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Professor of Physics and MacArthur Fellow
Thesis Supervisor

Accepted by . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Leslie A. Kolodziejski

Chairman, Department Committee on Graduate Students





Photonic Crystals for High Temperature Applications

by

Yi Xiang Yeng

Submitted to the Department of Electrical Engineering and Computer Science
on Aug 29, 2014, in partial fulfillment of the

requirements for the degree of
Doctor of Philosophy in Electrical Engineering and Computer Science

Abstract

This thesis focuses on the design, optimization, fabrication, and experimental realization of metal-
lic photonic crystals (MPhCs) for high temperature applications, for instance thermophotovoltaic
(TPV) energy conversion and selective solar absorption. We begin with the exploration of refractory
two-dimensional (2D) MPhC slabs as selective thermal emitters that approach the emittance of a
blackbody below a cutoff wavelength, and zero emittance above the cutoff. The theory behind the
enhancement of thermal emission is explored, leading to design handles that enable optimization
for different applications. The fabrication process and extensive characterization of optimized 2D
MPhCs are also presented. Next, we utilize non-linear global optimization tools to further optimize
the 2D MPhCs for various TPV energy conversion systems. Performance estimates of realistic TPV
systems incorporating experimentally demonstrated spectral control components are also presented.
The numerical model is also used to pinpoint deficiencies in current TPV systems to uncover areas
of future research to further improve system efficiencies. In particular, we show that air-filled 2D
MPhCs suffer from decreased selective emission at larger polar angles, which can be circumvented
by filling and coating the 2D MPhCs with a suitable refractory dielectric material. Finally, we
explore PhC enhanced silicon (Si) photovoltaic cell based TPV systems numerically. Experiments
towards record breaking efficiencies for Si cell based TPV systems are also presented and shown
to agree well with numerical estimates, thus paving the way towards widespread adoption of what
may be a promising highly efficient, portable, and reliable energy conversion system.

Thesis Advisor

Thesis Committee

Marin Soljačić
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Chapter 1

Introduction

Since time immemorial, humankind has been persistently exploring usage of raw materials freely

available on Earth to assist them in a multitude of tasks. Progressive understanding of their

properties has often led to major technology breakthroughs, which enabled civilization to progress,

for instance from the Stone Age to the Iron Age. However, a limit was soon reached as to what

can be done with materials in their raw form, thus spurring development into processing existing

materials. Eventually, humankind was able to purify raw materials, as well as engineer composites

and alloys that possess properties that are more desirable compared to their raw forms.

At the turn of the 20th century, materials development has been dominated by the mystery

of newly discovered electrical properties driven by the development of quantum mechanics, and

particularly semiconductor physics. Scientists soon realized how to effortlessly control the flow of

electrons in semiconductors, leading to the transistor revolution, without which the world today

would be unimaginable. A similar path is seen in the understanding and exploitation of optical

properties of materials in the past few decades, leading to the invention of the laser and a world

connected by an intricate network of optical fibres. At this point, it would seem that humankind

has exhausted everything that could be exploited with the well understood optical properties of

raw and composite materials. To overcome this limit, a new class of materials would have to be

engineered. Indeed, two seminal publications in 1987 by Eli Yablonovitch [1] and Sajeev John [2]
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led to the explosion of research and development in a new class of engineered materials known as

photonic crystals (PhCs).

PhCs are artificially engineered materials whereby a periodicity in the refractive index exists.

In appropriately designed PhCs, bandgaps for photons (i.e. photonic bandgaps) exists [1–4]. This

is analogous to the existence of bandgaps for electrons in semiconductors due to the periodic poten-

tials in a crystal lattice. Thus, the concept of PhCs offer tantalizing prospects of manipulating the

generation and propagation of photons at will. Coupled with the recent advancements in nanofab-

rication techniques, many applications have been made possible, ranging from room and cryogenic

temperature optoelectronic devices for development of all-optical integrated circuits [5], to highly

sensitive sensors [6], low-threshold lasers [7], and highly efficient light-emitting diodes [8]. While

many applications of PhCs focus on room and cryogenic operating temperatures, development for

high temperature applications have been lacking.

1.1 Thesis Motivation and Goals

The nascent field of high temperature nanophotonics could potentially enable many important

applications, for instance highly efficient infrared sources that are selective in wavelength and

angle, and solid-state energy conversion applications, such as thermophotovoltaic (TPV) energy

generation, and selective solar absorption. However, special challenges arise when trying to design

nanophotonic materials with precisely tailored optical properties that can operate at high tem-

peratures (> 1100 K). These include: proper material selection and purity to prevent melting,

evaporation, or chemical reactions; minimization of any material interfaces to prevent thermome-

chanical problems such as delamination; robust performance in the presence of surface diffusion;

and long range geometric precision over large areas with minimization of very small feature sizes

to maintain structural stability. In this thesis, we will explore an approach for high temperature

nanophotonics that surmounts all of these difficulties. Moreover, the underlying physics will be

uncovered, leading to design handles that enable optimization for various applications. As a proof

of concept, we aim to fabricate optimized designs, and perform extensive optical characterization.

In addition, to quantify the benefits of such an approach, we will put to test an optimized design
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in a realistic TPV system level numerical model. Finally, we aim to construct a TPV experimental

setup to demonstrate the enhancement in performance.

1.2 Organization of the Thesis

In Chapter 2, we will uncover the physics behind the enhancement of emission for two-dimensional

(2D) metallic photonic crystals (MPhCs), upon which enables us to utilize simple design rules to

obtain an optimized structure. The fabrication and characterization of 2D MPhCs will then be

discussed, before concluding with an extensive numerical study on the effect of fabrication disorders.

In Chapter 3, we will evaluate the potential performance enhancements of implementing optimized

2D MPhCs in target TPV applications using a highly accurate system level numerical model.

Comparisons will then be made with other TPV systems with or without different experimentally

realized spectral control components. In addition, we will uncover key parasitic losses afflicting TPV

systems that are realizable to-date. In Chapter 4, we will explore dielectric filling of the cavities of

the 2D MPhC to improve on omnidirectional emittance, which is vital for certain applications, for

instance as an emitter in TPV systems. In Chapter 5, we will investigate the viability of conventional

silicon (Si) solar cell based TPV systems that are enhanced with optimized PhC selective emitters

and cold-side filters. This chapter will also describe the experimental apparatus used to accurately

measure the key performance metrics of TPV systems. Results of TPV efficiency measurements

will also be discussed. Finally, we will summarize our findings and provide suggestions for future

research directions in Chapter 6.

1.3 Thesis Contributions

Major contributions of this thesis are as follows:

• Demonstrated how thermal emission of 2D MPhCs can easily be optimized for a particular

system, resulting in near-ultimate short-wavelength emittance for this architecture. Bandgap

edge of PhC can be tailored theoretically to any wavelength of interest, limited only by intrin-

sic material properties and fabrication limits, by virtue of controlling the cavity’s resonant
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frequency. Using this, PhC designs for bandgaps important in typical TPV systems were

demonstrated. The optimization method also enables designs with maximum emission at

larger wavelengths previously unattainable with this material platform.

• Fabricated representative designs using standard nanofabrication techniques amenable to

wafer scale batch processing. Modifications were made to allow for deeper, larger, and more

uniform cylindrical holes, as well as ensuring a contamination free surface. The samples

were also optically characterized both at room temperatures via indirect reflectance measure-

ments, and at high temperatures via direct thermal emission measurement, both of which

agree extremely well with numerical predictions.

• Extensively investigated the effects of fabrication disorder vital for future improvements via

numerical methods. The disorders studied include tapering of sidewalls, sidewall roughness,

breakage of sidewalls, and surface contamination.

• Developed numerical model that accurately predicts radiant heat-to-electricity efficiency and

power density of TPV systems. The numerical model incorporates physical properties of the

hot-side emitter, cold-side filter, and photovoltaic (PV) cell. Using this, the improvement seen

when implementing optimized 2D MPhCs was quantified. In addition, factors of inefficiencies

present in the best TPV systems that can be assembled to-date were identified, leading to

recommendations for future research efforts.

• Demonstrated optimized designs of dielectric-filled anti-reflection coated (ARC) 2D MPhCs

with vastly superior omnidirectional broadband selective emission compared to the unfilled

2D MPhCs.

• Demonstrated theoretically a maximum radiant heat-to-electricity efficiency of 6.4% and elec-

trical power density of 0.4Wm−2 at temperature of 1660K when implementing an optimized

2D tantalum (Ta) PhC emitter in combination with an optimized dielectric 1D PhC based

cold-side filter in conventional Si solar cell based TPV systems. An experimental setup was

also built and the measurements were shown to agree extremely well with the numerical model

developed.
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Chapter 2

Two-dimensional Metallic Photonic

Crystals for Selective Emission

This chapter presents a detailed exploration of the optical properties of the 2D metallic cylindrical

cavity square lattice PhC slab. Through understanding of the physics behind the enhancement of

emission, we uncover simple design rules that enable optimization of selective emission for specific

applications. We further show that fabricated 2D MPhCs possess optical properties that agree

extremely well with numerical models, both at room and high temperatures. Finally, we present

extensive numerical investigation into the effects of fabrication disorders.

2.1 Introduction

Ever since photonic bandgaps were predicted to exist in PhCs [1–3], significant interest has garnered

in recent years to exploit this property. In particular, MPhCs have been shown to possess a

large bandgap [9–12], and consequently superior modification of the intrinsic thermal emission

spectra is readily achievable. This is extremely promising for many unique applications, especially

high efficiency energy conversion systems encompassing hydrocarbon and radioisotope fueled TPV

energy conversion [13, 14], as well as solar selective absorbers and emitters for the emerging field
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of solar thermal, including solar TPV [15–18] and solar thermochemical production of fuels [19].

The selective emitters can also be used as highly efficient infrared (IR) radiation sources for IR

spectroscopy and sensing applications including highly selective gas and chemical sensing [20,21].

To date, PhCs have been designed to achieve both highly selective narrowband thermal emis-

sion exhibiting wavelength, directional, and polarization selectivity [22–24], as well as broadband

thermal emission spectra close to blackbody within the design range but suppressed emission oth-

erwise [12, 17, 25–28]. In this investigation, we focus on the design, optimization, fabrication, and

characterization of the high performance broadband selective emitter with critical emphasis on ob-

taining optimized optical response providing the necessary bandwidth that translates into higher

power density imperative for large scale solid-state energy conversion, high temperature perfor-

mance, and long range fabrication precision over large areas. In this respect, notable experimental

efforts include 2D square cavities fabricated on tungsten (W) using e-beam lithography and fast

atom beam etching [27], and the woodpile stacked 3D W PhC fabricated using a layer-by-layer

modified Si process [12,26,29].

However, in order to effectively apply nanophotonic materials in emerging high temperature

large scale energy conversion systems, it is imperative to simultaneously achieve high temperature

stability, sharp contrast between regions of enhanced and suppressed emission, and precise fabrica-

tion of periodic nanostructures over large areas while maintaining macroscopic correlation lengths

and ensuring a contamination free surface. The proposed solution in this chapter overcomes these

challenges, thus paving the way to what is an emerging new field of high temperature nanophotonics

for energy conversion applications.

This chapter starts by explaining the physics behind the enhancement of emission, which leads

us to design handles critical for optimization purposes. In addition, the angular dependence of the

PhC emitter will be uncovered. Next, representative designs fabricated using standard nanofab-

rication techniques amenable to wafer scale batch processing are presented. Results of optical

characterization at room temperature and high temperature are then shown. Instead of using

physical methods for surface temperature measurement, which is extremely challenging at such

high temperatures [30], resulting in erroneous estimations, we will demonstrate a method of esti-
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Figure 2-1: Two-dimensional (2D) metallic photonic crystal (MPhC) slab. The holes have period
a, radius r, and depth d. The polar and azimuthal angles are designated by θ and φ respectively.

mation of the surface temperature accurate to within ≈ 3% relative uncertainty. Finally, the effects

of fabrication disorders are discussed. Note that a condensed version of this chapter is reported in

Ref. 31.

