108,109]. The quasi-BIC mode in our metasurface results in flat

bands at the Γ-point in the band structure shown in Figure 3.7. As a result, the thermal

emission from quasi-BIC modes should be independent of the collection polarization at near

normal emittance. Figures 3.3b and 3.3c plot the measured thermal emission intensity for

near normal emittance for various polarizations with respect to the hexagonal lattice. The

modes in the PT -symmetric and broken PT -symmetry phases show no polarization depen-

dence indicating that emission originates from a localized resonance. Additionally, higher

order modes also display no polarization dependence due to the localization of resonances

to individual silicon disks.

The energy storage behavior in our device is very different in the two optical phases.

The simulated field profiles of our device with no MgF2 (PT -symmetric) and 400 nm of

MgF2 spacer (broken PT -symmetry) are shown in Figure 3.3d-g. In the PT -symmetric

phase, the photonic and plasmonic resonators are strongly coupled leading to energy ex-

change, through Rabi oscillations, and mode hybridization. In contrast, the magnitude of

electric field distribution shows strong energy storage behavior in the silicon resonator in

the broken PT -symmetry phase. This results in the silicon resonator storing a majority



49

2000 3000 4000 5000 6000

 Frequency (cm-1)

0

0.5

1

1.5

 E
m

is
si

vi
ty

0 nm

80 nm

160 nm

300 nm

380 nm

a b

* * * *

*

*
*

*

* *
* *

* * * *

* * * *

0

0.25

0.5

0.75

1

κ

Re(λ)
7 9 11 13

W

MgF
2

Si

W

MgF
2

Si

κ
hv

= 0.4

Figure 3.4 : a) Real component of eigenvalues for the case of two sets of PT -symmetric
oscillators coupled to each other with κhv = 0.4. b) Experimental measurements of emissivity
measured with the sample tilted 10◦ towards the K-point for several thicknesses of MgF2.
As the MgF2 thickness is increased we see the four distinct modes, denoted with *, merge
into two groups of two modes spanning almost 700 cm=1.

of the total stored electromagnetic energy in the system. However, from the divergence of

the Poynting vector, it is clear that more than 98 % of the thermal emission originates from

the tungsten substrate in both optical phases. Combining the experimental results together

with these field plots demonstrate our device has localized coupled resonators with passive

PT -symmetry.

The vertical and horizontal modes observed in our device individually exhibit PT -

symmetry as seen in Figures 3.2c and 3.12. However, by increasing the collection angle

to just 10◦, we observe that the two modes couple. The coupling between the modes and

their images (κ) and that between the horizontal and vertical modes (κhv) results in a four

dimensional Hamiltonian presented in Equation 3.11. Figure 3.4a shows the expected evo-

lution of thermal emission spectrum for a system of two passive PT -symmetric systems
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coupled together. Here, we fix κhv at 0.4 and vary κ to study the effect of spacer thickness.

The four modes together exhibit PT -symmetric behavior and optical phase transitions at

two clear branch points. Compared to the case when there is no coupling between the hori-

zontal and vertical modes (normal emittance case), κhv = 0.4 results in relatively small shifts

to the modes in the PT -symmetric phase while modes in the broken PT -symmetry phase

experience large shifts.

Measured thermal emission from samples with MgF2 thicknesses ranging from 0 nm to

380 nm are presented in Figure 3.4b. When no MgF2 is present, four strong peaks can be

observed. Increasing the spacer thickness from 300 nm to 380 nm, peak positions remain

unchanged indicating that the system is in the broken PT -symmetry phase. As expected,

when the thickness of the MgF2 spacer layer is 380 nm the modes span a frequency range of

almost 700 cm=1 compared to just 300 cm=1 for normal emittance measurements. In addition

to demonstrating the effect of internal phase, these experimental measurements demonstrate

coupling between the horizontal and vertical passive PT -symmetric resonances that could

be exploited for achieving higher order exceptional points [110,111].

In summary, we demonstrated that a non-Hermitian description of thermal emitters opens

new avenues to engineer thermal radiation. We built a passive PT -symmetric thermal

emitter using a quasi-BIC mode of a silicon disk metasurface coupled to the plasmonic

mode of a tungsten substrate. We showed that our device exhibits two optical phases with

very different energy storage profiles. In the weak coupling regime, we showed that the

thermal emission primarily originates from lossy tungsten, but is efficiently stored in the

nearly lossless silicon resonator. Furthermore, we demonstrated that the internal phase of

the coupled oscillators presents a new tool to tailor thermal radiation. This demonstration

confirms that non-Hermitian physics may be applied to fluctuational systems and presents

unorthodox methods to engineer thermal radiation.
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3.2 Experimental Section

Simulation Methods: Full-wave electromagnetic simulations were performed using finite-

difference time-domain using a commercial software package (Lumerical, FDTD). High tem-

perature optical properties for tungsten were obtained from experimental measurements [34].

The high temperature optical properties of silicon were calculated using semi-physical mod-

els [29]. The optical properties of MgF2 were assumed to be independent of temperature. To

investigate the internal phase on the non-Hermitian selective thermal emitter we simulated

the silicon resonator array on top of an artificial magnetic mirror coated with MgF2. The

optical constants of an artificial magnetic mirror can be created by fitting the optical prop-

erties of W with a single Lorentz oscillator. For the magnetic mirror the Lorentz oscillator

is used to calculate the magnetic permeability, while the relative permittivity is 1.

Fabrication Process: The non-Hermitian thermal emitters were fabricated using polished W

substrates (MTI, W-101005S2-P). First, layers of Al2O3 (10 nm), MgF2 (0-350 nm), and Si

(400 nm) were deposited using e-beam evaporation on the W substrate. The thin layer of

Al2O3 served two purposes, first it acts as a diffusion barrier between tungsten and silicon

preventing the formation tungsten-silicide. Additionally, the film was an adhesion layer

for the MgF2 dielectric spacer. Without this layer the MgF2 films were found to delaminate

during nanofabrication. Next, a 45 nm thick Al2O3 etch mask was patterned using a standard

e-beam lithography (JEOL, JBX5500FS) liftoff process. Silicon nano-pillars were formed

using a reactive ion etch (Oxford, Plasmalab System 100/ICP 180) with a mixture of C4F8

and SF6 with flow rates of 57 sccm and 33 sccm respectively. The capacitively and inductively

coupled RF powers were maintained at 20 W and 1200 W respectively.

Experimental Characterization Process: All thermal emission measurements were carried

out using a Fourier-transform infrared spectrometer (Thermo Fisher Scientific, iS50R) with

samples heated up in vacuum stage (Microptik, MHS1200-V/G) with a PID temperature
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controlled heater element. The vacuum pressure was maintained below 5× 10=6 Torr. Op-

tical access to the sample was through a ZnSe window and thermal radiation was collected

using a ZnSe refractive objective with NA 0.08 (Edmund Optics, 88-448). All thermal emis-

sion measurements used a solid tungsten substrate (10 mm× 10 mm× 0.5 mm) with surface

roughness less than 3 nm as an emissivity reference. Because of the low surface roughness,

diffuse reflectance is negligible allowing the absorption spectrum of the tungsten substrate

to be characterized through specular reflectance measurements. Specular reflectance mea-

surements performed at 700 ◦C were used to determine absorption and therefore emissivity

through Kirchhoff’s law of thermal radiation.

3.3 Supplementary Information

3.3.1 Scattering Matrix Analytical Model

The admittance matrix can be used to calculate the scattering matrix which provides an

easy way to calculate transmission, reflection, and absorption [112–114]. To analytically

model the hybrid plasmonic-photonic resonator system we treated the resonators as two

coupled resonators with arbitrary admittances. Each resonator is coupled to free space

with admittance Y0. Additionally, the resonators are coupled to each other in vacuum with

electrical distance of separation x = k0 · d and admittance Y0. The admittance matrix, Y,

for the system is shown in Equation 3.3. A schematic of the coupled oscillator system is

shown in Figure 3.5.

V1
V2

 = Y−1

I1
I2

 (3.2)
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Y =

G1 + i ·B1 − i · Y cot(x) i · Y csc(x)

i · Y csc(x) G2 + i ·B2 − i · Y cot(x)

 (3.3)

The scattering matrix can be calculated from the admittance matrix by using Equations

3.4-3.8. The eigenvalues for the coupled resonator system can be calculated from the scat-

tering matrix. The real components of the eigenvalues for a PT -symmetric system as a

function of coupling and susceptance are shown in Figure 3.5. In this plot, the resonators

have balanced gain and loss, G1 = −G2, and the second oscillator has a positive suscep-

tance, B2 = 0.001 · Y0. By varying the coupling strength between the two oscillators, active

PT -symmetry can be observed. Additionally, the effect of internal oscillator phase can be

seen by varying the susceptance, B1, which shows larger splitting when the oscillators are

out of phase.

V +
2

V −1

 = S

V +
1

V −2

 (3.4)

S =

 t r2

r1 t

 (3.5)

S = C(I +
√

zY
√

z)−1(I−
√

zY
√

z) (3.6)

C =

0 1

1 0

 , (3.7)

z =

Y −10 0

0 Y −10

 , (3.8)
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Figure 3.5 : a) Schematic of coupled resonators modeled as an open two resonator system
with arbitrary admittances. The system has two ports to exchange energy with the environ-
ment. b) Surface plot of the real components of eigenvalues for the coupled oscillator system
when G1 = −G2 = 2 · Y0, B2 = 0.001 · Y0, and B1 = χ1 · Y0.

3.3.2 Simulations of Isolated Si Resonator on W

While the cleanest demonstration of a passive non-Hermitian selective thermal emitter would

ideally couple one high-Q resonator with a low-Q resonator with tunable coupling, we found

that isolated Si resonators were not capable of displaying passive PT -symmetry. Full wave

electromagnetic simulations of isolated Si cylinders 800 nm in diameter and height of 400 nm

on a W substrate with a MgF2 spacer layer were performed to check for passive PT -

symmetry. Both scattering and absorption cross sections of the structure as a function of

dielectric spacer thickness are shown in Figure 3.6. Additionally, the scattering cross section

is significantly larger than the absorption cross section showing that the isolated structure

would emit very little thermal radiation. This can be attributed to the low Q-factor (<10)

of the isolated Si resonator.
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Figure 3.6 : Scattering a) and absorption b) cross-sections of an isolated Si resonator with
a height of 400 nm and 800 nm diameter. In both scattering and absorption no passive PT -
symmetry can be observed. This can be attributed to the low Q-factor of the photonic modes
in the Si resonator.

3.3.3 Band Structure Calculation of Si Resonator Structure Supporting Bound

State in Continuum (BIC)

The transverse magnetic (in-plane magnetic field) band structure of the Si photonic crystal is

shown in Figure 3.7. From the band structure we can see that near the Γ-point at 4440 cm=1

the band is flat indicating a highly localized resonance. This is in agreement with the electric

field profiles from full-wave simulations and experimental measurements of the polarization

dependence of thermal emission.

3.3.4 Calculations of Stored Electromagnetic Energy for Photonic and Plas-

monic Resonators

Full-wave electromagnetic simulations were used to calculate the stored electromagnetic en-

ergy as a function of time when the coupled resonator system is driven. The stored electro-
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Figure 3.7 : Transverse magnetic (TM) a) and transverse electric (TE) b) band structures
of a Si photonic crystal composed of a hexagonal lattice of Si cylinders 800 nm in diameter
and a height of 400 nm with a periodicity of 2µm.

magnetic energy for a lossless, non-dispersive dielectric can be calculated using Equation 3.9.

For a lossy, dispersive material calculating the stored electromagnetic energy becomes more

complicated. By treating the polarizablility of the lossy, dispersive medium as a damped

harmonic oscillator, the Loudon approach is able to calculate the stored electromagnetic

energy density near the resonance of the oscillator resulting in Equation 3.10 [115]. This

method works well for the lossy plasmonic resonance in tungsten.

USi =

∫
〈uSi〉 dV =

∫
1

2
~E(x, y, z) · ~D∗(x, y, z) dV (3.9)

UW =

∫
〈uW 〉 dV =

∫
1

4
ε0

∣∣∣ ~E(x, y, z)
∣∣∣2(ε′r + ω

dε′r
dw

)
dV (3.10)

The full-wave simulation setup for calculating stored electromagnetic energy density is

shown in Figure 3.8 with the photonic resonator being driven by an electric dipole in the
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Figure 3.8 : Vector plots of the electric field for a) electric mirror and b) magnetic mirror
substrates. In the electric mirror case the electric dipole mode of the Si resonator is quenched
and only the magnetic dipole remains. Conversely, with the magnetic mirror substrate the
magnetic dipole is quenched leaving only the electric dipole.

Al2O3 layer. The dipole source was single frequency with excitation frequencies 4480 cm=1

and 3950 cm=1 for MgF2 thicknesses 60 nm and 360 nm respectively. Field monitors were

placed in the bottom half of the Si resonator and top 40 nm of W. From the three-dimensional

field monitors the stored electromagnetic energy in the Si and W resonators was calculated

using Equations 3.9 and 3.10 respectively.