2.2 Theory and Design

The majority of reported selective emitter/absorber designs have focused extensively on multilayer

and multimaterial structures [32], as well as metal-dielectric composite coatings (cermets) [33].

However, these designs cannot operate at high temperatures (> 1000K) due to thermomechanical

stresses between layers and interfaces, and chemical reactions between the constituent elements that

are initiated at elevated temperatures. Even 3D layer-by-layer structures, such as W woodpile PhC

contain multiple interfaces [12,26,29], thus making them fragile. To overcome the aforementioned

shortcomings, we have selected a material platform consisting of robust, single element, broadband

tunable spectrally selective IR emitters comprised of a 2D square array of cylindrical holes with

period a, radius r, and depth d etched through a large area metallic surface as shown in Fig. 2-1.

This relatively simple design allows one to simultaneously achieve near-blackbody emittance ε at

short wavelengths as well as ε almost as low as a polished metal at long wavelengths, with a sharp

cutoff separating the two regimes. This is especially critical for high efficiency energy conversion.

For this investigation, we have chosen W as the material of choice, firstly due to its superior

ability in withstanding high temperatures (high melting point of 3695K, low vapor pressure of
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1Pa at 3477K), which makes it particularly suitable for very high temperature applications with

proper vacuum packaging. Specifically, we select 99.999% pure single crystal W to ensure superior

optical performance and minimal surface diffusion at high temperatures. In addition, W has an

intrinsically low ε at wavelengths λ > 2.5 µm as shown in Fig. 2-2(a). Suppression of these photons

is vital for higher TPV system efficiencies since these photons are generally below the bandgap

of current state of the art low bandgap TPV cells. More importantly, the increasing ε at λ <

2.5 µm due to interband transitions also enables us to easily enhance emission within 1.5 µm < λ <

2.5 µm, which is vital for efficient TPV energy conversion. This intrinsic wavelength selectivity is

also necessary for application as an efficient solar selective absorber characterised by strong solar

absorption and low thermal emission.

Previous demonstration of the 2D W PhC in our group achieved enhancement in emission for

λ < 1.5 µm as reported in Ref. 28. Achieving high emission for cutoff wavelengths λc > 1.7 µm,

which is imperative to extend the range of possible applications, proved elusive as the intrinsic ε of

W is low at λ > 1.7 µm. In order to make further inroads, let us first uncover the physics behind

the enhancement in emission.

In general, the enhancement in emission is achieved by coupling into resonant cavity electromag-

netic modes. In such systems, λc is approximately given by the fundamental mode of the cylindrical

metallic cavity as described by previous work in our group published in Ref. 28. For radiation with

frequencies larger than the fundamental cavity resonance frequency, enhanced absorption occurs

due to the increased interaction time of the radiation with the absorptive metal. On the other

hand, radiation with frequencies lower than the fundamental cavity resonance frequency is forbid-

den from entering the cavities, thus maintaining the desired wavelength selectivity. In this regime,

the effective medium theory holds; the increased surface area fraction of air-to-metal decreases the

index contrast, resulting in a slightly lower reflectance R, and consequently increased absorptance

α.

The resonance frequency of the fundamental electromagnetic cavity mode, and hence λc, is

mainly affected by r, with d playing only a secondary role for the aspect ratios considered [28,34].

This phenomena is clearly seen in Fig. 2-2, the results of which were obtained using finite difference
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time-domain (FDTD) simulations [35] implemented via MEEP, a freely available software package

developed at MIT [36]. In this method, a plane wave is launched from the normal direction and

propagated through space. On each grid point of a flux plane defined at the front and back of the

computational cell, the electric and magnetic fields are Fourier-transformed via integration with

respect to preset frequencies at each time-step. At the end of the simulation, the Poynting vector is

calculated for each frequency and integrated across each plane, which yields the total transmitted

and reflected power at each frequency. The dispersion of W is captured via the Lorentz–Drude

model, fit both to room temperature and elevated temperatures [37]. Apart from the approxima-

tions of material dispersions and grid discretization, these calculation methods are exact. ε of each

structure can be calculated from α computed above via Kirchhoff’s law of thermal radiation, which

states that α and ε must be equal at every λ for a body in thermal equilibrium [38].

As can be seen in Fig. 2-2(a), reliance on r alone is insufficient in maximizing the ε peaks below

λc. In fact, as λc is further increased, the peak ε of the fundamental mode decreases for a fixed d.

This is due to the intrinsic α of flat W that decreases as λ increases as shown in Fig. 2-2(a). In order

to further enhance the selective emitter’s performance, we further explore the role of d by fixing r.

As can be seen in Fig. 2-2(b), the peak ε of the fundamental resonant mode is strongly affected by

d. In addition, as d increases, the number of resonances within 1 µm < λ < 2 µm increases, which

indicates the importance of d in increasing ε below λc.

It can easily be understood that the increase of d increases the interaction time with the ab-

sorptive metal, thus elevating ε. However, there is a strong indication that an optimum d exists in

ensuring peak ε of 1 at the resonance λ of the fundamental mode as shown in Fig. 2-2(b). To un-

derstand the reason behind the existence of an optimum d, we relied on coupled-mode theory [39].

Following this approach, it was found that complete absorption of incident radiation occurs when

the radiative (Qrad) and absorptive quality factors (Qabs) of the PhC cavity resonances are matched,

i.e. satisfying the Q-matching condition [34]. If free space radiation is undercoupled to the PhC

cavity resonances (Qrad > Qabs), insufficient radiation enters the cavity, resulting in suboptimal

absorption. On the other hand, if free space radiation is overcoupled to the PhC cavity resonances

(Qabs > Qrad), the radiation escapes before it is completely absorbed. Hence, in order to obtain
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Figure 2-2: Effect of (a) the radius r and (b) the depth d on normal incidence emittance ε of 2D
tungsten (W) PhCs. As can be seen, the resonance frequency of the fundamental cavity mode,
which determines the cutoff wavelength λc, is mainly affected by r, with d playing only a secondary
role for the aspect ratios considered. Nevertheless, selection of the appropriate d is imperative to
achieve maximum ε at λ < λc. In addition, as d increases, the number of resonances within 1 µm
< λ < 2 µm increases, which indicates the importance of d in increasing ε below λc.

10



Chapter 2 2D MPhCs for Selective Emission

maximum peak ε that approaches the theoretical blackbody in the vicinity of the designated λc,

the Q-matching condition for the fundamental mode has to be satisfied.

Following the analysis in Ref. 34, it was found that for a particular choice of r, there is only one

value of d that satisfies the Q-matching condition for the fundamental mode, i.e. an optimal pair of r

and d exists for a particular λc. Note that a only strongly affects ε at λ ≤ a, whereupon diffracted

plane waves (see Section 2.2.1) start to appear, causing ε to degrade. This can be understood

through the coupled-mode picture, whereby the resonances couple to a number of planewaves fixed

by a. Therefore, the cavity’s Qrad decreases as there are more channels to couple to, resulting in

the loss of Q-matching and consequently suboptimal emission. It is thus important to choose the

smallest possible a for a fixed r (limited only by sidewall thickness that must be thicker than the

skin-depth of the metal to preserve the wavelength selectivity of the emitter) in order to achieve the

intended broadband high ε. However, adequate sidewall tolerances (≈ 100 nm) must be included to

ensure robustness to fabrication disorders, hence a would have to be slightly larger than optimal.

In addition, very small sidewall thicknesses could potentially lead to breakage (due to diffusion,

melting, or mechanical stress), which would destroy the connectivity of the structure, leading to a

compromised optical response, particularly a dramatic increase in ε at long wavelengths.

To illustrate the unprecedented control that resonant Q-matching brings to shaping the thermal

emission, we show in Fig. 2-3 three different 2D W PhC designs that exhibit peak ε approaching

the blackbody at 1.70 µm, 2.00 µm, and 2.30 µm, obtained solely by matching Qrad and Qabs of

the fundamental cylindrical cavity resonance. These designs demonstrate the ease of simultane-

ously matching the electronic bandgaps and photonic bandgaps in TPV systems utilizing gallium

antimonide (GaSb) [40], indium gallium arsenide (InGaAs) [41, 42], and indium gallium arsenide

antimonide (InGaAsSb) TPV cells [43, 44].

2.2.1 Angular Dependence of Emittance

Previous research in the group, and in fact many other research efforts on selective emitters [12,17,

23,25,26,28,32, 45], did not explore the dependence of ε with respect to angle of exitance. Yet, it

is imperative to fully understand the angular dependence of ε in order to fully evaluate the impact

11
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Figure 2-3: Simulated normal ε for 2D W PhC Design I (r = 0.45 µm, a = 1.10 µm, d = 1.50 µm), 2D
W PhC Design II (r = 0.55 µm, a = 1.30 µm, d = 2.10 µm), 2D W PhC Design III (r = 0.625 µm,
a = 1.40 µm, d = 2.80 µm) with the first peak in the vicinity of 1.70 µm, 2.00 µm, and 2.30 µm
respectively.

of 2D MPhCs in target applications. Hence, in this subsection, we explore the angular dependence

of the 2D MPhC using FDTD methods. The simulations can easily be performed by varying the

parallel k-vector k‖ (the component of the wavevector in the xy-plane) for each λ to obtain the

desired polar and azimuthal angle, which is respectively designated with θ and φ as illustrated in

Fig. 2-1.

The results of the numerical simulations for 2D W PhC Design II are shown in Fig. 2-4. Since

the variation of ε is small with respect to polarization and φ for a fixed θ, the results are averaged

over both polarizations and φ. Evidently, frequency selectivity is strong; the location of the resonant

peaks and hence λc is virtually unchanged with respect to θ. This reflects the fact that the resonant

peaks are due to coupling of free space radiation with hole resonances that satisfy Q-matching

conditions. However, ε starts to drop significantly above a certain θ. For instance, the high ε

peak due to the fundamental cavity resonance starts dropping when θ & 35◦. To understand this

phenomenon, let us first review the fundamentals of a diffraction grating, which is governed by the
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Figure 2-4: (a) ε as a function of θ averaged over polarization and φ for 2D W PhC Design II
with λc ≈ 2µm. The dotted lines represent the onset of 1st order diffraction and resonant modes
associated with surface plasmon polaritons (SPPs). Due to the reduction in Qrad for θ > θd, i.e. the
polar angle at the onset of diffraction for a particular λ, Q-matching of the resonances is destroyed,
leading to a dramatic reduction in ε. (b) Average ε below λc as a function of polar angle for 2D
W PhC Design II. As can be seen, the emitter maintains maximum emission for θ < 30◦, and is
suppressed by 50% at 75◦.

following grating equation:

a(sin θi + sin θp) = pλ, p = ±1,±2,±3, ... (2.1)

where θi is the radiation’s angle of incidence and θp is the angle where the p-th order diffraction

lies. The onset of diffraction occurs when p = 1 and θp = 90◦. Thus, at normal incidence (θi = 0◦),

diffraction order(s) is (are) present for λ ≤ a. For radiation with a specific λ incident on the PhC,

diffraction sets in when θi is larger than the polar angle given below:

θd = sin−1

(

λ

a
− 1

)

(2.2)

For 2D W PhC Design II, radiation with λ = 2 µm will get diffracted when θi > θd = 32.6◦. Above

the diffraction threshold, α decreases because there are more channels to couple into, resulting in

a smaller Qrad, thus destroying Q-matching. Therefore, at larger incident polar angles, the in-band
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absorption region decreases and has a lower average α as can be seen in Fig. 2-4. Regardless, Q-

matching is satisfied up to the diffraction threshold, thus the emitter maintains maximum emission

for θi < θd. Depending on the application, this angular selectivity may be beneficial. For instance,

solar absorbers in solar thermal applications can substantially benefit from both frequency and

angular selectivity [46–48], whereby solar α is high at normal incidence, and thermal ε is reduced

due to lower integrated hemispherical ε.

ε of 2D MPhCs at larger θi is also influenced by surface plasmon-polaritons (SPPs). SPPs are

longitudinal modes that propagate along the surface of metals and are confined within the air-metal

interface [49]. The SPP dispersion relation is given by:

|kSPP| =
ω

c

(

ǫm
1 + ǫm

)1/2

(2.3)

where ω is the angular frequency, c is the speed of light, and ǫm is the real part of the metal dielectric

function. Since |k‖| of free space radiation is always smaller than |kSPP|, free space radiation cannot

directly excite SPP modes on a smooth surface. The situation changes however when periodicity

is present as in the case of the 2D MPhC; in this case SPPs can be generated through Umklapp

scattering as the periodicity is able to provide the additional k‖ momentum via surface reciprocal

lattice vectors G:

k‖ +G = kSPP (2.4)

Using Eqs. (2.3) and (2.4), the approximate ω of SPPs in 2D square lattice PhCs at specific θ and

φ can be determined as follows:

ǫm
1 + ǫm

=

(

sin θ cosφ±
iGx

ω/c

)2

+

(

sin θ sinφ±
jGy

ω/c

)2

(2.5)

whereG = xGx+yGy, and i and j are integers. The different SPP modes can thus be differentiated

using the notation G(i, j).

Using Eq. (2.5), the lowest and 2nd order SPP modes G(−1, 0) and G(−1,−1) for 2D W PhC

Design II are solved and plotted in Fig. 2-4(a). Since the enhancement in ε for 2D W PhC Design
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Figure 2-5: 2D W PhC fabrication process: After depositing a layer of chrome (Cr) on the W
substrate, a thin layer of anti-reflection coating (ARC) and photoresist is spin coated. After litho-
graphic exposure, the desired pattern is transferred from one layer to the next layer via various
etching processes until periodic cylindrical holes are obtained on the W substrate.

II is dominated by the Q-matched electromagnetic cavity modes, SPP modes are only weakly

observed. It is also observed in Fig. 2-4 that a slight enhancement in ε occurs for λ > λc along the

1st order diffraction line whereby radiation is traveling along the surface of the PhC slab. Again,

the enhancement is weak due to unmatched Q’s.

2.3 Fabrication

The first 2D W PhC prototypes fabricated in our group were based on interferometric lithography

using a two-layer resist process with a thin layer of chrome (Cr) as the hard mask for etching into

a single side polished single crystal W samples 10mm in diameter using carbon tetrafluoride (CF4)

based reactive ion etching (RIE) [28,50,51]. The procedure is summarized as follows (see Fig. 2-5

for a graphical summary):

1. A thin layer of Cr is e-beam deposited on top of the single crystal W substrate, which is then

subsequently spin coated with 300 nm of AZ Photoresist’s BARLi ARC and 250 nm of OHKA

America’s THMR-iNPS4 photoresist.
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2. The photoresist is exposed using a Lloyd’s mirror interference lithography system with ex-

panded beam from a 50mW 325 nm helium-cadmium (HeCd) Laser. The exposure is per-

formed twice, with the second exposure perpendicular to the first to create a square array

of cylindrical cavities. The interference angle is chosen such that the desired periodicity is

obtained. After photoresist development, the diameter of the cylindrical cavities is much

smaller than in the desired final structure.

3. Holes produced in the resist layer are transferred into the ARC via helium–oxygen (He–O2)

based RIE respectively using the Plasma Therm 790.

4. With the Cr mask now exposed, the sample is immersed into Cr-7 (Cyantek) liquid etchant

diluted with 40% distilled water to slow down the etch rate, thus ensuring a more repeatable

process. The duration of the wet etch is calibrated to obtain the desired diameter on the Cr

hard mask. Subsequently, the ARC coating layer is removed.

5. The Cr hard mask allows pattern transfer to the W substrate using a CF4–O2 based RIE.

Etching of W is optimized with the following parameters: flow rate 6.7 sccm of CF4 and

1 sccm of O2 at 10 mTorr pressure with plasma conditions at 250V and 90W. The etch

rate is about 10 nm of W per minute and the etch selectivity ratio to the Cr hard mask is

approximately 10:1 under these conditions.

6. Cr hard mask is removed with Cr-7 liquid etchant.

Using this procedure, samples with d up to 600 nm were successfully fabricated, with enhance-

ment in emission limited to λ < 1.5 µm as reported in Ref. 28. To achieve λc > 1.5 µm as illustrated

in Fig. 2-3, d has to be > 1.5 µm. Hence, for this investigation, the thickness of Cr mask was

increased to > 150 nm. However, due to equipment limitations, we were only able to deposit a

maximum Cr layer thickness of 250 nm, thus we were limited to d . 2.5 µm.

The necessity of a larger d and subsequently the requirement of a thicker Cr mask (5x thicker),

and larger r (1.5x larger) compared to the work reported in Ref. 28, however, led to a multitude of

problems, the first being the difficulty in controlling the random variations in sidewall roughness
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Figure 2-6: Possible fabrication disorders due to new design requirements: (a) Top view of 2D W
PhC sample with random variations in sidewall uniformity. (b) Side view of 2D W PhC sample.
Broken sidewalls and Cr mask residue are clearly seen, both of which result in highly undesirable
elevated long wavelength emission. (c) Formation of ’islands’ within cylindrical cavities due to Cr
residue, as shown in inset. As Cr mask thickness is increased, it becomes progressively difficult to
ensure repeatability of Cr wet etch process.

as observed in Fig. 2-6(a) due to the necessary longer etch times with Cr-7. Secondly, due to the

requirements that 2r be smaller than a by a few skin depths for optimum emission below λc, it

is easy to break the sidewalls as illustrated in Fig. 2-6(a) & (b). This results in elevated long

wavelength emission as the effective cavity size is increased (see Section 2.5 for further details on

the effects of fabrication disorders). Fortunately, it was discovered that sidewall roughness of the

Cr mask can be minimized by ensuring clean deposition conditions as shown in Fig. 2-7. Elevating

the process temperature to 250◦C could also help ensure deposition of a higher quality Cr mask.

The thicker Cr mask requirement also occasionally resulted in incomplete and uneven etching

of the Cr mask, leading to formation of ’islands’ in the final 2D W PhC sample as illustrated

in Fig. 2-6(c), which reduces the effective cavity depth, leading to suboptimal emission below λc.

Lastly, subjecting the Cr mask to prolonged RIE ion bombardment to obtain larger d seems to lead

to Cr mask hardening / alloy formation with W, resulting in difficulty in complete removal with

the Cr-7 wet etchant (see Fig. 2-6(b)) and consequently elevated long wavelength emission. Thus

in the final RIE etching process of W, it is important to be conservative to ensure sufficient pure

Cr remained at the bottom of the mask to ensure a more thorough removal.
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Figure 2-7: (a) Cr mask with relatively rougher sidewalls (b) Cr mask with smooth sidewalls. This
can be achieved by ensuring clean deposition conditions, i.e. after a scheduled maintenance on the
e-beam deposition chamber. Elevating the chamber temperature during deposition may also help.

After multiple attempts with the modified fabrication process, two samples were fabricated from

single crystal W: the first has λc ≈ 1.70 µm (2D W PhC Sample I) and the second has λc ≈ 2.00 µm
(2D W PhC Sample II). Images of the latter are shown in Fig. 2-8. As can be seen, long range

uniformity is achieved across a large area. In order to determine the depth of the cavities accurately,

tapping mode atomic force microscopy (Veeco Nanoscope IV Multimode AFM with Nanoscience

Instruments High Aspect Ratio Silicon AFM tips) was used. For 2D W PhC Sample I and 2D W

PhC Sample II, the depth was found to be approximately 1.30 µm and 1.60 µm respectively. Note

that due to the limitations of the RIE machine we were using, we were unable to etch deeper than

≈ 1.60 µm. This however could easily be circumvented with access to a deep reactive ion etching

(DRIE) tool.

2.4 Optical Characterization

2.4.1 Room Temperature Emittance

The room temperature normal ε of the fabricated samples, approximated via Kirchhoff’s Law from

near-normal R measurements obtained using the OL 750 spectroradiometer, are compared with
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Figure 2-8: Scanning electron micrograph of fabricated 2D W PhC Sample II (r = 0.55 µm, a =
1.40 µm, d = 1.60 µm) over a large area, showing excellent uniformity. Interference lithography
and standard reactive ion etching (RIE) techniques were used to fabricate the samples. Left inset:
Digital photo of the full 1 cm diameter sample. Right inset: Magnified cross sectional view of 2D
W PhC Sample II.

FDTD simulations in Fig. 2-9. As can be seen, excellent agreement is seen between the measure-

ments and the simulations; the resonant peaks match in wavelength as well as magnitude. The

slight broadening and dampening of the resonances are expected due to small non-uniformities,

including slightly uneven profile of the cavities and sidewall disorder due to the isotropic stochastic

nature of the chemical wet etching technique used. Nevertheless, the performance is almost un-

affected and this shows the robustness of the design to fabrication disorders (effect of fabrication

disorders will be further discussed in Sec 2.5). In fact, this brings the emitter closer to blackbody

performance below λc, which translates into higher power density for energy applications. Since

we were unable to obtain d > 1.6 µm, the magnitude of the peak intended at 2.0 µm is lower than

desired.

2.4.2 High Temperature Emittance

While room temperature R measurements allow indirect confirmation of ε, it is important to obtain

direct thermal emission data to demonstrate the viability of the approach at high temperatures.
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Figure 2-9: Measured (solid lines) and simulated (dotted lines) room temperature near-normal ε
of the fabricated 2D W PhC Sample I (r = 0.48 µm, a = 1.22 µm, d = 1.30 µm) and 2D W PhC
Sample II (r = 0.55 µm, a = 1.40 µm, d = 1.60 µm). ε is approximated from measurements of
near-normal specular reflectance R via Kirchhoff’s Law.

In this investigation, we have utilized the measurement setup and technique described in Ref. 52.

This method requires emission measurements of a calibrated blackbody source (Omega BB-4A) at

two temperatures, which then allows the instrument response function and background radiation

at each wavelength to be calculated. Using this, the absolute normal spectral radiance of the

samples can be extracted [53]. We then only need to know the surface temperature to compare the

experimental measurements to simulations.

Fig. 2-10 illustrates the experimental setup used to obtain high temperature ε of the 2D W

PhCs. The 2D W PhC sample was mounted on top of a HeatWave Labs 1-inch diameter ultra high

vacuum (UHV) electrical heater (rated to 1200◦C). Both the heater and the 2D W PhC sample

were enclosed in a vacuum chamber that was evacuated to a base pressure of 10−6 Torr. An IR

transparent calcium fluoride (CaF2) window and Viton O-ring combination was used to seal the

vacuum chamber whilst allowing IR radiation to exit. While delivering power to the heater, forming

gas (5% hydrogen (H2) – 95% nitrogen (N) gas mixture) was flowed to achieve a process pressure
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Figure 2-10: Experimental setup to obtain ε of 2D W PhCs at high temperatures (up to 1200K).
Inset shows 2D W PhC attached to heater with molybdenum (Mo) clips in a vacuum chamber.
A calcium fluoride (CaF2) window and Viton O-ring combination was used to seal the vacuum
chamber, whilst allowing IR radiation to exit.

of around 30 mTorr to further prevent oxidation of samples. Radiation exiting from the CaF2

window was then collimated into the emission port of a Nexus 870 Fourier Transform Infrared

Spectroscope (FTIR) using two parabolic mirrors with a collection angle of θ . 5◦. By using an

aperture in between the mirrors, we ensured that the signal obtained originates solely from the 2D

W PhC sample surface. The FTIR’s deuterated triglycine sulfate (DTGS) detector was used for

the emission measurements.