3.3.5 Additional Thermal Emission Measurements

When no MgF2 is present there are two peaks at 3930 cm=1 and 4270 cm=1 not predicted

by the full wave simulations. These resonances can be attributed to vertical electric dipole

modes in the Si resonators. We observed these modes since our collection system used a

refractive objective with a numerical aperture of 0.08 , which collects thermal radiation at

angles up to 4.6◦ allowing the vertical modes to be measured. As an additional verification
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Figure 3.9 : a) Experimental thermal emission measurements of the hybrid plasmonic-
photonic resonator system with no MgF2 spacer. The diameter of the Si resonator was tuned
from 700 nm to 900 nm. By tuning the photonic resonator diameter all thermal emission
peaks can be shifted demonstrating that the weak emission peaks originate from resonator
modes and not intrinsic absorption features.

that the peaks located at 3930 cm=1 and 4270 cm=1 belonged to vertical modes and not an in-

trinsic absorption feature, the diameter of the Si resonator was tuned from 700 nm to 900 nm.

Experimental thermal emission measurements, presented in Figure 3.9, show that the loca-

tion of the vertical modes can be tuned from 4200 cm=1 and 4770 cm=1 to 3810 cm=1 and

4030 cm=1. Additionally, the spacing between the two vertical modes reduces from 570 cm=1

to 220 cm=1 when going from 700 nm to 900 nm. Additionally, we performed thermal emission

measurements with the sample titled 10◦ towards the K-point which significantly increased

the emissivity in agreement with full wave simulations. These measurements clearly demon-

strate that these emission peaks come from additional resonances in the Si resonator.
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Figure 3.10 : Vector plots of the electric field for a) electric mirror and b) magnetic mirror
substrates. In the electric mirror case the electric dipole mode of the Si resonator is quenched
and only the magnetic dipole remains. Conversely, with the magnetic mirror substrate the
magnetic dipole is quenched leaving only the electric dipole.

3.3.6 Field Plots from Simulations using Electric and Magnetic Mirrors

Since a Friedrich-Wintgen bound state in the continuum (BIC) was used to design a photonic

resonator with high Q-factor resonances, both an electric and magnetic dipole mode nearly

overlapped. By bringing the photonic resonator structure close, tMgF2 � λ, to a mirror

one mode can be quenched. To demonstrate this we used full-wave simulations to calculate

the electric field profile for both electric and magnetic mirrors when the coupled resonator

system is deeply in the broken PT -symmetry phase. As expected, the field profiles show

that by bringing the resonator structure close to an electric mirror the electric dipole mode

is quenched leaving only a magnetic dipole in the Si resonator. Similarly, when the resonator

structure is close to a magnetic mirror, the magnetic dipole mode is quenched leaving only

the electric dipole mode in the Si resonator.
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Figure 3.11 : Vector plots of the electric field for a tilt of 15◦ with TM polarization when
the system is well in the broken PT -symmetry phase (375 nm of MgF2) at a) 3700 cm=1 and
b) 4200 cm=1. Both modes show a strong vertical component which allows the vertical and
horizontal modes to couple.

3.3.7 Coupled PT -Symmetric Oscillators

The experimental measurements of thermal emission when the sample is tilted 10◦ show

behavior of a system where the vertical and horizontal modes can couple together meaning

that the system is composed of two sets of passive PT -symmetric oscillators coupled together.

Full-wave simulations of the electric field profile for the horizontal and vertical modes when

the angle of incidence is 15◦ are shown in Figure 3.12. Both the horizontal and vertical

modes show strong vertical components enabling the two resonances to couple. In the tilted

case, tuning the MgF2 thickness, Figure 3.11, leads to significantly different behavior than

in the normal emittance case. The first thing to note is that the strength of the vertical

modes increases dramatically compared to the normal emittance case. Secondly, passive

PT -symmetry can be observed both in the TE and TM cases.

When measuring thermal emission at non-normal angles the system the vertical electric
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Figure 3.12 : Full wave simulations of thermal emission for a tilt of 10◦ for a) TE and b)
TM polarizations showing passive PT -symmetry.

dipole and horizontal magnetic dipole modes can couple couple together. This system of can

be described by the Hamiltonian presented in Equation 3.11.

Ĥ =



ω1 κ1 κhv 0

κ1 ω1 + δ + γ1 · i 0 κhv

κhv 0 ω2 κ2

0 κhv κ2 ω2 + δ + γ2 · i


(3.11)

In this Hamiltonian ω1 and ω2 represent the frequencies of the vertical electric dipole and

magnetic dipole in the isolated Si photonic resonators. The frequencies of the induced

resonators are slightly shifted by δ. The coupling constant between the plasmonic and

photonic modes are κ1 and κ2. In this model, both the photonic and plasmonic modes are

capable of coupling between the vertical and horizontal modes with the strength determined

by the coupling constant κhv. The real component of the eigenvalue as a function of intra-

oscillator coupling κ1, representing the MgF2 thickness, are presented in Figure 3.4a with
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Figure 3.13 : Emissivity calibration for the tungsten substrate reference sample. Calibrations
were performed by performing high temperature reflectance measurements of the reference
sample to determine absorption which can be used to find emissivity through Kirchhoff’s
law of thermal radiation.

ω1 = ω2 = 10, δ = 0.1, κ1 = κ, κ2 = 0.5 · κ, γ1 = 0.5, and γ2 = 0.1. When there is no

coupling between the vertical and horizontal modes, κhv = 0, both sets of oscillators display

passive PT -symmetry. Increasing the coupling between the vertical and horizontal modes

causes the vertical and horizontal modes to hybridize. As κhv is increased the modes in the

broken PT -symmetry phase separate leading to two clear branch points.

3.3.8 Tungsten Reference Sample Emissivity

All measurements used a polished tungsten chip (10 mm× 10 mm× 0.5 mm) as an emissivity

reference. The emissivity of the tungsten substrate was measured through high temperature

reflectance measurements shown in Figure 3.13.
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Chapter 4

Topological Thermal Emitters

Any new fact or insight that I may

have found has not seemed to me as a

’discovery’ of mine, but rather

something that has always been there

and that I had chanced to pick up.

Subrahmanyan Chandrasekhar

The previous chapter proposed a strong case for exploring and harnessing the non-

Hermitian properties of selective thermal emitters and presented an experimental demon-

stration of passive PT -symmetry using hybrid plasmonic-photonic resonators. The chapter

ended with a demonstration of the potential for tuning the coupling between horizontal

and vertical modes, therefore increasing the dimensionality of the system and creating ad-

ditional means to control thermal radiation. This chapter expands upon those experimental

observations leading to a design for a topological thermal emitter.

4.1 Motivation for Harnessing Topology in Optics

In recent years, there is a growing interest in observing and studying topology in electrical,

mechanical, and optical systems [93, 94, 116–118]. In Mathematics, topology is the study

of the shape of spaces. When studying geometric objects, it is useful to find topological

invariants, which are topological properties that are invariant under homeomorphism, which

is a continuous function between topological spaces that has a continuous inverse function.
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Figure 4.1 : When equivalence is given by homeomorphism, both a a) torus and b) trefoil
knotted torus share the same topology. But when equivalence is determined by ambient
isotopy, which only allows smooth deformations, they are not topologically equivalent and
therefore do not necessarily share topological invariants. Closed curves with winding numbers
c) -2 and d) -3.

An example of two spaces that are homeomorphic are a torus and the trefoil knotted torus

shown in Figure 4.1. This is true since they are both the product of two circles (S1 × S1).

When only considering the shape of the spaces and not the ambient space, a torus and

trefoil knotted torus share topological invariants. If the ambient space is considered and only

smooth and continuous deformations of the shape of interest and ambient space are allowed,

the equivalence between two shapes is given by ambient isotopy instead of homeomorphism.

This equivalence leads to topological invariants, also known as knot invariants, which are

only invariant under smooth, continuous deformations. Since there is no way to untie the

knotted torus, a torus and knotted torus do not share topological invariants when equivalence

is given by ambient isotopy.

A good example of a topological invariant with many applications in physics is the wind-

ing number. The winding number of a closed curve around a point is an integer (n ∈ Z).

Two curves are shown in Figure 4.1 with two distinct winding numbers. The winding num-
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ber for both of these curves will remain unchanged under continuous deformation. Even this

simple example demonstrates the potential for topology to improve device performance. By

embedding the behavior of a physical device into topology, the behavior is determined by

topology, not geometry. In practice, this means that the characteristics of physical devices

are topologically protected, which makes the behavior of the system resistant to defects and

geometric perturbations. Additionally, the interaction between topologically non-trivial and

trivial spaces can lead to exotic states [116, 119–121]. The combination of concepts from

topology and non-Hermitian physics enables the observation of extremely rich physical phe-

nomena [122]. As an analog to electronic systems, topological pumping in a non-Hermitian

system occurs when the pumping encircles two exceptional points [123]. Additionally, topo-

logical lasing where lasing only occurs along the edge state that is topologically protected

and therefore strongly resistant to perturbations [93,94]. A recent demonstration of topology

in non-Hermitian systems demonstrated topological funneling of light [124]. These demon-

strations show the potential for topology in optics, but there have been no demonstrations

of topology in the emission from nanophotonic selective thermal emitters.

4.2 Topological Thermal Emission from Hybrid Plasmonic-Photonic

Resonators

In the design of selective thermal emitters, there are often tradeoffs between performance

characteristics such as emissivity and thermal emission line-width. The main result of Chap-

ter 3 showed that by controlling the coupling between lossy and nearly lossless resonators

in the hybrid plasmonic-photonic resonator system the tradeoff between emissivity and line-

width can be broken. Correspondingly, the final section of Chapter 3 presented an ex-

perimental demonstration showing that the horizontal and vertical modes can be coupled
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together. While this demonstration showed that the image-plane resonator system could

be increased from a two-dimensional system to a four-dimensional system, there was no

compelling case for how this increased dimensionality can enable more performant selective

thermal emitters. We show that by proper control of the higher-order system’s parameters,

the exceptional point in the image-plane system can be expanded to an exceptional sheet.

Control of the additional parameters to observe the exceptional sheet comes from tuning out-

of-plane and in-plane angles. Observing an exceptional sheet in parameter space is exciting

for two reasons. First, it demonstrates that higher-order non-Hermitian phenomena can be

observed in the non-Hermitian hybrid plasmonic-photonic system. Second but more impor-

tantly, it shows that an optical phase transition can be observed in solely angle-dependent

sweeps. This opens up the possibility of topologically protecting directionality or providing

additional free parameters to break tradeoffs in directionality.

To understand the topology of thermal emission from the photonic-plasmonic coupled

resonator system, we start with a simple model resulting in a four-dimensional Hamiltonian

shown in Equation 4.1. This model assumes the existence of two nearly lossless modes, which

represent the horizontal and vertical photonic modes. Both of these modes are coupled to

a corresponding lossy resonance, which represents the respective lossy plasmonic resonators.

The coupling between the nearly lossless (γ ≈ 0) and lossy resonators (γ � 0) for the

horizontal and vertical cases are determined by κh and κv respectively. The coupling between

the horizontal and vertical modes is determined by κθ. A diagram relating the model to the

physical system is shown in Figure 4.2.

Ĥ =



ωh + γh1 · i κh κθ 0

κh ωh + γh2 · i 0 κθ

κθ 0 ωv + γv1 · i κv

0 κθ κv ωv + γv2 · i


(4.1)
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Figure 4.2 : Diagram depicting the physical parameters the terms in the Hamiltonian given
by Equation 3.11. Each silicon resonator supports both vertical and horizontal resonances
that are spatially overlapped resulting in plasmonic image resonances that are also spatially
overlapped. The coupling between the nearly lossless photonic resonance and lossy plasmonic
resonance for the horizontal (κh) and vertical (κv) cases are determined by the thickness of
the MgF2 dielectric spacer layer. The out-of-plane angle of thermal emission controls the
coupling between the horizontal and vertical modes (κθ).

Since each silicon resonator is capable of supporting both horizontal and vertical photonic

modes, they are spatially overlapped in a single silicon resonator. Correspondingly, the hor-

izontal and vertical plasmonic resonances are also spatially overlapped. The MgF2 dielectric

spacer layer controls the coupling between the nearly lossless photonic modes and lossy plas-

monic modes. Because of this, κh and κv are not independent parameters but instead are

coupled together. The coupling between the horizontal and vertical modes (κθ) is controlled

through the out-of-plane angle of thermal emission. As experimentally demonstrated in

Chapter 3, as the angle of emissions becomes more off normal, the coupling between the

horizontal and vertical modes increases.