In this experiment, accurate measurement of the emitter’s surface temperature is important.

However, due to the high temperatures (> 1000K), large temperature gradients, and small samples

involved, it is extremely challenging to obtain accurate measurements using physical sensing meth-

ods, e.g. using a thermocouple. In fact, erroneous estimations have been frequently obtained [30].

Fortunately, due to the temperature insensitivity of ε of the 2D MPhCs in the vicinity of the reso-

nance peaks, as shown in Fig. 2-11, we can rely on room temperature emittance εroom measurements

to accurately estimate the surface temperatures of our samples during the high temperature mea-

surements. For instance, the first resonance peak has εroom ≈ 0.98, while at higher temperatures, the

change in emittance ∆ε of this peak is . 0.05. This is highly unexpected as the dielectric constant
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Figure 2-11: Comparison of simulated normal ε of 2D W PhC Design II at different temperatures.
Simulations are performed using Lorentz-Drude parameters fitted to experimentally measured ε of
flat W at various temperatures [37].

of W varies significantly with respect to temperature. In fact, ε of flat W at room temperature and

at high temperatures can differ by more than 80% [37]. However, due to the relatively deep holes

of Q-matched cylindrical cavities, the change in Qabs is small with respect to temperature. This

is because deep hole modes interact more weakly with the metal’s surface. Hence, Qabs and Qrad

are still fairly well matched. Consequently, ε in the vicinity of the resonances stays approximately

constant with temperature. This allows us to approximate the emittance at high temperatures εHT

with the following:

εHT = εroom ±∆ε (2.6)

where ∆ε is the associated uncertainty of ε at high temperatures given εroom is used as the estimate.

To determine the uncertainty in the temperature ∆T given ∆ε, we start with the definition for

ε(λ, T ), the emittance of the sample:

ε(λ, T ) =
Ls(λ, T )

LBB(λ, T )
(2.7)
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where T is the absolute temperature, and Ls(λ, T ) and LBB(λ, T ) are respectively the spectral

radiance of the sample and a blackbody. Hence, Ls(λ, T ) is given by:

Ls = ε(λ, T )
2hc2

λ5

(

e
hc

λkT − 1
) (2.8)

where h is Planck’s constant, and k is Boltzmann’s constant. T is then given by:

T =
hc

λk ln
(

2εhc2

λ5Ls
+ 1
) (2.9)

Given a measurement Ls(λ, T ), and the estimate of ε ≈ εroom around the regions of resonances, we

can obtain the uncertainty in T using the following:

∆T =

√

(

∂T

∂ε

)2

(∆ε)2 +

(

∂T

∂Ls

)2

(∆Ls)2 (2.10)

Extensive calibration of our thermal emission measurement setup with a calibrated blackbody

source at various T ’s showed that our spectral radiance measurements are accurate to ∆Ls/Ls < 1%.

Since this is small in comparison to ∆ε/ε, the relative uncertainty of T can be approximated by:

∆T

T
≃

∆ε

ln
(

2εhc2

λ5Ls
+ 1
)(

ε+ λ5Ls

2hc2

) (2.11)

The approximation scheme described can be applied, for instance around the resonant wavelength

of 2 µm for 2D W PhC Sample II, where εroom ≈ 0.85 as shown in Fig. 2-9. Even though the

expected ∆ε as deduced from Fig. 2-11 is closer to 0.05 for perfectly Q-matched structures, a

larger ∆ε of 0.15 is chosen here to reflect improvement in Q-matching expected for less than ideal

structures. Even then, these parameters yield an estimate of the surface T of 2D W PhC Sample

II to within a respectable ≈ 3% relative uncertainty as can be determined using Eq. (2.11). With

these T estimations, we are then able to compare our experimental results to simulations. The

results agree extremely well as shown in Fig. 2-12. Note that for the estimation, we have neglected

the small but experimentally observable increase in the fundamental mode’s resonant frequency of

23



Chapter 2 2D MPhCs for Selective Emission

1 2 3 4 5 6 7 8
0

1

2

3

4

5

6

7

8

9

S
pe

ct
ra

l R
ad

ia
nc

e 
(W

 m
−

2  n
m

−
1  s

tr
−

1 )

Wavelength (µm)

 

 

Blackbody (1230K)
Flat W (Experiment)
Flat W (Simulation at 1233K)
W PhC Sample I (Experiment ~1186±14K)
W PhC Sample I (Simulation at 1174K)
W PhC Sample II (Experiment ~1225±33K)
W PhC Sample II (Simulation at 1203K)

Figure 2-12: Comparison of measured and simulated normal emitted spectral radiance of fabri-
cated samples. The thermal emission measured from the samples agree well with simulations and
demonstrates the suppression of emission for λ > λc and near blackbody performance for λ < λc.

≈ 3% at high T ’s, since the analysis focuses on the constancy of the ε magnitude. The increase is

primarily due to the reduction of the skin depth at higher T ’s, leading to approximately 3% increase

in the resonant frequency as can be seen in Fig. 2-11. Geometry changes due to thermal expansion

can safely be neglected, as W has a very low thermal expansion coefficient of 6 µmm−1K−1 [54],

which results in geometry changes of less than 1%.

The samples were also subjected to repeated thermal cycling, i.e. heated to T ≈ 1200K for

an hour, before allowing to cool to room temperature. After several thermal cycles, R measure-

ments show no measurable difference in the optical properties. Scanning electron micrographs also

show the 2D W PhC samples keeping its original microstructure, including the ≈ 300 nm sidewall

thickness, i.e. exhibiting no evidence of surface diffusion, thus demonstrating its stability at high

T ’s under vacuum. Though our experiments indicate no degradation over 10 hours, further work

is suggested to address stability issues over longer time scales (years).
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Figure 2-13: AFM results of fabricated 2D W PhC. (a) 3D Rendered Profile (b) 2D Profile

2.5 Effect of Fabrication Disorders

Here, the effects of various fabrication disorders that may occur on fabricated 2D MPhCs are

explored using numerical simulations. They include tapering of the holes, sidewall roughness, and

surface contamination. Note that the simulations to study fabrication disorders were performed

using measured optical properties of tantalum (Ta) [37].

2.5.1 Tapering of Holes

AFM was used to investigate the profile of the cylindrical cavities of the fabricated samples. As

can be seen in Fig. 2-13, tapering of the cylindrical cavities is evident; r at the base of the cavities

is smaller by about 200 nm compared to the opening at the top. Consider the model shown in the

inset of Fig. 2-14, where the diameter is reduced by 50 nm increments four times leading to a total

reduction of 200 nm at the base of the cavity. The five regions with different r’s are split to the ratio

of 1:4:5:9:1 of d. As can be seen in Fig. 2-14, tapering of the holes results in a reduced effective r as

compared to the perfect structure. As a main consequence, λc shifts towards smaller wavelengths.
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Figure 2-14: ε of the tapered structure (see inset) can be modeled by a perfect structure with a
smaller effective r.

The contrast in ε is almost unaffected; for the perfect structure with the effective r, ε contrast of

5:1 is achieved over 10% wavelength separation, while for the tapered structure, the same contrast

is achieved over 11% wavelength separation. Long wavelength ε is unaffected as expected.

2.5.2 Sidewall Roughness

Due to the stochastic nature of the chemical wet etch used to pattern the Cr hard mask, the

sidewalls of the finished 2D MPhCs suffer from roughness. The best fabricated PhC, as shown in

Fig. 2-8, has maximum sidewall deviation of ≈ 0.09a = 125 nm, and average sidewall deviation ≈

0.045a = 65 nm.

The effects of sidewall roughness can easily be studied using FDTD simulations by incorporating

both inclusion and removal of the corresponding metallic material at random points along the

perimeter of each air hole, designed such that the average change in air hole area is zero. The

maximum size and average size of the deviation is denoted by δ and δ/2 respectively. Even though

the simulation is designed such that the average change in air hole area is zero, λc increases as

shown in Fig. 2-15. This suggests an increase in the effective r of the structure, which is expected

due to increased penetration of the electromagnetic fields into the air regions. This is confirmed in
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Figure 2-15: Effect of sidewall roughness (quantified as maximum sidewall deviation δ) on the
performance of the emitter. (a) δ = 0.05a (b) δ = 0.07a (c) δ = 0.09a (d) δ = 0.11a
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Figure 2-16: λc of the sidewall roughened structure can be approximated by a perfect structure
with a larger effective r. However, average ε below λc is higher by ≈ 30% for sidewall roughened
structures.

Fig. 2-16, where comparison of ε between a perfect structure with a larger effective r and a sidewall

roughened structure with δ = 0.09a shows resonance wavelengths that are approximately aligned.

However, the increased metallic surface area of the sidewall roughened structure allows enhanced

interaction with electromagnetic fields at λ < λc, resulting in an increase of the average ε by ≈

30%. This is in fact a desirable effect for applications requiring maximum ε at λ < λc. The only

drawback is the slightly reduced Q-factor of the resonances, resulting in reduced ε contrast at the

cutoff; the sidewall roughened structure has an ε contrast of 5:1 over 16% wavelength separation

while the effective r perfect structure achieved the same contrast over 8% wavelength separation.

Nevertheless, they have approximately the same long wavelength ε (within 0.005 at around λ =

4 µm).

Hole Radius Variation

Simulations of sidewall roughened structures with larger supercells can provide us with insight into

the effect of random variation between the holes in fabricated structures. The results are shown

in Fig. 2-17 for 1 × 1, 2 × 2, 3 × 3, and 4 × 4 supercells. Results from the 1 × 1 cell do indeed
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Figure 2-17: Simulations with larger supercells allows us to approach the fabricated structure.
Results from the 1 × 1 cell nevertheless provide a good approximation to results obtained using
larger supercells, especially for the higher order modes. The first few modes however may merge
due to broadening caused by variation in the effective r between holes. Results shown are for 2D
Ta PhC with r = 0.54 µm, d = 4.00 µm, a = 1.36 µm, δ = 0.09a. (Inset: 4× 4 supercell)

provide a good approximation, especially for the higher order modes. However, due to the variation

in the effective r between the holes, the first few modes may merge as a result of superposition of

the individual resonances at slightly different frequencies. For the dimensions considered (2D Ta

PhC with r = 0.54 µm, d = 4.00 µm, a = 1.36 µm), a 25 nm variation in r results in approximately

100 nm shift in the resonance wavelength. Hence, ε of fabricated structures is expected to exhibit

broadening.

Breakage of Sidewalls

When sidewall deformation gets too large (δ > 0.15a when r = 0.4a), the sidewalls may break

during the etching process, causing the cylindrical cavities to become connected to each other. New

resonant modes not pertaining to metallic cylindrical cavities start to appear, and electromagnetic

waves of larger wavelengths are now able to enter the cavities due to the increased λc. Consequently,

the emitter loses its wavelength selectivity as long wavelength ε elevates. Results for δ = 0.18a

when r ≈ 0.4a are shown in Fig. 2-18. Therefore, during fabrication, it is recommended to start
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Figure 2-18: As the sidewalls become broken, the cylindrical cavities may become connected to each
other, thus allowing interaction with electromagnetic waves of larger wavelengths. Consequently,
long wavelength ε increases by more than 100% compared to the perfect structure with very thin
sidewalls (in green).

with a slightly larger a than necessary to ensure that the sidewalls remain intact.

2.5.3 Contamination

Initial fabrication efforts resulted in 2D W PhC samples that have unusually high long wavelength

ε as shown in Fig. 2-19. Closer investigation of the surface using X-ray Photoelectron Spectroscopy

(Kratos AXIS Ultra Imaging) showed significant (> 9 atoms per W atom) presence of Cr, fluorine

(F), and carbon (C). The presence of C and F is most likely due to the final CF4 based RIE

performed to etch cylindrical cavities into W, while presence of Cr signifies its incomplete removal

using the Cr-7 wet etchant in the final fabrication procedure.

In order to confirm the hypothesis that the contamination caused the sample to be more ab-

sorptive at λ > λc, a few experiments were performed to compare ε of a new W sample to samples

that have been subjected to various fabrication processes. We start with Dirty W I, which is a

clean W sample with 20 nm of Cr deposited on top of it. As shown in Fig. 2-20, Cr is approximately

3 times more absorptive than W at long wavelengths, hence the presence of Cr on the surface is
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Figure 2-19: ε of 2D W PhC (r = 0.58 µm, d = 1.60 µm, a = 1.50 µm) at various contamination
levels. Solid lines are results obtained from numerical simulations while the dotted line is a mea-
surement taken from a representative fabricated sample. Dirty 2D W PhC I and Dirty 2D W PhC
II are simulations assuming a surface that is respectively 5% and 10% more absorptive than clean
W.

detrimental to the emitter’s wavelength selectivity. Next, Dirty W I was subjected to 10×5 minutes

CF4 based RIE and subsequent immersion into the Cr-7 liquid etchant for 3 minutes, resulting in

a sample (Dirty W IV) that is more emissive by ≈ 0.06 compared to the new sample (New W).

For the sample not exposed to the CF4 based RIE (Dirty W II), ε is only higher by ≈ 0.01. This

signifies that upon exposure to RIE, the Cr hard mask becomes harder to remove. Additionally,

exposure to RIE without a mask can also elevate ε (Dirty W III).

In conclusion, contamination on the top surface of metal PhCs can result in elevated ε in the

region λ > λc, therefore destroying the selectivity of the emitter. In contrast, contamination in

the cylindrical cavities only affect ε below λc; the PhCs exhibit resonances that are broader and

have lower Q-factors. Interestingly, the average ε below λc increases by ≈ 15%, bringing it closer

to the ideal emitter performance. However, low ε at λ > λc is more critical. Thus, to avoid issues

with contamination, it is highly recommended that a thicker Cr mask than necessary is deposited

to adequately protect the top surface from the final CF4 based RIE. This also ensures that an

adequately thick layer of high purity Cr remains at the bottom, which ensures an easier removal
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Figure 2-20: Measured ε of W samples subjected to various fabrication processes; Dirty W I has
50 nm Cr deposited on the top surface of a clean sample, Dirty W II is Dirty W I subjected to
immersion in Cr-7 liquid etchant for 3 minutes, Dirty W III is a clean sample subjected to 10 × 5
minutes of the same CF4 based RIE used in etching holes into W, and Dirty W IV is Dirty W I
subjected to 10× 5 minutes of the same CF4 based RIE and subsequent immersion into Cr-7 liquid
etchant for 3 minutes.

with the Cr-7 liquid etchant in the final step.

2.6 Conclusions

In this chapter, we have demonstrated highly selective thermal emission using 2D MPhCs that

consist of a square array of cylindrical cavities etched into an optically smooth metallic substrate.

The 2D MPhC exhibits low emittance at long wavelengths and near-blackbody emittance at short

wavelengths, with a sharp cutoff in between, as predicted by numerical modeling and optimization.

The enhancement of emission is provided by coupling of free space radiation into cavity modes.

Thermal emission of the 2D MPhC design can easily be optimized for a particular application

via Q-matching, whereby the absorptive and radiative rates of the PhC’s cavity resonances are

matched, resulting in near-ultimate short wavelength emittance. In addition, the bandgap edge

of the PhC can be tailored to theoretically any wavelength of interest by virtue of controlling the

cavity’s resonant frequency (limited only by intrinsic material properties and fabrication limits).
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Furthermore, the approach is directly applicable to any highly reflective metallic material, for

instance platinum, silver, molybdenum, tantalum, etc. since the magnitude of the first emittance

peak is controlled solely by Q-matching.

Using this, 2D W PhC designs capable of an emission contrast of about 3:1 over 10% wave-

length separation have been demonstrated numerically and experimentally, a marked improvement

to previously reported work with an approximate emission contrast of 2:1 [12,25–29]. Furthermore,

with theoretical guidance via Q-matching, designs with maximum emission at larger wavelengths

previously unattainable have been achieved. As an example, we have shown theory and computa-

tionally guided designs optimized for use in TPV systems employing cells with different electronic

bandgaps. They are also robust with respect to experimental levels of disorder and impurities.

Strong angular selectivity has also been observed, with short wavelength emission suppressed by

50% at the polar angle of 75◦ compared to normal incidence.

We have also demonstrated high operation temperatures of at least 1200 K with our 2D W PhC

selective thermal emitters that have been produced over large areas with macroscopic long range

order using conventional nanofabrication techniques already demonstrated at scale. The spectral

properties of MPhCs, including the cutoff wavelength and magnitude of the high emittance region,

have remained stable at high temperatures, demonstrating the mechanical and optical robustness

of our design with respect to temperature.

The 2D MPhCs provide the platform necessary to realise high temperature nanophotonics for

energy applications, ranging from efficient solar absorbers for solar thermal applications [15–17,19],

which are characterized by good solar absorption (low reflectance for wavelengths smaller than a

cutoff wavelength usually in the vicinity of 1.5 µm to 2.5 µm depending on operating temperature

and solar concentration) and low thermal emittance (high reflectance for wavelengths larger than

the cutoff wavelength, and angularly selective absorption), to highly efficient selective emitters that

are important for realizing both high efficiency and high power density TPV energy conversion

systems [13,14,18]. In addition, they can be applied as a high efficiency near- to mid-IR radiation

source for IR spectroscopy, night vision, as well as miniaturized on-chip for sensing applications

including highly selective gas and chemical sensing [20,21].
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Chapter 3

Performance Analysis of

Experimentally Viable Photonic

Crystal Enhanced

Thermophotovoltaic Systems

Following experimental demonstration of the 2D MPhCs described in Chapter 2, it is instructive

to evaluate its performance in targeted high temperature applications. In this chapter, we quantify

the performance improvement seen when implementing optimized 2D MPhCs as selective emitters

in TPV energy conversion systems, whereby efficient spectral control is imperative in achieving

high efficiency. In addition, the performance of the 2D MPhC selective emitter is compared to the

greybody emitter coupled with the well characterized cold-side tandem filter. Finally, we evaluate

the parasitic losses in experimentally realistic TPV systems using state-of-the-art components that

are available today in order to identify areas for improvement.
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3.1 Introduction

Recent advancements in the field of low bandgap PV cells [40,41,43,44] has led to renewed interest in

developing high efficiency and high power density TPV energy conversion systems, whereby direct

conversion of thermal radiation to electricity is achieved via the PV effect [55–57]. Compared

to solar PV conversion, the heat source is significantly closer to the PV cell, resulting in photon

flux and power density that are orders of magnitude higher. However, due to the much lower

temperatures achievable in practical TPV systems (< 2000K), the majority of emitted photons

lie in the near- to mid-IR spectrum, hence the importance of high quality low bandgap PV cells

in developing high efficiency TPV systems. TPV systems offer many advantages, including the

promise of highly versatile and compact high power density energy conversion systems that have

no moving parts, leading to quiet and robust operation. Virtually any high grade heat source can

be utilized, including waste heat [57], fossil fuels [13, 58], radioisotopes [14, 42, 59, 60], and solar

energy [15,16,61–63].

Even though low bandgap PV cells allow more efficient use of the emitted radiation, the broad-

band nature of thermal emission at the relatively low temperatures considered results in significant

emission of below bandgap photons. For instance, only 28% of the radiant exitance of a blackbody

at 1500K with peak radiation at a wavelength of 1.93 µm lies below 2 µm, which is approximately

the bandgap of InGaAs PV cells [41]. The remaining non-convertible photons emitted result in

parasitic heat losses, which would also lead to highly undesirable elevated PV cell operating tem-

peratures. Hence, spectral control is critical in achieving higher TPV system efficiencies.

Spectral control can be achieved firstly via the use of selective emitters to preferentially emit

convertible photons. To date, various selective emitters have been investigated; from rare-earth

oxides [61, 64–66], to 1D [32, 67], 2D [23, 25, 27, 28, 45, 68], and 3D PhCs [12, 26, 29, 69]. Another

spectral control approach relies on recuperating non-convertible photons using front surface reflec-

tors [70–73] and back surface reflectors [74–76] on the PV cell. A TPV system including both

aspects of spectral control is shown in Fig. 3-1(b).

Following recent efforts on the design, fabrication, characterization, and optimization of spectral
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Figure 3-1: (a) Conventional TPV energy conversion system without spectral control. (b) TPV
system with 2D PhC selective emitter and cold-side filter. Spectral control enables performance
enhancement of up to 400% over the conventional TPV system.

control devices for TPV applications, many studies have attempted to estimate the enhancement

in TPV system performance [13,18,77,78]. In this investigation, we focus on obtaining estimates of

TPV system performance using spectral control components that have recently been demonstrated

experimentally, while taking into account high temperature and angular dispersion properties to

ensure realistic estimates. In particular, we focus on 2D tantalum (Ta) PhCs as the selective

emitter; Ta is chosen for this investigation as it is machinable, which is not the case for W described

in Chapter 2. Machinability is important to ensure ease of system integration. Regardless, just

like 2D W PhCs, 2D Ta PhCs offer the same sharp emittance cutoff that is easily shifted and

optimized [28,31,34], are scalable to large areas [79], and have been proven to be thermally stable

at high temperatures in high vacuum conditions [80]. The performance of this emitter is evaluated

with or without a cold-side tandem filter [70, 73], which to date is widely regarded as one of the

more promising experimentally realized reflective spectral control device [14,71,81].

In the following section, we will discuss the numerical model used to obtain detailed performance

predictions of TPV systems. Inputs to the model include key physical properties of each component
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that constitute the TPV system; optical properties are captured by the absorptance, reflectance,

and transmittance of the emitter, cold-side filter, and PV cell; electrical power generating properties

are captured by the quantum efficiency, dark current, parasitic resistances, and ideality factor of

the PV cell. Methods to obtain optimized 2D Ta PhC selective emitter and cold-side tandem

filter designs will also be discussed. In section 3.3, TPV modeling results of various emitter and

cold-side filter combinations will be presented. In addition, we will analyze the performance of 3

different current state-of-the-art low bandgap TPV cells using key physical properties that have

been experimentally measured from fabricated cells; GaSb (bandgap Eg ≃ 0.72 eV) [40,82], InGaAs

(Eg ≃ 0.62 eV) [41,42], and InGaAsSb (Eg ≃ 0.55 eV) [43,44,82]. The results using experimentally

realizable components will be benchmarked against idealized components to identify areas that

require improvement. We then conclude by summarizing our findings in section 3.4. Note that a

condensed version of this chapter is reported in Ref. 83.