The analytical model provides an ideal means to understand the parameter space of the
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Figure 4.3 : Real a) and imaginary b) eigenvalue spectrum for the analytical model showing
a two-dimensional sheet where the real component is degenerate while the imaginary compo-
nent is not degenerate. The degeneracy can be lifted by tuning the coupling between the hor-
izontal and vertical resonances (κθ) or coupling between the lossless and lossy resonances (κh
and κv). The loss parameters for the model are γh1 = γv2 = −1× 10−4,γh2 = γv1 = −0.051.

higher-order coupled resonator system. The eigenvalue spectrum when sweeping κh, κv, and

κθ is shown in Figure 4.3. The damping terms are fixed with γh1 = γv2 = −1 × 10−4,γh2 =

γv1 = −0.051. Since κh and κv represent the coupling between photonic and plasmonic

modes, which is physically controlled by the thickness of the MgF2 spacer layer, κh and κv

are assumed to be linearly related with κv = 0.2κh. This assumption is reasonable based on

experimental measurements in Chapter 3, at a fixed MgF2 spacer thickness when the system

is in the PT -symmetric phase, the splitting for the horizontal modes is significantly larger

than that of the vertical modes. Furthermore, the exceptional point occurs at a thinner

MgF2 spacer thickness confirming that the vertical coupling is smaller than the horizontal

coupling.

Looking at the eigenvalue spectrum, there are three regions of interest. The first region
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occurs when κh and κθ are close to zero. In this region the real components of the four

eigenvalues are degenerate while the imaginary components are not degenerate. As κh or

κθ are increased, a second region is encountered where the degeneracy is lifted for the real

component of two eigenvalues, leaving a sheet of degeneracy. If κh or κθ are increased further,

a third region can be reached where none of the real components eigenvalues are degenerate

while all four imaginary components are degenerate. The transition between the second and

third regions occurs at an exceptional point, which forms two exceptional lines seen at large

κh or κθ values. The observation of two exceptional lines is exciting because of the potential

for non-trivial topology.

The Hamiltonian of the analytical model for the coupled resonator system presented in

Equation 4.1 is similar to previous work that studied bi-layer non-Hermitian photonic crystal

system where each layer is a lattice of two distinct resonators in an interleaved honeycomb

lattice. The Hamiltonian for the bi-layer system is presented in Equation 4.2 [125].

Ĥ =



γ1 · i νd(kx + iky) −∆w 0

νd(kx + iky) γ2 · i 0 −∆w

−∆w 0 γ3 · i νd(kx + iky)

0 −∆w νd(kx + iky) γv4 · i


(4.2)

All four resonators are allowed to have unique gain-loss parameters. Resonators in the same

layer are coupled through an intralayer coupling term νd(kx+iky) while the interlayer coupling

is controlled by ∆w. This system displays rich topological behavior with the existence of

exceptional points and exceptional concentric rings. Since the Chern number is not well

defined for non-diagonalizable Hamiltonians, Wang et al. developed a topological invariant

to study the topology of single exceptional points in the bi-layer system. By applying the

closed-loop integration in Equation 4.3 around an exceptional point in momentum space,

the exceptional point is converted to a branch point which produces values νmn = ±1
2
. If all
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of the exceptional points in the system are characterized, a Z3 global topological invariant

can be calculated using Equation 4.5.

νmn =
1

2π

∮
L

∇kArg(εm − εn) · dk (4.3)

Arg(εm − εn) = atan2(Re(εm − εn), Im(εm − εn)) (4.4)

V =
∏
j

2νj (4.5)

The global topological invariant is capable of taking three values. If no exceptional point

is present V = 0. In comparison, if only exceptional rings are present V = 1, while if

any exceptional concentric rings are present V = −1. Only exceptional rings will only be

present when γ1 = γ3. If γ1 = −γ3 only an exceptional ring will occur. All other values

of gain-loss parameters can display both exceptional rings and exceptional concentric rings.

Comparing Equations 4.1 and 4.2, it is apparent that Hamiltonian for the coupled plasmonic-

photonic resonator system is the same form except with interlayer coupling controlled by κh

and κv while the intralayer coupling is controlled by κθ. Because of this equivalence, the

topology of the hybrid photonic-plasmonic coupled resonator system can be characterized

by the Z3 global topological invariant. Through the choice of damping parameters for the

coupled resonator Hamiltonian (γh1 = γv4 = −1× 10−4,γh2 = γv1 = −0.051) an exceptional

concentric ring is expected when κh, κv > 0 and κθ. Based on this, it is clear that the sheet

of two eigenvalue degeneracy in Figure 4.3 is an exceptional concentric requiring Z3 = −1.

To show that the analytical model is representative of the physical system, we performed

full-wave simulations using finite-difference time-domain (FDTD) electromagnetic calcula-

tions to simulate thermal emission at 700 ◦C. High-temperature optical properties for silicon

were calculated using the methods presented in Chapter 2. For tungsten, high-temperature

optical constants were obtained from experimental measurements of high-temperature op-

tical properties of tungsten performed by Minissale et al. [34]. The MgF2 dielectric spacer
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layer was treated as a constant index of refraction with n = 1.36. The silicon resonators

are cylindrical with a diameter of 800 nm and a height of 400 nm. The silicon resonators

are in a hexagonal lattice with a periodicity of 2 µm. To calculate emissivity, simulations

used a plane-wave source to calculate reflectance and subsequently absorption (A = 1− R)

since the tungsten substrate is optically opaque. Finally, emissivity can be determined using

Kirchhoff’s law of thermal radiation (ε = A). To explore the parameter space and determine

if the analytical model and physical system are consistent, the thickness of the MgF2 layer,

in-plane angle (φ), and out-of-plane angle (θ) were swept. In all simulations, the polarization

of thermal emission was fixed at transverse magnetic (TM).

Figure 4.4 demonstrates the ability to tune the system from the exceptional concentric

ring to the PT -symmetric phase. When the MgF2 thickness is fixed at 400 nm and the

out-of-plane angle of thermal emission is at 25◦ towards the M-Point, one mode is visible

at 4200 cm=1 in Figure 4.4b. As the angle of thermal emission decreases, the system travels

the trajectory along the red line in Figure 4.4a. As the out-of-plane angle is reduced to 15◦

towards the M-Point, the system passes through an exceptional point lifting the degeneracy

between the real component of two eigenvalues. When the thermal emission is emitted near

the Γ-point, two modes are observable at 4100 cm=1 and 4500 cm=1. Additionally, the modes

for the upper and lower sheet are observed at 3940 cm=1 and 4780 cm=1. Instead of tuning

the out-of-plane angle, the coupling between the photonic and plasmonic modes (κh,κv) can

be sept to tune the system from the exceptional concentric ring to the PT -symmetric phase

following the trajectory of the blue line in Figure 4.4a. When the out-of-plane angle is

fixed at 18◦ towards the M-Point and the MgF2 spacer is 400 nm thick, the system is in the

exceptional concentric ring phase with the degenerate modes observable at 4250 cm=1 and

the upper and lower sheets at 4700 cm=1 and 3660 cm=1 respectively. As the MgF2 thickness

is reduced below 165 nm, the system passes through the exceptional point transitioning from
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Figure 4.4 : a) Eigenvalue spectrum for the analytical model Hamiltonian with lines denoting
the effect of sweeping angle of thermal emission (κθ) and photonic-plasmonic (κh) shown with
a red line and blue line respectively. Full-wave simulations of thermal emission for the hybrid
plasmonic-photonic coupled resonator system tuning b) angle of thermal emission towards
the M-Point and c) MgF2 spacer layer thickness to tune the system from the exceptional
concentric ring to the PT -symmetric phase.

the exceptional concentric ring to PT -symmetric phase. As the MgF2 spacer is reduced

to zero thickness, the frequencies of the previously degenerate modes are 3790 cm=1 and
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Figure 4.5 : Peaks of thermal emission from full-wave simulations varying the out-of-plane
angle (θ) from 0◦ to 25◦ away from normal and full sweep of in-plane-angle 30◦ from the
Γ-point direction to the M-Point for a) 0 nm and b) 400 nm of MgF2. Thermal emission
spectra when the angle of emission is swept from the Γ-point towards c) M-point and d)
K-point when the MgF2 thickness is fixed at 400 nm.

4580 cm=1. Combined together, these thermal emission spectra from full-wave simulations

confirm that the physical model is consistent with the analytical Hamiltonian for the coupled

resonator system.
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In addition to sweeping the out-of-plane angle and dielectric spacer thickness, the in-

plane-angle can be used to tune the system. Figure 4.5 shows the locations for peaks of

thermal emission as the out-of-plane angle is swept from normal to 25◦, and the in-plane-

angle is swept from the M-Point to the K-Point. When there is no MgF2 present (Figure

4.5a), four sheets are observed for all angles indicating that the system is always in the

PT -symmetric phase. In comparison, when the MgF2 spacer is 400 nm (Figure 4.5b) the

system exhibits a strong dependence to in-plane and out-of-plane angle. When the out-

of-plane angle is nearly normal, four modes can be observed with the upper and lower

sheet at 4790 cm=1and 3920 cm=1, respectively and two middle modes at 4510 cm=1 and

4120 cm=1. When the increases to above 15◦ along the M-Point, the two middle modes

merge as the system transitions into a phase supporting an exceptional concentric ring.

Distinctly different behavior is observed if the in-plane-angle is fixed towards the K-Point,

where an avoided crossing is observed, indicating that the system never passes through the

exceptional concentric ring. Thermal emission spectra for sweeps towards the M-point and

K-point are shown in Figure 4.5c-d more clearly illustrating the sharp difference between the

two symmetry points.

The dependence on the in-plane angle provides an additional parameter to sweep to ensure

that the full-wave simulations and analytical model agree. Because the hexagonal lattice has

6-fold rotational symmetry, the two off Γ symmetry points can display very different coupling

and radiative damping rates. This can be thought of as the normalized coupling parameter

(κ
γ
) being tuned. Figure 4.6a shows the mode frequencies as the in-plane angle is tuned

for three cases. The first case is when the MgF2 spacer is 400 nm, and the angle of thermal

emission is 18◦ away from normal the in-plane angle is swept from the K-point to the M-Point

the system transitions between the PT -symmetric and exceptional concentric ring phases

as the normalized coupling parameter is tuned. This is equivalent to performing the small



75

a b
Fr

eq
ue

nc
y 

(c
m

-1
) 4100

4400

3400

4300

K M K
3400

4300

MgF2 - 400 nm, AOE - 18°

MgF2 - 400 nm, AOE - 8°

MgF2 - 0 nm, AOE - 18°

Exception
Concentric Ring

PT-Symmetric PT-Symmetric

PT-Symmetric

PT-Symmetric

0.2

0.5

0.02

0.03 κ
h
, κ

v
=0.2κ

h

κ
θ

0

R
e(
λ)

-0.8

0.8

(Angle of Emission) (MgF
2
 Spacer Thickness)
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Real eigenvalue components from the analytical model with lines representing the equivalent
trajectories from subfigure a.

trajectory represented by the red line in Figure 4.6b. By increasing the coupling between

the plasmonic and photonic modes (κh,κv) or decreasing the coupling between the horizontal

and vertical modes (κθ), the system can be pushed to regions where the system is always in

the PT -symmetric phase as the in-plane angle is swept. Figure 4.6a shows the peak tracking

when the angle of thermal emission is reduced to 8◦ which is equivalent to the trajectory of

the black line in Figure 4.6b. As the in-plane angle is varied, the system is always in the

PT -symmetric phase. Similarly, Figure 4.6a shows that when the MgF2 spacer is reduced

to 0 nm the system stays in the PT -symmetric phase as the in-plane angle is swept which is

equivalent to the blue line in Figure 4.6b.

We demonstrated a selective thermal emitter that has thermal emission with non-trivial
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topology. We proposed an analytical model for the hybrid photonic-plasmonic resonator

system, which displays non-trivial topology. We used a global, non-Hermitian topological

invariant capable of detecting exceptional concentric rings and find that for the analyti-

cal photonic-plasmonic resonator Hamiltonian V = −1 proving the system has non-trivial

topology and requiring that an exceptional concentric ring be present. We then performed

full-wave electromagnetic simulations to show that the physical system is consistent with

the analytical model; therefore, the sheets of degeneracy in thermal emission are exceptional

concentric rings with non-trivial topology.



77

Chapter 5

Iron Pyrite for Super Mossian Nanophotonics

Much public thinking follows a rut.

The same thing is true in science.

People get stuck and don’t look in

other directions.

Charles H. Townes

In Chapter 2, semiconductors were identified as ideal materials for thermophotovoltaics.