3.2 Numerical Model

3.2.1 Thermophotovoltaic System

To obtain the short circuit current Isc generated, the net irradiance incident on the PV cell is

calculated following a ray tracing approach. We begin with the definition of the spectral radiance

of a blackbody:

iBB(λ, T ) =
2hc2

λ5[ exp( hc
λkT )− 1 ]

(3.1)

The total radiant power emitted Pem at temperature T by an emitter of area A1 with temperature

and angular dependent spectral emittance ε(λ, θ1, φ1, T ) is then given by:

Pem =

∫

∞

0

dλ

∫ π
2

0

dθ1

∫

2π

0

dφ1

∫

A1

dA1 [ iBB(λ, T ) ε(λ, θ1, φ1, T ) cos θ1 sin θ1 ] (3.2)

where θ1 is the polar angle and φ1 is the azimuthal angle. The fraction of Pem reaching the PV

cell can be evaluated by first considering the differential radiant power incident on the PV cell of
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Figure 3-2: Radiative heat transfer model involving emitter of area A1 and PV cell of area A2. θ1

and θ2 are respectively the angle between the straight line connecting the two infinitesimal areas
dA1 and dA2 and their respective normal vectors, and s2 is the distance between dA1 and dA2.
To take into account the multiple reflections taking place between the emitter and the PV cell,
alternating virtual surfaces of the emitter and PV cell are constructed at a distance sl from the
initial emitter.

infinitesimal area dA2 from an emitter of infinitesimal area dA1:

dQdA1→dA2
= iBB(λ, T ) ε(λ, θ1, φ1, T ) dA1 dF2 (3.3)

dF2 is the differential view factor, which is defined as the fraction of radiant power emitted by dA1

incident on dA2:

dF2 =
cos θ1 cos θ2

s22
dA2 (3.4)

where θ2 is the angle between the straight line connecting the two infinitesimal areas and the normal

vector for dA2, and s2 is the distance between dA1 and dA2 as illustrated in Fig. 3-2.

In a TPV system, it is important to take into account the multiple reflections taking place

between the emitter and the PV cell. It is thus convenient to define the differential view factor dFl

for dAl, a differential virtual surface area constructed at a distance sl from the initial emitter dA1
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(see Fig. 3-2) to properly take into account the lth order reflection [84]:

dFl =
cos θ1 cos θl

s2l
dAl (3.5)

Even values of l represent reflections to the PV cell, while odd values represent reflections back to

the emitter. Thus, the radiant power reabsorbed Pre by the emitter can be evaluated by integrating

Eq. (3.3) and summing over odd values of l:

Pre =

∞
∑

p=1

∫

dλ

∫

dF2p+1

∫

dA1

[

iBB(λ, T )R
p
2 R

p−1

1 (1−R1) ε(λ, θ2p+1, φ2p+1, T )
]

(3.6)

where R1 and R2 are the angular dependent reflectance of the emitter and the PV cell respectively.

The terms Rp
2 R

p−1

1 and 1 − R1 respectively captures the multiple reflections and final absorption

events. For a parallel plate TPV system configuration considered in this investigation, Eq. (3.6)

can be further simplified to the following:

Pre =

∞
∑

p=1

∫

dλ

∫

dA2p+1

∫

dA1

[

iBB(λ, T )R
p
2 R

p−1

1 (1−R1) ε(λ, θ2p+1, φ2p+1, T ) cos
2 θ2p+1

s2
2p+1

]

(3.7)

Similarly, the convertible radiant power incident on the PV cell Pcell, and Isc can be obtained by

summing over even values of l:

Pcell =
∞
∑

p=1

∫ λg

0

dλ

∫

dA2p

∫

dA1

[

iBB(λ, T ) (R1R2)
p−1 (1−R2) ε(λ, θ2p, φ2p, T ) cos

2 θ2p

s22p

]

(3.8)

Isc = 2qc

∞
∑

p=1

∫

IQE(λ) dλ

λ4[exp( hc
λkT )− 1]

∫

dA2p

∫

dA1

[

(R1R2)
p−1 (1−R2) ε(λ, θ2p, φ2p, T ) cos

2 θ2p

s2
2p

]

(3.9)

where IQE(λ) and λg are respectively the internal quantum efficiency and bandgap of the PV cell,

and q is the elementary electronic charge. Eq. (3.9) is then used to evaluate the total output current
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I as a function of applied voltage V at the output terminals of the PV cell according to:

I = Isc − Io exp

[

q(V + IRs)

mkTc

]

−
V + IRs

Rsh

(3.10)

where m, Io, Rs, Rsh, and Tc are respectively the ideality factor, dark current, series resistance,

shunt resistance, and temperature of the PV cell [85]. The output electrical maximum power

point Pelec, max is then obtained by maximizing Pelec = IV by setting d(IV )/dV = 0. The radiant

heat-to-electricity TPV efficiency ηTPV is then given as follows:

ηTPV =
Pelec, max

Pem − Pre

(3.11)

ηTPV can further be broken down into the overall spectral efficiency when TPV cavity effects are

taken into account ηcav-spec, and the PV cell efficiency ηcell:

ηcav-spec =
Pcell

Pem − Pre

(3.12)

ηcell =
Pelec, max

Pcell

(3.13)

Note that the evaluation of Eqs. (3.7)–(3.9) can be computationally intensive, especially in obtain-

ing estimates for optimization purposes. Thus, it is interesting to consider the simplification of

capturing the angular dependence via the spectral hemispherical emittance εH(λ, T ):

εH(λ, T ) =
1

π

∫ π
2

0

dθ1

∫

2π

0

dφ1 [ε(λ, θ1, φ1, T ) cos θ1 sin θ1] (3.14)

Using this, the problem simplifies into radiation exchange between two general surfaces of total

area A1 and A2, thereby not requiring the intensive numerical integration over all differential areas.

Indeed, we have verified that both the full ray tracing method and the spectral hemispherical

approximation produce results that agree very well (see Appendix 3.A). This is expected given

the very high view factors (F > 0.85) involved in practical parallel plate TPV systems that are

considered in this investigation, whereby most emission up to θ . 85◦ is incident on the PV cell.
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3.2.2 Two-dimensional Tantalum Photonic Crystals as Selective Emitters

The 2D MPhC described in Chapter 2 is well suited for enabling high efficiency TPV systems,

as it can be easily designed to simultaneously achieve near-blackbody ε at λ < λg, as well as ε

almost as low as a polished metal at long wavelengths, with a sharp cutoff separating the two

regimes. Of the various refractory metals available, Ta is selected for this investigation as it is

highly machinable and weldable. This is extremely vital in ensuring practical integration into a

TPV system. In addition, the 2D Ta PhC emitter has been demonstrated to be thermally stable

at high temperatures in high vacuum environments [80], and the fabrication process is scalable to

large areas [79], both of which are essential for practical large scale adoption.

As discussed in Section 2.2, Q-matching of the fundamental cavity resonance mode allows quick

identification of near optimal designs for TPV systems. However, it is not the global optimum as

it is difficult to simultaneously achieve Q-matching for higher order modes, which is important in

broadening the bandwidth for maximum ε at λ < λg and thereby maximum ηTPV and Pelec, max. In

addition, the optimization problem is highly non-convex marked by a large number of local optima.

Hence, non-linear global optimization methods were used to uncover the optimum r, d, and a of the

2D Ta PhC that would best suit a particular TPV cell as local search algorithms may potentially

get trapped in a localized peak [18]. The global optimum was found via the multi-level single-

linkage (MLSL) method, which executes a quasi-random low-discrepancy sequence (LDS) of local

searches [86] using constrained optimization by linear approximation (COBYLA) [87]. Other global

search algorithms, such as the controlled random search (CRS) algorithm [88], also yielded similar

results. The global optimization routines were implemented via NLOpt, a free software packaged

developed at MIT that allows comparison between various global optimization algorithms [89]. Note

that in all optimization routines, the design provided by Q-matching of the fundamental mode was

used as the initial estimate. In addition, the following constraints were implemented: a − 2r ≥

100 nm to ensure integrity of sidewalls; d ≤ 8.50 µm based on fabrication limits using an SF6 based

DRIE Bosch process [79].

ε(λ, θ1, φ1, T ) of the 2D Ta PhC can easily be determined via FDTD numerical methods [35]
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coupled with the Lorentz–Drude model fitted to elevated temperature emittance [80] to capture

the optical dispersion of Ta. However, high memory requirements and slow computational speed of

FDTD methods limit its application in determining the globally optimum design for a particular

TPV system. Thus, to obtain quicker estimates, we utilized the mode matching formalism described

in Ref. 90, of which we have confirmed to match very well with FDTD methods. In essence, the

reflectance was calculated by matching the radiation fields at the boundary of free space and the

cylindrical cavities via expansion of the cavity modes for shorter wavelengths, and utilizing a surface

area weighted impedance for longer wavelengths.

The calculated ε(λ, θ1, φ1, T ) can then be used to obtain ηTPV and the maximum power density

Jelec, max = Pelec, max/A1 as described in Section 3.2.1. For optimization purposes, we used the

following figure of merit:

FOM = xηTPV + (1− x)
JPhC

elec, max

JBB
elec, max

(3.15)

where JPhC
elec, max/J

BB
elec, max captures the TPV system power density performance of the 2D Ta PhC

emitter compared to a blackbody, and x ∈ [0,1] is the weighting given to ηTPV in the optimization

routine, which could be modified depending on design goals. In this investigation, we are mainly

concerned in obtaining the highest ηTPV possible, thus x = 0.9 was used. Using this, 3 different

designs optimized for GaSb [40,82], InGaAs [41,42], and InGaAsSb [43,44,82] cells were obtained.

As can be seen in Fig. 3-3, the normal incidence spectral emittance ε⊥ of the optimized 2D Ta PhCs

is high at λ < λg of the respective TPV cells, and low at λ > λg. Note that in the optimization

routine, we have assumed an approximate operating T = 1500K and a fixed view factor F = 0.99,

which is realistically achievable using a 100mm × 100mm flat plate geometry with separation s =

500 µm. Regardless, the exact operating T and F of the final optimal TPV system are relatively

unimportant as long as they are reasonably close. This is due to the fact that the optimization

routine indirectly searches for the design with the best selective ε⊥. In fact, the optimum design

also has the best selective εH, firstly due to the fact that the cavity resonance wavelength remains

the same regardless of θ1 and φ1. Secondly, the best selective ε⊥ and εH can only be achieved by

limiting diffraction as discussed in Section 2.2.1, thus leading the algorithms to converge to the

smallest possible a.
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Figure 3-3: Simulated high temperature (T = 1478K) normal spectral emittance ε⊥ of flat Ta
and 2D Ta PhCs optimized for GaSb (Design I: r = 0.43 µm, d = 8.50 µm, a = 0.95 µm), InGaAs
(Design II: r = 0.51 µm, d = 8.50 µm, a = 1.11 µm), and InGaAsSb (Design III: r = 0.57 µm, d
= 8.50 µm, a = 1.23 µm). As can be seen, λc is easily shifted by modifying the dimensions of the
PhC.

3.2.3 Plasma-dielectric Stacks as Cold-side Bandpass Filters

Recent TPV system experiments demonstrating record ηTPV of 19% employed a greybody-like

graphite emitter with a cold-side tandem filter [14]. It is thus instructive to compare the TPV

system performance using 2D Ta PhCs as the emitter, with or without the tandem filter. The

tandem filter consists of bi-material multilayer dielectric stack terminated with a plasma filter

[70,73]. The dielectric stack is essentially an enhanced version of the quarter-wave stack, whereby

high transmission is seen for photons within the convertible range yet simultaneously providing

high reflection in the mid-infrared range (λ ∼ 2–6 µm). In order to extend the bandwidth of high

reflection beyond λ = 6 µm, an additional plasma filter consisting of a highly doped semiconductor

is deposited at the end of the multilayer dielectric stack. λc of the tandem filter can be shifted

by modifying the thicknesses of the dielectric stack layers, and further optimized for particular

TPV cells using the optimization technique described in Ref. 70. The measured normal incidence

transmittance of two particular designs optimized for 0.5 eV and 0.6 eV cutoffs are shown in Fig. 3-
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Figure 3-4: Measured normal incidence transmittance of tandem filters optimized for 0.5 eV and
0.6 eV TPV cells. The tandem filters consist of dielectric stacks of antimony selenide (Sb2Se3) and
yttrium fluoride (YF3), terminated with a 1 µm thick heavily doped indium phosphide arsenide
(InPAs) layer as the plasma filter. The tandem filters were obtained from Rugate Technologies,
Inc.