The advantages of semiconductors over other material platforms come from three major fac-

tors. First and foremost, the optical losses of semiconductors are tunable and much lower

when compared to commonly used refractory metals. Additionally, semiconductors can be

stable up to high-temperatures with minimal effects on optical losses. Finally, the fabrication

methods are well developed. In the analysis presented in Chapter 2, the high-temperature

optical properties of a representative direct (GaAs) and indirect (Si) band gap semicon-

ductors were analyzed. While the analysis demonstrated the potential for semiconductors,

it did not address the larger question of what makes a good semiconductor and what are

the performance limits of semiconductors. In this chapter, we exam the Moss rule, which

relates the index of refraction for semiconductors to band gaps, which is commonly stated

as n4 · Eg ≈ 95 eV . This empirical relationship only holds for semiconductors with similar

band structures, which is often omitted from literature. In this chapter, we will demonstrate

that this omission leads to significant underestimation of the potential indices of refraction

of semiconductors for nanophotonics. We will experimentally demonstrate this through the
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As the real component of refractive increases from Re(ε) = 14 to Re(ε) = 30 optical losses
below Im(ε) ≈ 10−3 lead to large scattering coefficients and high Q-factors. In comparison,
emission cross sections require optical losses above Im(ε) ≈ 10−2 to reach maximum values.

fabrication of a metamaterial using low loss iron pyrite (FeS2) with an index of refraction

ranging from 4.2 to 4.4 in the mid-infrared with an optical band gap of 1.03 eV.
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5.1 Ideal Semiconductors for Nanophotonics

Nanophotonics using high index dielectrics has opened pathways to engineer and control light

at the nanoscale. This control has enabled novel devices in the linear [126–128] and non-linear

regimes [129–131]. There are two primary pathways to increase the performance of dielectric

nanophotonic resonators. The first method is to design new optical resonances with higher

performance, such as recent advancements in designing toroidal [132] and broken symmetry

[129] resonators to reach large Q-factors. The second method to increase performance is

to find dielectric materials with larger refractive index values. To demonstrate this, the Q-

factors of a bound state in the continuum supercavity mode for isolated dielectric resonators

with varying dielectric constant can be compared. The supercavity mode is engineered by

overlapping the Mie-type and Fabry-Pérot type resonances [133]. As the dielectric constant

of the resonator is increased, the diameter and height of the resonator can be reduced to

keep the mode at a constant frequency. Through this process, the Q-factor has been shown

to be related to the dielectric constant by Q ≈ 0.1ε2.3 for the m = 1 mode [133]. Full-wave

simulations of scattering and emission cross-sections for super cavity resonators of several

dielectric constants are shown in Figure 5.1. To understand the role of optical losses, the

imaginary component of the dielectric constant was tuned. For all resonators, the peak

of emission required imaginary components of dielectric constant greater than 0.1. Large

scattering cross-sections were obtained when the imaginary component was below 1× 10=2

showing, that even with large optical losses, the Q-factor is not limited by optical losses.

Thus super-linear scaling demonstrates the potential higher refractive indices to improve

device performance. This opens up the question for what are the limits for the index of

refraction. While there have been demonstrations of nanophotonics with ultrahigh index

materials, there has been no comprehensive study of ultimate limits for this approach. For

example, Te resonators were demonstrated, which have a refractive index of 5.3 at 10µm,
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but a band gap of only 0.33 eV which limits Te to long wavelengths [128].

A common empirical rule relating the band gap was first developed by Moss, which

found that the band gap and refractive index are related through n4 · Eg ≈ Constant with

a phenomenological constant of 95 eV [134]. A quasi-classical derivation of the Moss rule

was performed by Finkenrath that showed the constant depends on the band structure of

the materials, and materials with similar band structures share a constant [13]. Despite

this, the Moss rule is routinely referred to as n4 · Eg ≈ 95 eV in literature [135]. This

greatly underestimates the potential refractive indices achievable at a given band gap. The

refractive index for a wide range of materials is shown in Figure 5.2a. When normalized the

common form of the Moss rule, Figure 5.2b, it can be seen that some materials are capable

of outperforming the Moss rule by over 40%. There has been some work searching for super

Mossian materials that focused on oxides and did not search for a physical explanation of

how to make super Mossian materials [136].

5.2 Prospective Super Mossian Materials

To search for super Mossian materials, a database of 1,056 compounds with dielectric con-

stants computed by density functional perturbation theory created by Petousis et al. was

used as the dielectric constant reference [10, 11]. The database was searched for materials

with band gaps in three range: 0.5 eV±0.125 eV, 0.75 eV±0.125 eV, and 1 eV±0.125 eV. The

material with the highest refractive indices in these regions was chosen as likely candidates.

From this search, Ge2Te5As2, PtO2, and TiCoSb are all likely candidates. These materi-

als are all extremely super Mossian, exceeding the performance estimate from the common

form of the Moss rule by 124%, 33%, and 47%, respectively. In addition to these materials,

iron pyrite was chosen as a potential material due to the experimentally known band gap

(Eg = 0.96 eV) and high refractive index (n =4.6) [137, 138]. To understand the origins
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conventional form of the Moss rule showing the potential for super Mossian optical materials.

of super Mossian behavior of the prospective materials, the electronic band structures and

electronic density of states were obtained from the Materials Project using PyMatGen and

the Materials Project API [7–9]. Figure 5.3 shows the band structure and density of states

for the prospective materials. It should be noted that the band gap from the electronic band

structure for FeS2 is 0.46 eV, which is well below the experimental value of 0.96 eV. This

occurs due to the fact that semi-local density functional theory can strongly underpredict

the electronic band gap [9]. From the electronic density of states, all the materials have

a large density of states leading to strong interband transitions. In the case of FeS2, the

large density of states from the t2g band just below the Fermi level and p-admixture of the

e∗g state leading to a strong interband transition. From the semi-classical derivation of the

Moss rule Finkenrath, the full derivation is presented in Section 5.4, the expanded Moss

rule can be written as Equation 5.1. The contribution to the constant ψ can be separated
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into two components, the first from parabolic interband transitions ψ1 and the second from

non-parabolic interband transitions ψ2.
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(ε∞ − 1)2 · Eg1 = ψ2 · 88eV (5.1)

ψ = ψ1 + ψ2 (5.2)

ψ1 =
v′∑
v=1

φv

(
mrv

mo

)3/2(
Eg1
Egv

)1/2

·

√arctan

(
Eu
Egv
− 1

)
−

√
Eu
Egv
− 1

Eu
Egv

 (5.3)

ψ2 = 0.068 ·
(
Eg1
eV

)1/2

·
∫ ∞
Eu

ε′′

~ωr
d(~ωr) (5.4)

The parameters to determine the dielectric constant for iron pyrite and three traditional

semiconductors using the full version of the Moss rule are shown in Table 5.2. From this, it

is clear that the strength of the parabolic and non-parabolic interband transitions are the

origins of the large refractive index for iron pyrite. Using this heuristic, it may be possible

to identify many more super Mossian materials.
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5.3 Iron Pyrite is an Ideal Material Platform for Nanophotonics

Based on the analysis of potential super Mossian materials presented in Section 5.2, it

is apparent that there are many potential super Mossian materials with a wide range of

electronic band gaps. We selected iron pyrite as an ideal material to demonstrate super

Mossian nanophotonics for three reasons. First, the combination of band gap (Eg = 0.96 eV)

and high dielectric constant (ε∞ = 21) makes iron pyrite an attractive material to replace

silicon (Eg = 1.1 eV, ε∞ = 11.6) in near-IR and mid-IR nanophotonics. Secondly, iron pyrite

has been studied extensively as a low-cost material for photovoltaic and catalytic applications

[137,138]. The interest in iron pyrite as a photovoltaic material originates from the extremely

large absorption coefficient in the visible with α ≥ 1× 105 cm=1 [137]. This large optical

absorption in the visible and ultraviolet is what helps to make iron pyrite an ideal super

Mossian material. Because of the large interest in iron pyrite for photovoltaic applications,

a wide range of synthesis methods have been developed and characterized. These methods

include sulfurization [139–141], reactive sputtering [142], atomic layer deposition [143], and

chemical vapor transport [137]. Despite the large interest in iron pyrite for photovoltaic

and catalytic applications, little work has been done studying the infrared properties of

iron pyrite. The majority of studies of the infrared optical properties of FeS2 focused on

single crystals that were naturally formed [144] or chemical vapor transport [137]. These

studies noted the high index of refraction of iron pyrite, but there were no follow-up studies

that attempted to use FeS2 as a material for nanophotonics. Here, we present the first

experimental demonstration of an iron pyrite metamaterial operating at a wavelength of

3 µm.
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Table 5.1 : Comparison of the contributions to ε∞ for InSb, Ge, PbS, and iron pyrite.
Parameters for InSb, Ge, and Pbs are from Ref. [13]. Parameters for iron pyrite were
obtained from Ref. [14].

InSb Ge PbS FeS2

Eg1 (eV) 0.18 0.798 0.41 0.95

Eu (eV) 0.8 1.3 1.6 2

v’ 2 3 4 1

Eg2 (eV) 0.18 0.798 1.6 -

Eg3 (eV) - 1.08 1.6 -

Eg4 (eV) - - 1.6 -∑v′

1 φv(mrv/mo)
3/2 0.113 0.163 0.88 3.12

ψ1 0.0745 0.028 0.54 0.938∫∞
Eu
ε′′/ωrdωr 20.04 23.6 12 16.1

ψ2 0.578 1.434 0.522 1.07

ψ 0.653 1.462 1.062 2.17

ψ2 · 88eV (eV) 37.5 188 99.3 353

ε∞ (Full Moss Rule) 15.5 16.3 16.6 20.3

ε∞ (Experimental) 15.7 16 16.9 21.2
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5.3.1 Fabrication of IR Optical Grade FeS2

While there are many methods to synthesize iron pyrite thin films, sulfurization is com-

monly used due to the ease of synthesis. In sulfurization, a precursor film is deposited onto

a substrate. Commonly used precursor films are iron [145] and iron oxide [141, 146–148].

The precursor film is then exposed to a sulfur-containing atmosphere at high temperatures,

which converts the precursor film to iron pyrite. From the iron-sulfur phase diagram shown

in Figure 5.4, there is a large temperature range where iron pyrite is stable, enabling sulfur-

ization to occur. In addition, to iron pyrite additional iron sulfide phases can also be stable.

The stability of these phases is important to consider when synthesizing iron pyrite since

FeS2 has two stable allotropes, iron pyrite (P-FeS2) and marcasite (M-FeS2). The crystal

structures for iron pyrite, Pa3, and marcasite, Pnnm, are shown in Figure 5.5. The presence

of marcasite phase impurities can occur when using iron or iron oxide precursor films for sul-

furization. For iron precursor films marcasite is formed at temperatures above 800 ◦C [149],

while for iron oxide precursor films marcasite is formed at sulfurization temperatures be-

low 450 ◦C [150]. Additional potential impurities include sulfur vacancies and compounds

formed by partial sulfurization, such as Fe-O-S [150,151]. In addition to potential impurity

phases, the final surface roughness and film adhesion properties need to be considered when

synthesizing iron pyrite films for nanophotonics.

Based on these considerations, we designed a two-step sulfurization process, shown in

Figure 5.6, to convert sputtered α-Fe2O3 into phase pure iron pyrite films. Iron pyrite

thin films were fabricated through sulfurization of α-Fe2O3 thin films deposited on C-plane

(0001) Al2O3 wafers using reactive DC sputtering. Sapphire wafers were chosen as substrates

because of the high-temperature stability and high transmission in the mid-infrared up to

5 µm. A full description of the sputtering process is described in Section 5.4.2. The α-Fe2O3

were sealed under vacuum in a quartz ampule with sulfur powder. The first sulfurization
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a b

Figure 5.5 : Crystal structures for a) iron pyrite and b) marcasite.

step is a long, low temperature (350 ◦C) sulfur drive-in process that allows sulfur to diffuse

throughout the thin film. The time of the drive-in step is determined by the α-Fe2O3 film
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thickness. During the step, marcasite and Fe-O-S are formed in addition to iron pyrite.

Because of this, a second high-temperature step (450 ◦C) is used to convert marcasite and

Fe-O-S, creating a phase pure iron pyrite thin film. To prevent a significant increase surface

roughness, the phase conversion step is limited to 30 minutes. After the sulfurization process,

smooth thin films of iron pyrite were produced.

An optical image of the α-Fe2O3 deposited on sapphire by reactive sputtering is shown in

Figure 5.7a. The quality of the sputtered film was characterized using Raman spectroscopy

and spectroscopic ellipsometry. Raman spectroscopy performed using a 532 nm laser for

excitation is presented in Figure 5.7b. The observed Raman mode locations are consistent

with values reported in the literature for α-Fe2O3 [152]. Variable angle spectroscopic ellip-

sometry was performed, resulting in the recovered optical constants shown in Figure 5.7c.
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Figure 5.7 : a) Optical image of α-Fe2O3 thin film deposited by reactive sputtering. b)
Raman spectrum of sputtered α-Fe2O3 film using 532 nm illumination with Raman modes
for hematite labeled. c) Optical constants from α-Fe2O3 recovered using variable angle
spectroscopic ellipsometry. d) Tauc plot for sputtered α-Fe2O3 assuming an indirect band
gap which results in an optical band gap of 1.9 eV.