4. The filters were fabricated by Rugate Technologies, Inc. using antimony selenide (Sb2Se3) and

yttrium fluoride (YF3) as the multilayer dielectric stack, and a heavily doped indium phosphide

arsenide (InPAs) layer as the plasma filter.

3.3 Results and Discussion

We now consider TPV systems utilizing both the optimized 2D Ta PhC selective emitter and

the cold-side tandem filter discussed in Section 3.2.2 and Section 3.2.3 respectively. In order to

benchmark the performance of the 2D Ta PhC selective emitter, a greybody emitter (ε = 0.9) and

an idealized cutoff emitter (εH = 0.9 for λ < λc and εH = 0.1 for λ > λc) are included in the analysis.

The idealized cutoff emitter is used as the approximate upper limit achievable with metallic PhCs.

In the following subsections, we will explore the effect of T and F on TPV systems utilizing

the aforementioned spectral control devices. Following that, we will look into the effect of below

bandgap emission of selective emitters on ηTPV in order to gain insight into the improvements
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Figure 3-5: Relevant optical properties for optimized components in an InGaAsSb TPV system.
The normal incidence emittance ε⊥ and hemispherical emittance εH of the optimized 2D Ta PhC
emitter, and θ = 45◦ reflectance Rθ=45◦ of the 0.53 eV tandem filter are shown to match the external
quantum efficiency (EQE) of an InGaAsSb cell. An ideal cutoff emitter is included in the analysis
to elucidate the effect of non-ideal spectral emittance of the optimized 2D Ta PhC.

necessary for selective emitters to be viable. Since the trends are general for all TPV cells in

consideration, we will only present results for the particular InGaAsSb TPV cell described in

Ref. 82. Finally, we will elucidate the effects of TPV cell non-idealities, and present estimates of

optimized TPV system efficiencies using GaSb [40, 82], InGaAs [41, 42], and InGaAsSb [43, 44, 82]

TPV cells, as well as compare the results to notable TPV experimental results reported to date.

3.3.1 Optimized InGaAsSb Thermophotovoltaic System

Figure 3-5 presents the measured external quantum efficiency (EQE) of the fabricated InGaAsSb

cells [82], together with ε⊥ and εH of the optimized 2D Ta PhC. As can be seen, λc of the optimized

2D Ta PhC matches well with the EQE of the InGaAsSb TPV cell. Although the performance

is excellent at normal incidence, εH is significantly lower in the region of high EQE, which would

negatively impact both ηTPV and Jelec, max since typical TPV systems are operated at high F. As

discussed in Section 2.2.1 the intrinsic angular selectivity of the 2D Ta PhC arises from the constancy

of the resonant peaks and the decreasing diffraction threshold as a function of incident polar angle.
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At wavelengths below the diffraction threshold, absorptance decreases because there are more

channels to reflect back to and Qrad decreases, thus destroying Q-matching. Therefore, at larger

incident angles, the in-band absorption region decreases and has a lower average absorptance (see

Fig. 3-5). Nevertheless, εH still approaches the long wavelength limit determined by the volume

fraction of air to Ta, thus maintaining some degree of spectral selectivity.

The tandem filter also suffers from angular dispersion detrimental to TPV systems. However,

variations in the magnitude of transmittance at λ < λc and reflectance at λ > λc are less severe

compared to the optimized 2D Ta PhCs. As θ increases, λc shifts to smaller λ’s; selectivity only

starts degrading above θ = 60◦ [70]. Hence, the spectral hemispherical reflectance of the tandem

filter is closely approximated by θ = 45◦ reflectance, Rθ=45◦ . Since spectral hemispherical reflectance

measurements of optimized filters are not available, shifted versions of measured normal incidence

transmittance of filters shown in Fig. 3-4 are used as an estimate for Rθ=45◦ in order to obtain

estimates of ηTPV for systems employing the tandem filter. This is reasonable due to the following:

λc of the filter is easily shifted within the wavelength range of interest in TPV by altering the

layers’ thicknesses; Rθ=45◦ closely approximates normal incidence reflectance; and the filter exhibits

absorptance close to zero for λ = 1–9 µm [70]. The estimated Rθ=45◦ for a 0.53 eV tandem filter

optimized for InGaAsSb TPV cells is shown in Fig. 3-5. Note that the absorptance of the tandem

filter extracted from Ref. 70 not shown in Figure 3-5 is also taken into account in the model.

For TPV systems without the optimized tandem filter, the reflectance of the bare InGaAsSb

cell becomes critical. Hence, reflectance of the InGaAsSb cells is included whenever possible,

i.e. extracted from data published in literature [82]. Nevertheless, due to the limited wavelength

range where reflectance data is available, we assume zero reflectance at wavelengths where data is

unavailable to ensure conservative ηTPV estimates. We also assume a constant reflectance for the

TPV cells over all angles as published literature data for experimentally fabricated cells are limited

to near normal incidence. Regardless, these approximations do not prevent us from exposing critical

spectral control requirements necessary in engineering efficient TPV systems, which is the main

objective of this investigation.
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3.3.2 Effect of Temperature and View Factor

Using the numerical model presented in Section 3.2, ηTPV can be estimated for InGaAsSb TPV

systems comprising the ideal cutoff selective emitter, optimized 2D Ta PhC selective emitter, or

greybody emitter (ε = 0.9), with or without the optimized tandem filter. First, we consider a

system with a fixed F = 0.99. As shown in Fig. 3-6(a), there exists an optimum operating T for

each of the combinations considered; if T is too low, the emission peak is located at λ > λg of the

TPV cell as indicated by sub-optimal ηcav-spec and ηcell shown in Figs. 3-6(b) & (c); if T is too high,

the TPV cell’s Rs losses dominate as indicated by the reduction in ηcell shown in Fig. 3-6(c).

At the optimum T , highest ηTPV can be achieved by including the optimized 0.53 eV tandem

filter; coupling the filter with the greybody and the optimized 2D Ta PhC emitter results in a

maximum radiant heat-to-electricity efficiency ηTPV, max of 23.5% and 23.7% respectively, which is

extremely close to the performance of the ideal cutoff emitter of ηTPV, max = 24.3%. The optimum

operating T ’s are 1260K, 1230K, and 1210K for the optimized 2D Ta PhC, greybody, and ideal

cutoff emitter respectively, when coupled with the tandem filter. The corresponding Jelec, max’s are

0.62Wcm−2, 0.66Wcm−2, and 0.59Wcm−2 respectively. These results indicate that in a high F

system, the use of a selective emitter is not critical if an optimized tandem filter is present. This

is mainly due to the tandem filter’s steep cutoff and high reflectance at λ > λc. Nevertheless,

if implementation of the filter is not possible, the optimized 2D Ta PhC emitter offers > 70%

improvement in ηTPV, max over the greybody emitter.

To further study the effect of F , we consider each of the combinations at their optimum T .

As shown in Fig. 3-7 the greybody performs as well as the optimized 2D Ta PhC when coupled

with the optimized tandem filter at F > 0.97 (100mm × 100mm flat plate geometry with s <

1.7mm). If F < 0.97, significant improvement is seen with the optimized 2D Ta PhC over the

greybody as the efficiency of photon recycling using the tandem filter deteriorates. Note, however,

that in practical systems, it is important to realize that F is limited by the reduction in active

cell area due to front side metallization (busbars) requirements of TPV cells, and less than ideal

packing ratios when TPV cells are stitched together to form larger modules. The limiting effect of
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Figure 3-6: (a) Radiant heat-to-electricity efficiency ηTPV for various emitters with or without an
optimized tandem filter in combination with an InGaAsSb TPV cell at fixed view factor F = 0.99
(100mm × 100mm flat plate geometry with separation s = 500 µm). An optimum T exist for each
combination. Due to considerable emission below the bandgap of the InGaAsSb TPV cell for the
emitters considered, significant improvement is seen with the use of the tandem filter. (b) Overall
spectral efficiency when TPV cavity effects are included, ηcav-spec. When F = 0.99, use of a selective
emitter is not critical if an optimized tandem filter is present. (c) TPV cell efficiency, ηcell. For T >
1200K, degradation of ηcell is observed due to larger series resistance Rs losses from high carrier
injection.
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Figure 3-7: ηTPV at optimum T . The crosses are simulation results for F = 0.99 when the TPV
cell active region is assumed to be 90% of total cell area.

this non-ideality can easily be determined in the model by assuming a certain active TPV cell area

ratio, while non-active regions are assumed to be 100% dissipative. As reported in Ref. 41 and 42,

active TPV cell area ratios of ∼ 90% are readily achievable. Using this information, we are able

to estimate ηTPV for all the emitter-filter combinations considered at F = 0.99, results of which are

marked by the crosses in Fig. 3-7 to clearly show the reduction in the effective F . Evidently, use

of the cold-side tandem filter helps mitigate the effect of < 100% active cell area ratios.

3.3.3 Effect of Non-ideal Selective Emitter

As can be seen in Fig. 3-6, a selective emitter is critical for TPV systems without the optimized

tandem filter. It is also observed that the optimized 2D Ta PhC emitter does not come close to

achieving the performance of the ideal cutoff emitter. This is primarily due to long wavelength ε

that is larger by a factor of two compared to the ideal cutoff emitter, which is inevitable even with

a low ε polished metal given that intrinsic free electron damping losses significantly increase with

the rise of temperature [37]. The question now lies as to how much improvement can be seen if

long wavelength ε can be suppressed to hypothetical levels in future selective emitter development.

To study this, let us compare the performance of a greybody emitter to an ideal cutoff selective
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emitter with εH at λ < λg of εsw = 0.9, and a varying εH at λ > λg of εlw. Estimates of ηTPV for

both emitters at T = 1250K (which is approximately the optimum for InGaAsSb TPV) with or

without the 0.53 eV optimized tandem filter are presented in Figs. 3-8(a) and (b) for F = 0.99

and F = 0.95 (100mm × 100mm flat plate geometry with s = 3mm) respectively. Evidently, use

of a selective emitter results in markedly increased ηTPV over a greybody if the optimized tandem

filter is absent. Notice that a larger relative improvement in ηTPV is seen compared to the relative

reduction in εlw. However, for a TPV system using only the ideal cutoff emitter for spectral control,

εlw must be smaller than 0.03 to outperform the greybody – optimized tandem filter combination.

Such a low εlw is unfortunately a necessity due to the large amount of spectral irradiance when

integrated from λg < λ < 10 µm. Materials with εlw < 0.03 do not exist as yet, thus effective

spectral control is more readily attainable using the cold-side optimized tandem filter compared to

the hot-side selective emitter in high F TPV systems. If F < 0.95, both aspects of spectral control

become important; a relative improvement > 5% over the greybody emitter is realized for εlw <

0.09 when used in combination with the optimized tandem filter.

3.3.4 Effect of Non-ideal Cold-side Bandpass Filter

In this section, we consider the non-idealities that could be present in cold-side bandpass filters.