The optical constants were used to obtain the optical band gap using the Tauc method with

the assumption of an indirect allowed band gap (α ·hν)1/2 = B(hν−Eg). The Tauc plot for

the synthesized film is shown in Figure 5.7d. From the Tauc plot, an indirect band gap of
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1.9 eV is obtained, which matches previous reports for DC sputtered α-Fe2O3 [153]. Com-

bined together, these measurements demonstrate that the deposited precursor film for iron

pyrite synthesis is high quality α-Fe2O3.

Through the two-step sulfurization process, large area iron pyrite films were formed

that were optically smooth. An optical image of a fabricated film is presented in Figure

5.8a. To characterize the morphology of the synthesized film, cross-sectional imaging was

performed using scanning electron microscopy. A representative image is shown in Figure

5.8b. From this image, two aspects of morphology can be observed. First, the grain sizes

of the synthesized film are on the order of 100 nm. The second and related aspect is that

the surface roughness is determined by the grain size of iron pyrite. The size of the grains

is controlled by the time and temperature of the phase conversion step in sulfurization.

Experiments were performed with hold times greater than 30 minutes and temperatures

above 450 ◦C, resulting in optically rough films with significant diffuse scattering. Because

of this, the phase conversion step was fixed at 30 minutes and 450 ◦C. To ensure that the film

is phase pure, Raman spectroscopy was performed. From the Raman spectrum, Figure 5.8c,

three clear modes are observable at 343 cm=1, 379 cm=1, 430 cm=1 which can be attributed to

the Eg, Ag, and Tg modes of iron pyrite. The observed mode frequencies agree well with values

reported in literature [154,155]. Because of the extremely large absorption coefficient of iron

pyrite, Raman spectroscopy only probes the topmost portion of the film. Because of this,

a depth for atomic concentration depth profiles for iron, sulfur, and oxygen was performed

using X-ray photoelectron spectroscopy (XPS). The atomic concentration profiles, shown

in Figure 5.8d, show that iron and sulfur have uniform concentration throughout the film.

Based on these characterization methods, the two-step sulfurization process produced phase

pure iron pyrite films.

Characterization of the optical properties of iron pyrite films in the UV, visible, and
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Figure 5.8 : a) Optical image of synthesized iron pyrite thin film on C-plane (0001) Al2O3

wafer. b) Cross-sectional scanning electron microscopy (SEM) image of synthesized iron
pyrite thin film on an Al2O3 wafer. c) Raman spectrum of iron pyrite thin film using
532 nm illumination. All three observable modes belong to iron pyrite, with no evidence
of marcasite or iron oxide phase impurities. d) Atomic concentration depth profile from
X-ray photoelectron spectroscopy (XPS) displaying uniform concentration throughout the
iron pyrite layer with low oxygen impurity concentration.

near-infrared was performed through variable angle spectroscopic ellipsometry. Experimental

measurements of Ψ and ∆ from 194 nm to 1687 nm are shown in Figure 5.9. To recover the
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Figure 5.9 : Spectroscopic ellipsometry a) Ψ and b) ∆ for a 460 nm thick iron pyrite film.
c) Optical constants for the iron pyrite thin film recovered from spectroscopic ellipsometry.
d) Absorption coefficient of the iron pyrite from spectroscopic ellipsometry. The absorption
coefficient can be used to determine the optical band gap assuming an allowed indirect band
gap resulting in a band gap of 1.03 eV.

optical constants, the film was modeled by a general oscillator model with a background

index and seven excitonic critical points with parabolic bands (CPPB), with forms given

by Equation 5.5. In addition to the background index, the oscillator amplitude (An), phase
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(φn), energy (En), and damping (Γn) were used as optimization parameters.

εn(E) =
AnΓne

iφn

2En − 2E − iΓn
(5.5)

The recovered optical constants for the iron pyrite thin film are shown in Figure 5.9c.

From the real component of the dielectric constant, it is immediately apparent that the

synthesized iron pyrite is a high index dielectric material. The recovered optical constants

agree well with previous reports of ellipsometry on single crystal, natural iron pyrite [14,156].

The real dielectric component reaches a maximum of 40.7 at 874 nm while the imaginary

component reaches a maximum of 33.3 at 836 nm. As the wavelength is increased through

the near-infrared, the real and imaginary components reach 20.5 and 0.14 at 1687 nm. The

absorption coefficient spectrum from the recovered optical constants for the iron pyrite film

is shown in Figure 5.9d. As expected, at energy ranges above the band gap (>1.28 eV)

strong optical absorption is observed (>1× 105 cm=1). Using the absorption coefficient,

the optical band gap can be determined from using the Tauc method and assuming an

allowed indirect band gap, which results in an optical band gap of 1.03 eV. This value is

larger than those reported in the literature, which is usually around 0.96 eV. There are

two potential causes of the larger band gap value: oxygen doping or strain in the film

caused by sulfurization [157, 158]. Regardless of the origin of the increased band gap from

the spectroscopic measurements, the film is clearly super Mossian with an experimental

refractive index of 4.53 at 1687 nm with an optical band gap of 1.03 eV which surpasses the

common form of the Moss rule by 44%.

Optical characterization of the fabricated iron pyrite films in the mid-infrared was per-

formed by performing specular reflectance measurements using Fourier-transform infrared

(FTIR) spectroscopy. The incident light was s-polarized with an angle of incidence of

55◦. The experimental reflectance for a 460 nm thick iron pyrite film is shown in Figure
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Figure 5.10 : a) Experimental specular reflectance measurement for a 460 nm thick iron
pyrite thin film performed by FTIR reflectometry using s-polarized light with an angle of
incidence of 55◦. Optical constants were recovered by reflectometry using a lossy Sellmeier
model. Teal squares show the calculated reflectance spectrum from the recovered optical
constants. Optical constants were only recovered between 1500 nm and 5000 nm to avoid the
effects of the band gap and Drude term from free carriers in iron pyrite. b) Optical constants
for iron pyrite recovered from reflectometry. The band gap of the Urbach absorption tail
term is 1.01 eV

5.10a. From the reflectance spectrum, it is immediately apparent from the strong interfer-

ence fringes from Fabry-Pérot resonances that the film is a high index dielectric as expected.

At wavelengths below 2000 nm, the amplitude of the resonances decreases due to an ab-

sorption tail from the band gap. At wavelengths above 5000 nm, the reflectance starts to

plateau at 0.9. This can be attributed to a Drude term that occurs because of the high

doping density. Both synthetic and natural iron pyrite can have carrier densities greater

than 3× 1018 cm=3 [155, 156, 159]. Because of this, optical constants were only recovered in

the range from 1500 nm to 5000 nm. To recover optical constants, the real component of the

index of refraction was a Sellmeier model with two terms shown in Equation 5.6. To account

for the optical losses, the imaginary refractive index component was treated as an Urbach
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absorption tail term and a constant, as shown in Equation 5.7.

n2 = 1 +
Aλ2

λ2 −B2
+

Cλ2

λ2 −D2
(5.6)

k = E · e
1240 nm·eV

(λ nm)
−Eg

F +G (5.7)

To recover the optical constants, reflectance spectra were calculated using the transfer

matrix with a modeled index of refraction profile. The free parameters were optimized to

minimize the mean squared error. The reflectance spectrum from the fitted optical constants,

shown in Figure 5.10a, agrees well with the experimental measurement. The recovered optical

constants, Figure 5.10b, show that the iron pyrite is a relatively low loss, high index dielectric

in the mid-infrared. At 1685 nm the real and imaginary dielectric components are 20.14 and

0.54 respectively. The real component’s value is consistent with the measurement from

spectroscopic ellipsometry with less than a 2% difference. The larger discrepancy between

the imaginary components can be attributed to the fact that the transfer matrix ignores

diffuse scattering due to surface roughness. As the wavelength increases to 5000 nm the real

component drops to 17.2 while the imaginary component decreases to 0.44. These infrared

reflectance measurements show that iron pyrite is a low loss, high index dielectric in the

mid-infrared.

A mid-infrared metamaterial was fabricated using patterned iron pyrite nanophotonic

resonators. The resonators were fabricated by patterning the α-Fe2O3 precursor layer using

electron beam lithography with a standard lift-off technique to pattern the precursor into

1000 nm discs in a hexagonal array with a periodicity of 2µm. The patterned precursor film

was then sulfurized using the same two-step sulfurization process as the planar films. A

scanning electron microscopy image of the fabricated iron pyrite resonators is presented in

Figure 5.11a. From the image, sulfurization of α-Fe2O3 discs resulted in truncated cones
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Figure 5.11 : a) Scanning electron image of fabricated iron pyrite metamaterial. The meta-
material was made of truncated cone resonators in a hexagonal lattice with a periodicity of
2 µm. The truncated cones were 380 nm tall with 1080 nm bottom diameters and 820 nm top
diameters. b) Experimental reflectance , normalized to the Al2O3 substrate, of iron pyrite
metamaterial with a resonance peak at 3300 nm. c) Calculated reflectance spectrum calcu-
lated from full-wave electromagnetic simulations using FDTD. The reflectance peak occurs
at 3200 nm. d) Electric field profile cross-section in a plane parallel to the array. The plane
crosses through the iron pyrite resonator at half the maximum height. From the electric field
profile at 3200 nm, the resonance can be attributed to an electric dipole mode.
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380 nm tall with 1080 nm bottom diameters and 820 nm top diameters. Reflectance mea-

surements were performed using an FTIR microscope with a refractive objective. Figure

5.11b presents the reflectance spectrum for the iron pyrite metamaterial with a resonance

peak at 3300 nm. As a comparison, full-wave electromagnetic simulations were performed by

finite-difference time-domain (FDTD) using the measured mid-infrared optical properties.

The calculated reflectance spectrum is presented in Figure 5.11c, which shows a resonance

peak at 3200 nm. Comparing the measured and calculated spectra, the peak locations are

in good agreement with a difference of only 3%. In comparison, the peak amplitudes differ

by almost a factor of two. This difference can be attributed to the morphological differences

since the experimental resonators have a large surface roughness that leads to a decreased

resonance amplitude. Additionally, the electric field profile at 3200 nm was calculated to

determine the resonance origin. The electric field profile in a plane parallel to the resonance

array that passes through the middle of the iron pirate resonators is shown in Figure 5.11d.

From the field profile, it is clear that the resonance arises from an electric dipole mode.

In conclusion, we have presented the first demonstration of iron pyrite as a high index

dielectric material for nanophotonics in the mid-infrared. This demonstration was done in

the context of the common form of the Moss rule, n4 · Eg ≈ 95 eV . Based on this rule, the

demonstrated iron pyrite resonators have an index 4.37 at the resonance with a band gap

of 1.03 eV, which surpasses the performance predicted from the common form of the Moss

rule by 39%. While this performance is extraordinary, there is still the potential to discover

higher-performing super Mossian materials with the heuristics identified by this work.
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5.4 Supplementary Information

5.4.1 Derivation of Moss Rule

The following is a semi-classical derivation of the Moss by Finkenrath [13]. The complex

dielectric constant, ε = ε′ + ε′′ · i, can be modeled as a series of damped oscillators. The

resonance frequency of the oscillator is given by ωrj with the number of oscillators Nrj each

with with oscillator strength φj and damping τj. The equations for ε′ and ε′′ are shown in

Equations 5.8 and 5.9.

ε′ = 1 +
e2

ε0mo

∑
j

φj
(ω2

rj − ω2) ·Nrj

(ω2
rj − ω2)2 + (ω/τj)2

(5.8)

ε′′ =
e2ω

ε0mo

∑
j

φj
Nrj

τj · [(ω2
rj − ω2)2 + (ω/τj)2]

(5.9)

The contributions to ε∞ between the parabolic and non-parabolic regions can be written

using Equations 5.10-5.12.

ε∞ = 1 + A


v′∑
v=1

φv

(
mrv

mo

)3/2

E−1/2gv ·

√arctan

(
Eu
Egv
− 1

)
−

√
Eu
Egv
− 1

Eu
Egv

+B ·
∫ ∞
Eu

ε′′

~ωr
d(~ωr)


(5.10)

A =
(2mo)

1/2e2

π2~ε0
= 9.38(eV )1/2

(5.11)

B =
2

π · A
= 0.068(eV )−1/2

(5.12)

This can be simplified to an equation representing the common form of Moss’s rule shown

in Equations 5.13-5.16.
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(ε∞ − 1)2 · Eg1 = ψ2 · 88eV (5.13)

ψ = ψ1 + ψ2 (5.14)

ψ1 =
v′∑
v=1

φv

(
mrv

mo

)3/2(
Eg1
Egv

)1/2

·

√arctan

(
Eu
Egv
− 1

)
−

√
Eu
Egv
− 1

Eu
Egv

 (5.15)

ψ2 = 0.068 ·
(
Eg1
eV

)1/2

·
∫ ∞
Eu

ε′′

~ωr
d(~ωr) (5.16)

5.4.2 Reactive Sputtering of α-Fe2O3

C-plane (0001) Al2O3 wafers were cleaned using a standard three-step organic solvent clean-

ing process of sonication in acetone, methanol, and isopropyl alcohol for 5 minutes each. The

cleaned wafers were blown dry using an N2 air gun. The α-Fe2O3 thin films were sputtered

using reactive DC sputtering at a working pressure of 2 mTorr. A mixture of Ar (42 sccm)

and O2 (12 sccm) was used as the working gas. A pure iron target was used as the source

with a DC plasma power of 150 W. For every 20 minutes of deposition of α-Fe2O3, a clean

cycle was performed for 3 minutes. During the clean cycle, only Ar (42 sccm) was used as

the working gas with a pressure of 5 mTorr and DC plasma power of 150 W.

5.4.3 Ampule Growth of Iron Pyrite from α-Fe2O3

Iron pyrite films were fabricated through sulfurization in sealed quartz ampules. The pre-

cursor film was placed in an ampule with one end open. The neck of the quartz ampule

was narrowed using an oxygen-hydrogen torch with the ampule exposed to the atmosphere.

After narrowing the ampule’s neck, 50 mg of sulfur was placed in the quartz ampule. The

ampule was connected to a rotary-vein mechanical roughing pump to pump the ampule to

a vacuum with base pressures below 50 mTorr. The ampule was then purged with 99.999%
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pure argon gas. The pump and purge cycles were completed two more times. After pumping

down the ampule one final time, the ampule was sealed using an oxygen-hydrogen torch.

After sealing, sulfurization was carried out in a tube furnace.
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Chapter 6

Aligned Carbon Nanotube Films for Naturally

Hyperbolic Selective Thermal Emitters

The optimist thinks this is the best of

all possible worlds, and the pessimist

knows it is.

J. Robert Oppenheimer

This work was originally published in ACS Photonics ; it is reproduced here in a modified

form with permission [160].

6.1 Macroscopically Aligned Carbon Nanotubes as a Refractory

Platform for Hyperbolic Thermal Emitters

Nanophotonic thermal emitters with large photonic density of states (PDOS) have the po-

tential to significantly enhance the efficiency of radiative cooling and waste heat recovery.

Because of their nearly infinite PDOS, refractory hyperbolic materials make a promising

material platform for thermal emitters. However, it is challenging to achieve a prominent

PDOS in existing refractory hyperbolic materials, especially in a broad bandwidth. Here, we

demonstrate macroscopically aligned carbon nanotubes as an excellent refractory material

platform for hyperbolic nanophotonic devices. Aligned carbon nanotubes are thermally sta-

ble up to 1600 ◦C and exhibit extreme anisotropy — metallic in one direction and insulating

in the other two directions. Such extreme anisotropy results in an exceptionally large PDOS
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over a broadband spectrum range (longer than 4.3µm) in the mid-infrared, manifesting as

strong resonances in deeply sub-wavelength-sized cavities. We demonstrate polarized, spec-

trally selective thermal emission from aligned carbon nanotube films and indefinite cavities

of volume as small as ∼ λ3/700 operating at 700 ◦C. These experiments suggest that aligned

carbon nanotubes enhance PDOS and hence also thermal photon density by over two orders

of magnitude, making them a promising refractory nanophotonics platform.

Refractory nanophotonics, or nanophotonics at high temperatures, can revolutionize

many applications, including novel infrared sources [161–167], ultrahigh density data stor-

age [168, 169], innovative chemical sensing techniques [170, 171], and waste heat recov-

ery [172–175]. For example, thermophotovoltaic energy conversion, useful for waste heat

recovery, can be significantly more efficient with mid-infrared refractory nanophotonic de-

vices [172–175]. Given that the waste heat accounts for 67% of all energy used in direct

energy production in the United States [176] alone, refractory nanophotonics can change the

landscape of future energy technology. In particular, refractory nanophotonic devices with

huge photonic density of states (PDOS) show great potential for significantly enhancing the

efficiency of thermophotovoltaic devices. [177–187] Although natural hyperbolic materials

are better in terms of PDOS enhancement than artificial ones, the state-of-the-art refrac-

tory hyperbolic material choices suffer from narrow bandwidth and lack of short infrared

operation. For example, thermally stable hexagonal form boron nitride (h-BN) and silicon

carbide can support hyperbolic dispersions, but only in narrow ranges in 6-12 µm spectral

window [187–191]. Layered graphite possesses hyperbolic dispersions in either ultraviolet

range or long infrared wavelength range (> 10µm). Cuprates and ruthenates [192] sup-

porting broadband hyperbolic dispersions face nanofabrication challenges, and it is not clear

whether or not these are refractory materials. Addressing the lack of good refractory hyper-

bolic materials, we demonstrate aligned films of single-wall carbon nanotubes (SWCNTs)



103

as an ideal broadband natural hyperbolic refractory material platform for thermal radiation

engineering across the mid-infrared.

SWCNTs are one-dimensional materials possessing unique properties, and hence are

promising for applications including nanoelectronics and optoelectronics [193–195]. In partic-

ular, the strong quantum confinement results in extremely anisotropic electronic, optical [196]

and thermal properties [197], making them exceptional for thermal radiation engineering.

To preserve these extraordinary properties at nanoscale in large-scale device applications

requires a fabrication technique of producing ensembles of SWCNTs with macroscopic align-

ment, high packing density, controllable metallicity and chirality, and compatibility with

facile nano/micromanufacturing, but it had been a grand challenge of developing successful

methods. Recently, we developed a versatile vacuum filtration technique to prepare such

aligned SWCNT films [198], paving the way for highly anisotropic thermal emitters.

A closely packed bundle of aligned metallic or doped semiconducting SWCNTs can be

described as a uniaxial anisotropic medium with effective permittivities ε‖ and ε⊥ along

the tube axis and in the perpendicular plane, respectively. The conductivity due to free

carriers along the nanotubes causes a metallic optical response, leading to Re(ε‖) < 0. In

contrast, the nanotubes are insulating in the perpendicular plane, leading to Re(ε⊥) > 0.

This extreme anisotropy leads to a broadband hyperbolic dispersion, which spans a majority

of the mid-infrared range, a significant portion of the spectrum of interest for selective

thermal emitters. The enhancement of PDOS in hyperbolic materials is limited by the

geometry of the material, i.e., the validity limit of the effective medium approximation

(|kmax · d| � 1) which depends on the highest momentum photons supported by the system

(kmax) and the characteristic periodicity (d) [181, 182, 199, 200]. However, because of the

extremely small diameters of SWCNTs (∼1 nm), highly aligned and densely packed SWCNT

films can support much higher k modes, enabling over 1000× enhancement in PDOS. The
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combination of hyperbolic dispersion and ultrahigh chemical stability up to 1600 ◦C [201]

make aligned SWCNTs a promising platform for mid-infrared refractory nanophotonics and

thermal radiation engineering [202].

Here, we report hyperbolic thermal emitters emitting spectrally selective and polarized

mid-infrared radiation with a 700 ◦C operating temperature. This novel emitter is based

on highly aligned and densely packed SWCNTs prepared through spontaneous alignment

that occurs during vacuum filtration [198]. In comparison to vertically aligned SWCNTs

grown by the chemical-vapor-deposition (CVD) method [203], our films have a significantly

higher packing density, sustain high temperatures, and are robust during nanofabrication.

We demonstrate that aligned SWCNT films have a hyperbolic dispersion at wavelengths

longer than 4.3µm (< 2335 cm−1) at 700 ◦C. In direct thermal emission measurements, we

observed strongly polarized and narrowband radiation from aligned SWCNT thin films orig-

inating from the Berreman modes excited near the epsilon-near-zero (ENZ) frequency. Fur-

thermore, we demonstrate propagating high-k photons in the hyperbolic medium, enabling

enhanced thermal emission in deep sub-wavelength cavities of volume ∼ λ3/700, where λ is

the resonance wavelength. The thermal emission is widely tunable in the mid-infrared range

by adjusting the dimensions of the aligned SWCNT structures.

In order to demonstrate unique optical and thermal radiation properties of the aligned

SWCNT structures, we measured their thermal emission and reflectivity at temperatures up

to 700 ◦C using a Fourier transform infrared (FTIR) spectrometer, equipped with a reflective

microscope and a heated vacuum stage (see Figure 6.1a). See Materials and Methods for

more details of the experimental setup. Macroscopically aligned, densely packed SWCNT

films were prepared by filtrating a well-dispersed SWCNT suspension through a 2-inch fil-

tration system [198,204]. The as-prepared films contained both metallic and semiconducting

nanotubes with an average diameter of 1.4 nm. The obtained films were well aligned and
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densely packed, as observed in the scanning electron micrograph of Figure 6.1b and the

cross-sectional transmission electron micrograph in the inset of Figure 6.1b. The SWCNT

films were transferred onto different substrates using a standard wet transfer technique [198].

We further fabricated indefinite cavities using electron beam lithography and reactive ion

etching. See Materials and Methods and Supplementary Figure 6.5 for the details of the wet

transfer and nanofabrication processes, and additional sample characterization data.

A room-temperature optical absorption spectrum for a densely packed aligned SWCNT

film in a broad spectral range is shown in Figure 6.1c, from terahertz (THz) to visible, ob-

tained using THz time-domain spectroscopy, FTIR, and visible-near-IR spectroscopy. The

optical absorption is strongly polarization dependent. When the polarization is perpendicu-

lar to the tube axis, the absorption is small and featureless. On the other hand, a prominent

absorption peak at ∼ 100 cm−1 is observed for the parallel polarization case arising from the

longitudinal plasmon resonance [205] in finite-length SWCNTs. Further, absorption peaks

in the near-infrared and visible ranges, arising from the first two interband transitions for

semiconducting tubes (E11 and E22) and the first interband transition for metallic tubes

(M11) are clearly observed in the parallel polarization case.

Wavelength-dependent dielectric constants of the SWCNT films in both directions (ε‖

and ε⊥) were extracted from reflectance measurements at room temperature and 700 ◦C.

The aligned SWCNT film was treated as anisotropic bulk optical medium using effective

medium theory. This effective medium accounted for disorder in the film and included the

contributions from both metallic and semiconducting nanotubes. A combination of Drude

and Lorentz oscillators [205] were used to retrieve the dielectric function in the parallel

direction, and a point-wise retrieval [206] was employed for the perpendicular case. The

robustness of the Drude-Lorentz model was verified by another retrieval technique based

on Kramers-Kronig transformation; see Section 6.3.1 and Figure 6.6. When the incident
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Figure 6.1 : a) Schematic diagram of the experimental setup for thermal emission and
reflectivity measurements at temperatures up to 700 ◦C. Samples were heated using a PID-
controlled resistive heater surrounded by ceramic spacers under high vacuum <1× 10=5 Torr.
A tantalum film was used to support samples and block the direct thermal emission from
the heater. A zinc selenide (ZnSe) window provides optical access for the light collection and
analysis using a microscope and a Fourier transform infrared (FTIR) spectrometer, respec-
tively. b) A scanning electron micrograph and a transmission electron micrograph (inset),
demonstrating a perfect alignment and high packing density. c) Polarization attenuation
spectra in a wide frequency range, from the THz/far-infrared range to the visible range, at
room temperature. d) The dielectric constants parallel and perpendicular to the SWCNT
alignment direction, with an ENZ frequency in the mid-infrared range.
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light polarization is perpendicular to alignment direction, SWCNTs are weakly absorbing

because of geometry-induced depolarization effect. Thus, their imaginary permittivity in the

perpendicular direction was assumed negligible at various temperatures; see Section 6.3.1 for

more details. At room temperature, the aligned SWCNT film have a hyperbolic dispersion

below 3300 cm−1 (> 3µm). The room temperature dielectric constants are reported in

Supplementary Figure 6.7c. At 700 ◦C, the extracted dielectric functions are very similar

to the room temperature measurements except for increased Drude damping and a slight

red-shift in the plasma frequency at 700 ◦C. The red-shift in the plasma frequency can be

attributed to high-temperature-induced dedoping [207]. However, the optical properties of

aligned SWCNTs remained stable under vacuum after dedoping during the first heating

cycle. Reflectivity measurements during heating cycles are discussed in Section 6.3.1 and

Figure 6.7.

Figure 6.1d shows the real and imaginary parts of the extracted ordinary and extraor-

dinary dielectric constants in both directions at 700 ◦C. The permittivity perpendicular to

the tube axis shows a low-loss dielectric behavior over the whole spectral range (Re(ε⊥)> 0,

Im(ε⊥)≈ 0), whereas the permittivity parallel to the tube axis is metallic (Re(ε‖) < 0) in the

mid-infrared with an ENZ frequency of about 2335 cm−1 (4.3µm). While the real permittivi-

ties have different signs in different directions for frequencies smaller than the ENZ frequency,

they are both positive for higher frequencies. The extreme anisotropy for frequencies smaller

than the ENZ frequency results in a hyperbolic dispersion or hyperboloid isofrequency sur-

face, an open surface with an unbounded surface area. The aligned SWCNT film supports

a hyperbolic dispersion below 2335 cm−1 (> 4.3µm) at 700 ◦C, covering a significant portion

of the region of interest for selective thermal emitters.

To demonstrate the hyperbolic behavior of aligned SWCNT films, we first character-

ized the thermal emission from continuous films. The frequency at which the dispersion
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goes from ellipsoidal to hyperbolic is the ENZ frequency (ωENZ), where we would expect

the maximum thermal emission from continuous, thin films [181]. The ωENZ peak origi-

nates from the impedance matching condition in the multilayer structure, leading to the

excitation of Berreman modes [208]. Thermal emission measurements of continuous, planar

films of aligned SWCNTs on tungsten substrates at 700 ◦C are shown in Figure 6.2. Figure

6.2a shows polarization-dependent thermal emission from two different SWCNT films with

thicknesses of 188 nm and 1.75µm, respectively. All emission spectra are normalized with

respect to the emission spectrum of the bare reference tungsten substrate with the emis-

sivity spectrum shown in Figure 6.8b. In the case of the thinner film (188 nm), we clearly

observe a prominent emission peak denoted as ωENZ in the parallel polarization, whereas no

such peak is observed in the perpendicular polarization. Since there is no ENZ point in the

perpendicular polarization, we do not see any enhanced thermal emission. The polarization

dependence of the thermal emission from the 188 nm-thick film is shown in Figure 6.2b. The

experimental data can be fit with a cos2 θ curve very well, which is also consistent with

the polarization-dependent absorptivity in aligned SWCNTs [209]. A contrast over three in

emission intensity is observed between the two orthogonal polarizations.

Figure 6.2c shows calculated emission spectra for various film thicknesses based on the

transfer matrix method (hot colormap mapping), and the ωENZ peak seen in experiments

(blue dots connected by a dashed line). As the SWCNT film thickness increases, ωENZ red-

shifts to asymptotically approach the ENZ frequency. Thicker films also support Fabry-Perot

resonances, leading to several dielectric peaks in both parallel and perpendicular polariza-

tions, as seen in Figures 6.2a and 2c. Thicker samples were fabricated via a manual stacking

technique developed recently (see Materials and Methods for more details) [204]. The exper-

imental ωENZ peak matches well with calculations. We clearly observe that ωENZ approaches

the ENZ frequency (white dashed line) when the film thickness increases, as shown in Figure
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Figure 6.2 : a) Relative emissivity of a 188-nm thick film and a 1.75-µm thick film on tung-
sten substrates, parallel and perpendicular to the SWCNT alignment direction, respectively.
The measurement was performed at 700 ◦C. The emission spectra were normalized to the
spectrum from a bare tungsten substrate with the emissivity spectrum shown in Figure 6.8b.
b) Polarization-dependent integrated emission signal over frequency for the 188-nm thick film
in polar coordinates. A cos2(θ) fitting matches the experimental data well. c) The calculated
emission spectra for various film thicknesses d. The experimental peak position of ωBerr. is
overlay as the blue dots connected by a dashed line. A clear asymptomatic approach as
thickness increases is observed. As film thickness increases, dielectric peaks also emerge.



110

6.2c. The increasing error bars for thicker films are from the cumulative thickness uncertainty

in the transfer process. Note that the influence of fabrication imperfections, including imper-

fect conformal transfer and small misalignment between layers, is expected to be negligible

on thermal emission because the standard deviation in the angle of alignment of SWCNT

films was found out to be less than two degrees [198]. The stacking technique can indeed

preserve alignment between layers very well and stack films consistently [204].

Extremely large PDOS for hyperbolic materials implies that the medium can support a

significantly larger number of thermal photons per unit volume than a blackbody. In other

words, a hyperbolic medium can support the same number of thermal photons as a blackbody

in a much smaller volume. However, not all of these thermal photons radiate out to far-

field because of momentum mismatch. Nanostructuring hyperbolic materials can resonantly

outcouple some of these photons and provide information about their momentum. Thus, ob-

serving resonances in far-field thermal emission from sub-wavelength cavities of hyperbolic

or indefinite materials allows probing the momentum of high-k thermal photons supported

by the medium [210, 211]. By experimentally measuring the momentum of high-k thermal

photons, a lower bound on kmax can be determined. From this lower bound, the PDOS

can be determined through ρ(ω) ≈ k3max [212]. Figure 6.3 summarizes finite-difference-time-

domain (FDTD) simulation results of SWCNT indefinite cavities. We considered a square

lattice of SWCNT indefinite cavities on a tungsten substrate with a 400-nm-thick Al2O3

spacer as shown in the schematic of Figure 6.3a. The 400-nm-thick Al2O3 spacer reduces

any plasmonic interaction between the cavities and the tungsten substrate. We included a

50-nm-thick SiO2 layer on top of SWCNTs, which served as an etch mask during fabrication.

The array period and the thickness of the SWCNT layer were fixed at 2.5µm and 500 nm,

respectively. The lengths of the cavity in directions parallel and perpendicular to the tube

axis are denoted by L‖ and L⊥, respectively. Invoking Kirchoff’s law, we calculated the
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emissivity spectra for various L‖ and L⊥ combinations. Figure 6.3b shows the calculated

emissivity relative to the tungsten substrate as a function of frequency for indefinite cavi-

ties with various L‖ and constant L⊥ at 1.05µm. An emissivity peak is observed only in

polarization parallel to the tube axis and originates from the hyperbolic resonance in the

deep sub-wavelength cavities. The resonance red-shifts with increasing L‖ as expected in

any plasmonic or photonic structures.

However, indefinite cavities differ from conventional plasmonic or photonic cavities in

that their resonance scales anomalously with L‖ and L⊥ [210,211] as demonstrated in Figure

6.3c. Here, we designed three cavities with different combinations of L‖ and L⊥ in such a

way that the emissivity peak occurs at the same frequency. The dimensions of the three

cavities chosen in Figure 6.3c are indicated in the parentheses as (L‖, L⊥) in µm. Note

that L‖, L⊥ scale the same way unlike in conventional cavities to keep the resonance at

the same position. Also, all of these cavities are deeply subwavelength and support the

same TM11 resonance. Figure 6.3d shows the resonant electric field (Ex) distribution for the

smallest cavity (see Supplementary Figure 6.9 for more data). Unlike plasmonic resonators,

the field inside an indefinite cavity is enhanced similar to a photonic resonance. Since the

optical losses that lead to thermal radiation are present primarily inside the cavity, the field

enhancement effectively leads to enhanced thermal radiation. The divergence of the Poynting

vector presented in Figures 6.9a-c shows the location where thermal emission originates.

We fabricated an array of indefinite cavities; false-color scanning electron micrographs are

shown in Figure 6.4a. The inset shows the SiO2 mask, 500-nm thick patterned CNT cavities,

and the 400-nm thick Al2O3 film on the tungsten substrate. Figure 6.4b shows measured

relative thermal emission spectra from indefinite cavities with a fixed L⊥ of 1.5µm and

three different values of L‖. The emissivity peaks red-shift with increasing L‖, in qualitative

agreement with the simulations results shown in Figure 6.3b. Increasing L⊥ while fixing L‖
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Figure 6.3 : a) Schematic diagram of a square lattice of indefinite cavities optimized for
selective thermal emission. A spacer is included to suppress the plasmonic interaction with
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the film thickness is d. All quantities are in µm. b) FDTD calculations of relative emissivity
for three cavities with tunable L‖ and fixed L⊥ = 1.05µm. c) FDTD calculations of relative
emissivity for three cavities tuned along the isofrequency contour. d) The electric field (Ex)
profile of the (0.56, 0.38) cavity at the peak emissivity.
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results in a blue-shift; see Section 6.3.3 and Figure 6.10.

By simultaneously changing L⊥ and L‖, we can maintain the resonance frequency at a

single frequency, as shown in Figure 6.4c. For all three different (L‖, L⊥) combinations,

the cavities emit resonantly at 2140 cm−1 (4.7µm). This emission peak is slightly blue-

shifted from the simulations and is also broader largely due to fabrication imperfections. By

tuning the dimensions of the cavities so that the resonances trace an isofrequency contour,

the dispersion of the SWCNT layer can be determined at this frequency. Figure 6.4d plots

the experimentally measured dispersion points on the isofrequency contour of the SWCNT

film calculated from the previously measured dielectric constants of the SWCNT film at

2140 cm−1. Here, k‖ is the wavevector component along the tube alignment direction (x-

axis), k⊥ is that perpendicular to the alignment direction in the film plane (y-axis), and k0

is the wavenumber in vacuum. The measured dispersion agrees well with the calculations,

confirming the existence of a hyperbolic dispersion behind the observed thermal emission

behaviors. Further, the observation of resonances in deep sub-wavelength sized cavities

proves that high-k waves supported in the SWCNT hyperbolic medium lead to significantly

high PDOS or density of thermal photons. The smallest cavity in which we observed a

resonance had a volume of ∼ λ3/700, corresponding with at least a 100× enhancement of

PDOS in SWCNT hyperbolic thermal emitters.

We demonstrated that aligned SWCNTs make an excellent material platform for re-

fractory nanophotonics in the mid-infrared. Our aligned SWCNT devices showed broadly

tunable, polarized, and spectrally selective hyperbolic thermal emitters operating at 700 ◦C.

While thin films of aligned SWCNTs exhibited enhanced thermal emission near their ENZ

frequency due to the excitation of Berreman modes, nanopatterned films showed geometry-

tunable spectrally-selective thermal emission arising from indefinite cavity resonances. These

resonances in deep sub-wavelength cavities allowed direct measurements of hyperbolic disper-
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Figure 6.4 : a) Representative false-color scanning electron micrographs of fabricated
SWCNT indefinite cavities. The inset describes a detailed structure of fabricated cavities.
b) Experimentally measured relative emissivity for three cavities with tunable L‖ and fixed
L⊥ = 1.5µm. The emission spectra were normalized to the spectrum from a bare tungsten
substrate with the emissivity spectrum shown in Figure 6.8b. c) Experimentally measured
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perbolic dispersion based on the dielectric constants at 2140 cm−1 from Figure 6.1d. k‖ is the
wavevector component along the tube alignment direction (x-axis), k⊥ is that perpendicular
to the alignment direction in the film plane (y-axis), and k0 is the wavevector in vacuum.
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sions in SWCNT films, proving the existence of propagating high-k waves and significantly

large PDOS. Photonic-like resonances in cavities of volume as small as λ3/700 showed that

the density of thermal photons in the SWCNT hyperbolic medium is greater than that in a

blackbody by at least 100×.

6.2 Methods

6.2.1 Thermal emission and reflectivity experimental setup

A Thermo Fisher Scientific Fourier transform infrared (FTIR) spectrometer, equipped with a

microscope and a customized high-vacuum PID-controlled heating element, was used to mea-

sure the thermal emission and reflectivity of aligned SWCNT structures. The microscope has

a reflective infrared objective, with NA = 0.24 (corresponding to a collection angle ∼ 14◦)

and aperture size 300µm × 300µm. A zinc selenide (ZnSe) window with anti-reflection

coating was mounted on the heating stage for the light collection in the whole mid-infrared

region, from 1000 cm−1 to 7000 cm−1. The heating element consists of a resistive heater

surrounded by ceramic spacers. A tantalum film was used to support samples and block the

direct thermal emission from the heater. The heating element was kept at target temper-

atures for at least 30 minutes to reach thermal equilibrium before any measurements. All

experiments were performed under high vacuum < 6.10−5 Torr. Absolute emissivity calibra-

tion was performed by measuring thermal emission from a reference tungsten substrate. The

high temperature emission spectrum of tungsten was determined through high temperature

reflectance measurements shown in Figure 6.8a.
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6.2.2 SWNCT sample preparation and indefinite cavity fabrication

Arc-discharge P2-SWCNTs with an average diameter 1.4 nm were purchased from Carbon

Solutions, Inc. 20 mL 0.5% (wt./vol.) sodium deoxycholate (DOC, Sigma-Aldrich) was used

to disperse 8 mg P2-SWCNTs. A tip sonicator was used to homogenize the suspension for

45 minutes, and the obtained suspension was ultracentrifuged for 1.5 hours at 38000 rpm to

remove undispersed large bundles and impurities. Well-dispersed supernatant was collected,

and then diluted to reduce the surfactant concentration below the critical michelle concen-

tration (CMC) of DOC, which is considered to be a necessary condition for spontaneous

alignment. The diluted suspension was then poured into a 2-inch vacuum filtration system

to have a uniform, aligned, and densely packed SWCNT film. The obtained film can be

transferred to various substrates, by dissolving the filter membrane in chloroform and then

rinsing the sample in acetone [198]. Furthermore, multiple thin aligned films were stacked

to have a thicker film by manually transferring several pieces onto the substrate one by one,

while preserving the alignment direction [204].

A 400-nm thick film of Al2O3 was deposited onto a tungsten substrate in an reaction

of trimethylaluminum and water using an atomic layer deposition system. A thick film of

aligned SWCNTs was transferred onto the Al2O3 film using the aforementioned stacking

process. A 50-nm thick film of SiO2 was deposited onto the stacked SWCNT film as a hard

mask, using an ultrahigh vacuum DC sputtering system. This hard mask aims to increase the

dry etching selectivity for SWCNT patterning. We used standard electron beam lithography

to define large-area patterns. A SU-8 positive lithography resist was deposited, following the

coating of a thin layer of Omnicoat for easy lift-off. The patterns were first transferred onto

the SiO2 hard mask using a sulfur hexafluoride (SF6) based reactive ion etching (RIE), and

the SU-8 resist was removed using PG remover. Finally, a pure oxygen RIE was performed

to transfer the patterns onto SWCNTs to form indefinite cavities.
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6.3 Supplementary Information

6.3.1 Extraction of dielectric constants and stability of aligned SWCNTs at

700 ◦C

A 110-nm thick film of aligned SWCNTs was transferred onto a CaF2 substrate for reflectance

measurements. We used a Bruker Multimode 8 atomic force microscope (AFM) to determine

the thickness of CNT films. Figure 6.5 demonstrates an AFM image (Figure 6.5a) of a single-

layer film with thickness 42 nm± 6.4 nm (Figure 6.5b).

The room-temperate complex permittivities along and perpendicular to the nanotube

alignment direction can be directly extracted from the broadband transmission spectra T (ω)

shown in Figure 6.1c of the main text using Kramers-Kronig transformation. We were able

to obtain the phase spectra φt(ω) by using

φt(ω) = −ω
π

∫
ln(T (ω

′
))− ln(T (ω))

ω′2 − ω2
dω
′
. (6.1)
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With φt(ω) and T (ω), we obtained complex transmission coefficient, t(ω) =
√
T (ω) ∗

exp(iφt(ω)). The film thickness d is 30 nm, and the complex optical conductivity σ(ω) was

extracted under the thin-film approximation through t(ω) = (1+nsub)/(1+nsub +Z0σ(ω)d),

where nsub is the silicon substrate refractive index and Z0 = 377Ω is the vacuum impedance.

This thin-film approximation is valid through the midinfrared range. The obtained optical

conductivity can be converted to the dielectric constant through ε = 1 + iσ/(ωε0). This

process guarantees the uniqueness of obtained dielectric constants. Figure 6.6a shows the

extracted room-temperature complex dielectric constants along and perpendicular to the

nanotube alignment direction using Kramers-Kronig transformation described above. The

obtained permittivities clearly display the feature of ENZ frequency and hyperbolicity of

aligned SWCNTs at room temperature. Also, they are qualitatively similar to those shown

in Figure 6.1d of the main text.

The obtained permittivity along the nanotube alignment direction can be fitted well using

a Drude-Lorentz model, as shown in Figure 6.6b. Along the tube alignment direction, the

dielectric constant is modeled as

ε = ε∞ + εDrude + εTHz + εinter (6.2)

where εDrude captures the response from intertube transport and percolating channels in the

macroscopic scale, εTHz characterizes the response from the confined collective motion in the

tube-length level, and εinter describes the first exciton peak. εDrude has a Drude response as

εDrude(ω) = − ω2
Drude

ω2 + iγDrudeω
, (6.3)

while εTHz and εinter have Lorentzian shapes as

εTHz(ω) =
ω2
p,THz

ω2
0,THz − ω2 + iγTHzω

(6.4)

εinter(ω) =
ω2
p,inter

ω2
0,inter − ω2 + iγinterω

, (6.5)
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Figure 6.6 : a) Extracted room-temperature complex dielectric constants along and perpen-
dicular to the nanotube alignment direction using Kramers-Kronig transformation. b) The
experimental and fitting complex dielectric constants at room temperature along the nan-
otube alignment direction. The fitting is based on a Drude-Lorentz model.

where ε∞, ωDrude, γDrude, ωp,THz, ω0,THz, γTHz, ωinter, ω0,inter and γinter are treated as fitting

parameters.

Since our spectra of interest locate in the midinfrared range, permittivities calculated

from broadband spectra from the THz to visible range using Kramers-Kronig transforma-

tion are reasonable accurate. The resonance features outside this ultrabroad frequency range,

such as π-plasmon absorption peak of SWCNTs in the ultraviolet range, can slightly shift

ENZ frequency. Due to experimental setup limitations we were not capable of capturing

broadband spectra at high temperatures. To over come this limitation, we improved our ex-

traction of anisotropic permittivities by fitting temperature-dependent polarized reflectance

measurement of aligned SWCNTs on CaF2 substrates. The reflected signal from SWCNTs on

a CaF2 substrate was normalized to the reflected signal from the CaF2 substrate. The dielec-

tric constant along the tube alignment direction is modeled using the Drude-Lorentz model
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as discussed before. We calculated the reflectance from transfer matrix method (see next

section), and fitted the whole spectrum simultaneously. The fitted spectra agrees well with

the experimental result as shown in Figure 6.7a. Along the direction that is perpendicular

to the tube alignment direction, the dielectric constant is modeled as a frequency-dependent

ε⊥(ω) with negligible imaginary parts. This assumption is valid due to the depolarization

effect in perpendicular direction, which is also guaranteed at elevated temperatures because

the depolarization effect is always preserved due to perfect alignment structure. We fitted

the spectra point-by-point for each frequency. The following three points ensured that the

recovered permittivities are unique and reliable: (i) the film thickness is not a fitting pa-

rameter and determined by atomic force microscopy; (ii) the Drude-Lorentz model used in

the parallel direction connect real and imaginary parts through Kramers-Kronig relation;

(iii) the permittivity in the perpendicular direction have negligible imaginary parts since the

absorption is small.

In addition, we compare the reflectance spectra and extracted dielectric constants along

the tube alignment direction at room temperature and 700 ◦C for the first heating cycle.

We clearly observe the spectra redshift in Figure 6.7b and the reduction of metallicity in

Figure 6.7c at higher temperature. We attribute these behaviors to the SWCNT dedoping,

as adsorbed water and gas molecules are removed from SWCNTs at 700 ◦C and under high

vacuum. Once SWCNTs are dedoped, the optical properties of SWCNTS are very stable at

high temperature and we do not see any noticeable change during the measurement, which

usually lasted for tens of hours. Furthermore, we measured the reflectance spectra for more

thermal cycles, and they agree well between the heating half-cycle and cooling half-cycle, as

shown in Figure 6.7d.
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Figure 6.7 : a) The experimental and fitting reflectance spectrum of a 110-nm thick film on
a CaF2 substrate at 700 ◦C when the detection polarization is along the nanotube alignment
direction. b) Reflectance spectra of the film at room temperature (RT) and 700 ◦C for the
first heating, and c) extracted dielectric constants. A strong dedoping effect is observed.
d) Reflectance spectra of the film at various temperatures for more heating and cooling
cycles.
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Figure 6.8 : a) High temperature (700 ◦C) reflectance spectrum of tungsten substrate used
for absolute emissivity calibration. b) Emissivity spectrum of reference tungsten substrate
at 700 ◦C.

6.3.2 Absolute emissivity calibration

The absolute emissivity of a reference tungsten substrate was characterized through high

temperature reflectance measurements using a gold mirror (Thorlabs, PF05-03-M03) at room

temperature as a reference. The high temperature reflectance measurement is shown in

Figure 6.8a. Since the tungsten substrate is optically opaque, the emissivity spectrum (shown

in Figure 6.8b) can be calculated.

6.3.3 Additional data on SWCNT hyperbolic cavities

Figure 6.9 summarizes the mappings of the divergence of Poynting vector (Figures 6.9a–

c and Ez field distribution (Figures 6.9d–f) for (0.56,0.38), (0.63, 0.58) and (0.70, 1.05)

cavities, respectively, and Ex field distribution (Figures 6.9g and S5h) for (0.63, 0.58) and

(0.70, 1.05) cavities, respectively. All three cavities shown in Figure 6.3c of the main text
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Figure 6.9 : a–c) FDTD-calculated divergence of Poynting vector and d–f), Ez electric field
distribution for (0.56,0.38), (0.63, 0.58) and (0.70, 1.05) cavities, respectively. g, h), FDTD-
calculated Ex electric field distribution for (0.63, 0.58) and (0.70, 1.05) cavities.

support identical optical modes, and thermal emission is entirely from SWCNT cavities. We

demonstrated hyperbolic cavities on the same isofrequency contour theoretically in Figure

6.3c of the main text and experimentally in Figures 6.4c and 4d, as we tuned L‖ and L⊥

simultaneously.
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Figure 6.10 : a) FDTD-calculated frequency-selective thermal emission from various cavities
with tunable L⊥ and fixed L‖ = 0.70µm. b) Experimental frequency-selective thermal
emission from various cavities with tunable L⊥ and fixed L‖ = 0.60µm.

Figures 6.10 shows the calculated (Figure 6.10a) and experimental (Figure 6.10b) emis-

sion spectra for cavities with only one adjustable parameter L⊥. In the hyperbolic region,

the dielectric constant tensor of SWCNTs can be expressed as diag(ε‖, ε⊥, ε⊥), where ε‖ < 0

and ε⊥ > 0. The isofrequency contour is described as

k2x
ε⊥

+
k2y + k2z
ε‖

=

(
ω

c

)2

, (6.6)

where kx, ky, kz are wavevectors along x, y, z axes. As L‖ increases (kx decreases) with ε⊥ > 0,

we observe a normal scaling leading to a redshift (ω decreases in Figure. 6.3b of the main

text). On contrary, as L⊥ increases (ky decreases and kz is fixed) with ε‖ < 0, we observe an

anomalous scaling leading to a blueshift (ω increases in Figure. 6.10). All these behaviors

are consistent with the properties of hyperbolic cavities.
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Chapter 7

Outlook of Refractory Nanophotonics for Waste Heat

Recovery

This thesis has demonstrated that alternative materials can be used for selective thermal

emitters to take advantage of phase, symmetry, and topology. In Chapter 2, I presented

a semi-physical analysis of the optical properties at high temperatures. From the analysis,

doped semiconductors are low loss materials for selective thermal emitters with tunable op-

tical losses. With no doping, even at elevated temperatures, the optical losses are negligible.

Building on this work, in Chapter 3 I demonstrated nearly lossless photonic resonances

coupled with lossy plasmonic resonances. By controlling the coupling between the resonances

with such large loss asymmetry, passive PT -symmetry selective thermal emitters were ex-

perimentally observed. In the broken PT -symmetry phase, the imaginary component of

eigenvalue can be engineered to achieve unity emissivity and narrow linewidth. Because of

this, passive PT -symmetry provides a means to break the tradeoff between Q-factor and

emissivity.

The coupled resonators demonstrated in Chapter 3 support not only horizontal modes but

also vertical modes. By controlling the angle of thermal emission, the horizontal and vertical

modes can couple, which creates a higher order system. In Chapter 4, I presented full-wave

electromagnetic simulations showing that exceptional concentric rings can be observed in the

higher-order system. The observation of exceptional concentric rings shows that the coupled

selective thermal emitters have non-trivial topology.

In Chapter 5, I introduced the concept of super Mossian materials for nanophotonics.
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Iron pyrite was identified as an ideal candidate and experimental measurements were per-

formed that showed iron pyrite is a high index dielectric in the mid-infrared. Nanophotonic

resonators were demonstrated with a refractive index of 4.37 at the resonance with a band

gap of 1.03 eV, which outperformed the common form of the Moss rule by 39%.

Finally, in Chapter 6 hyperbolic selective thermal emitters were experimentally demon-

strated using macroscopically aligned films of single-walled carbon nanotubes. The hyper-

bolic behavior enabled the creation of thermal emitters with volumes below λ3

700
. Taken

together, these demonstrations show the power of using alternative materials for selective

thermal emitters.
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[99] W. Chen, Ş. Kaya Özdemir, G. Zhao, J. Wiersig, and L. Yang, “Exceptional points

enhance sensing in an optical microcavity,” Nature, vol. 548, pp. 192–196, 2017.

[100] H. Xu, D. Mason, L. Jiang, and J. G. Harris, “Topological energy transfer in an

optomechanical system with exceptional points,” Nature, vol. 537, pp. 80–83, 2016.

[101] Q. Zhong, M. Khajavikhan, D. N. Christodoulides, and R. El-Ganainy, “Winding

around non-Hermitian singularities,” Nature communications, vol. 9, no. 1, p. 4808,

2018.

[102] V. W. Brar, M. C. Sherrott, M. S. Jang, S. Kim, L. Kim, M. Choi, L. A. Sweatlock,

and H. A. Atwater, “Electronic modulation of infrared radiation in graphene plasmonic

resonators,” Nat. Commun., vol. 6, p. 7032, 2015.
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