First, let us consider an ideal cutoff filter with the following characteristics:

Tr = 0.95 − αF : λ < λc

R = 1.00 − αF : λ > λc

where Tr is transmittance of the filter, and αF is the absorptance of the filter over all λ’s. These

parameters are chosen as the approximate upper limit of bandpass filters [70,72]. Using these, we

can calculate ηTPV for InGaAsSb TPV systems at T = 1250K and F = 0.99 when coupled with the

following previously discussed emitters: optimized 2D Ta PhC, greybody, and ideal cutoff emitter.

In addition, αF is varied from 0 to 0.05. The results are presented in Fig. 3-9(a). An ∼ 18% relative

reduction in ηTPV is seen for both the optimized 2D Ta PhC and greybody emitters, compared to

a lower ∼ 12% relative reduction for the ideal cutoff emitter when αF = 0.05. This is expected
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Figure 3-8: ηTPV for an InGaAsSb TPV system including an ideal cutoff emitter with εH at λ < λg

of εsw = 0.9, and a varying εH at λ > λg of εlw with or without a 0.53 eV optimized tandem filter
at a fixed T of 1250K. (a) F = 0.99. To outperform the greybody - optimized tandem filter
combination, the solitary ideal cutoff emitter must possess εlw < 0.03, to a point where addition of
the tandem filter is detrimental given the larger reduction in power density for a small improvement
in ηTPV. (b) F = 0.95 (100mm × 100mm flat plate geometry with s = 3mm). To outperform
the greybody - optimized tandem filter combination, the solitary ideal cutoff emitter must possess
εlw < 0.10. As F is reduced, both aspects of spectral control become important.
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given that better selective emitters are necessary if filters are highly absorptive. The performance

of the optimized tandem filter discussed in Section 3.2.3 are also put into context in Fig. 3-9(a)

with marked crosses for the respective emitters, indicating an effective αF ∼ 1%, which is consistent

with results reported in Ref 70.

The other interesting aspect of bandpass filters is the bandwidth of high reflectance λF. Thus,

let us consider an ideal cutoff filter with αF = 0 and the following:

R =



















0.05 : λ < λc

1.00 : λc < λ < λc + λF

0.30 : λ > λc + λF

Again, these values are estimates of upper limits of bandpass filters that could be realistically

achieved based on reported results [70, 72]. As can be seen in Fig. 3-9(b), only ∼ 1% absolute

difference in ηTPV is seen for the greybody emitter compared to the optimized 2D Ta PhC selective

emitter and the ideal cutoff emitter when λF = 10 µm. For λF < 6 µm, the optimized 2D Ta PhC

selective emitter enables absolute improvement > 3% in ηTPV compared to the greybody emitter.

Hence, when λF is small, it is more advantageous to employ the optimized 2D Ta PhC selective

emitter. In Fig. 3-9(b), results using the optimized tandem filter discussed in Section 3.2.3 when

coupled with the respective emitters are also indicated with marked crosses. An effective λF > 6 µm
is seen, which is consistent with results reported in Ref 70. It is also important to note that even

though the optimized tandem filter enables excellent TPV performance that is extremely close to

the ideal cutoff filter, they are nevertheless extremely costly and difficult to fabricate, given the

sheer number of layers (> 50 layers) and the specialty materials used (Sb2Se3, YF3, and heavily

doped InPAs). In Ref 72, it is reported that a much more practical 10 layer Si/SiO2 filter stack

can achieve λF ∼ 2 µm. When this filter is used instead, the 2D Ta PhC selective emitter enables

up to ∼ 44% relative improvement over the greybody emitter. In addition, the performance of the

optimized 2D Ta PhC selective emitter based TPV system is improved by ∼ 50% when the simple

10 layer Si/SiO2 filter is present. Ultimately, the optimum combination would depend on cost and

design goals.
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Figure 3-9: ηTPV for InGaAsSb TPV systems at T = 1250K and F = 0.99 using an ideal cutoff
filter with: (a) Tr = 0.95 − αF at λ < λc and R = 1.00 − αF at λ > λc, where αF is the filter
absorptance over all λ. (b) Varying high R bandwidth λF with R = 0.05 at λ < λc, R = 1.00 at
λc < λ < λc + λF, and R = 0.30 at λ > λc + λF, assuming αF = 0. The crosses are simulation
results for the respective systems when the optimized tandem filter discussed in Section 3.2.3 is
used instead. The green line is just a guide to the eye for the performance using a simple λF =
2.00 µm filter.

54



Chapter 3 Performance Analysis of Experimentally Viable PhC Enhanced TPV Systems

3.3.5 Effect of Non-ideal Thermophotovoltaic Cells

From 1975 to 2000, efficiencies of Si PV cells under AM1.5G solar irradiance have more than

doubled from 13% to 25% [91]. In fact, the latest state of the art Si PV cells approach ∼ 85% of

their theoretical thermodynamic limit [92], a feat made even more impressive given that Si has an

indirect bandgap. It is thus reasonable to envision a similar path followed by direct low bandgap

TPV cells if similar research efforts are undertaken, upon which would lead to significantly higher

ηTPV.

To quantify the possible increase in ηTPV, let us consider TPV cells limited only by thermal-

ization losses and radiative recombination, i.e. the Shockley-Queisser limit [93]. This is easily

implemented in the model described in Section 3.2.1 by setting Rs = 0, Rsh = ∞, and m = 1

in Eq. (3.10). In addition, Io is set to the thermodynamic limit determined solely by radiative

recombination [92]:

Io =
A2q(n

2 + 1)E2
g
kTc

4π2~3c2
exp(−Eg/kTc) (3.16)

where n is the refractive index of the TPV semiconductor region, Eg is the energy gap of the TPV

cell, and ~ = h/2π. Lastly, the ideal TPV cell is assumed to possess an EQE(λ) of 1 at λ < λg

and 0 at λ > λg. Using this, predicted ηTPV, max and corresponding Jelec, max for all emitter-filter-

TPV cell combinations are obtained and are presented in Table 3.1. Note that the 2D Ta PhC

selective emitters, filters, and T ’s indicated in brackets are optimized for current state of the art

low bandgap TPV cells (GaSb [82], InGaAs [41], and InGaAsSb [82]). In addition, the contribution

of reabsorption of photons generated by radiative recombination in the TPV cells by the emitter is

neglected, since it is much smaller than Pem, and that typical maximum power operation extracts

> 90% of the photocurrent generated. If this contribution is included, we expect < 5% relative

increase in ηTPV estimates for the ideal cell.

As can be seen in Table 3.1, current state-of-the-art fabricated TPV cells are∼ 50% as efficient as

their thermodynamically ideal counterparts. For the InGaAsSb TPV system utilizing the optimized

tandem filter and the optimized 2D Ta PhC selective emitter at the optimum operating T =

1260K, ∼ 12%, ∼ 28%, and ∼ 13% of the losses are attributable to non-ideal EQE, non-radiative
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Table 3.1: Predicted ηTPV, max and corresponding Jelec, max for three different TPV cells utilizing
experimentally realizable spectral control components at fixed F = 0.99. Optimum T indicated in
brackets is determined for each TPV system combination using fabricated and characterized TPV
cells (GaSb [82], InGaAs [41], and InGaAsSb [82]). Tandem filter is the plasma-dielectric filter
discussed in Section 3.2.3 and Si/SiO2 filter is the simple 10 layer filter discussed in Section 3.3.4.
Results indicate that current state of the art fabricated TPV cells are ∼ 50% as efficient as their
thermodynamically ideal counterparts. It is also interesting to note that spectral control via the
optimized 2D Ta PhC and tandem filter enables TPV cells with larger bandgaps (GaSb) to perform
as well as TPV cells with smaller bandgaps (InGaAsSb). However, the use of smaller bandgap TPV
cells would result in lower optimum T ’s.

TPV System Predicted ηTPV, max (%), Jelec, max (W/cm2)
GaSb InGaAs InGaAsSb

Fabricated
Cell [82]

Ideal Cell Fabricated
Cell [41]

Ideal Cell Fabricated
Cell [82]

Ideal Cell

Optimized 2D
Ta PhC &
Tandem Filter

22.8%,
0.58 W/cm2

(1390 K)

45.9%,
1.25 W/cm2

(1390 K)

25.0%,
0.68 W/cm2

(1320 K)

45.5%,
1.23 W/cm2

(1320 K)

23.7%,
0.62 W/cm2

(1260 K)

45.0%,
1.17 W/cm2

(1260 K)
Greybody
(ε = 0.9) &
Tandem Filter

22.3%,
0.59 W/cm2

(1360 K)

45.6%,
1.29 W/cm2

(1360 K)

24.8%,
0.71 W/cm2

(1290 K)

45.4%,
1.30 W/cm2

(1290 K)

23.5%,
0.66 W/cm2

(1230 K)

45.4%,
1.27 W/cm2

(1230 K)
Optimized 2D
Ta PhC &
Si/SiO2 Filter

16.6%,
0.95 W/cm2

(1510 K)

37.6%,
2.29 W/cm2

(1510 K)

19.7%,
1.04 W/cm2

(1420 K)

39.1%,
2.06 W/cm2

(1420 K)

19.2%,
0.98 W/cm2

(1370 K)

39.8%,
2.08 W/cm2

(1370 K)
Greybody
(ε = 0.9) &
Si/SiO2 Filter

10.6%,
1.20 W/cm2

(1540 K)

27.6%,
3.23 W/cm2

(1540 K)

13.7%,
1.41 W/cm2

(1460 K)

30.0%,
3.11 W/cm2

(1460 K)

14.0%,
1.35 W/cm2

(1410 K)

32.5%,
3.23 W/cm2

(1410 K)
Optimized 2D
Ta PhC

9.2%,
1.11 W/cm2

(1560 K)

23.3%,
2.98 W/cm2

(1560 K)

12.8%,
1.30 W/cm2

(1470 K)

25.9%,
2.71 W/cm2

(1470 K)

13.0%,
1.26 W/cm2

(1440 K)

29.1%,
2.98 W/cm2

(1440 K)
Greybody
(ε = 0.9)

4.5%,
1.28 W/cm2

(1570 K)

12.6%,
3.87 W/cm2

(1570 K)

7.0%,
1.62 W/cm2

(1490 K)

15.1%,
3.75 W/cm2

(1490 K)

7.5%,
1.63 W/cm2

(1470 K)

18.7%,
4.42 W/cm2

(1470 K)
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recombination mechanisms, and Rs respectively. Rs is also the main cause of lower optimum

operating T . As T approaches 1800K, the proportion of losses attributable to Rs increases to ∼

40%.

The most efficient TPV system that can be assembled today consists of the experimentally

demonstrated InGaAs TPV cells in combination with an optimized 2D Ta PhC selective emitter and

an optimized cold-side tandem filter. This system exhibits ηTPV = 25% and Jelec, max = 0.68Wcm−2

at realistic T = 1320K and F = 0.99. ηTPV for this configuration is ∼ 55% of the ideal TPV cell

limit shown in Table 3.1. If TPV cells are to follow a similar research path witnessed by Si PV

cells (reaching ∼ 85% of their theoretical thermodynamic limit), ηTPV for this system could reach ∼

40%. Note that the theoretical 0.62 eV single bandgap TPV thermodynamic efficiency limit (with

ideal TPV cell and ideal spectral control, which is analogous to the Shockley-Queisser limit for Si

PV), and the theoretical infinite bandgaps TPV thermodynamic efficiency limit (i.e. the Carnot

efficiency limit) are respectively 55% and 77% at T = 1320K and Tc = 300K.

3.3.6 Comparisons with Notable Thermophotovoltaic Experimental Efforts

To the best of our knowledge, the highest radiant heat-to-electricity efficiency reported to date

is 23.6% with Jelec, max = 0.79Wcm−2 at T = 1312K using InGaAs cells attached with a similar

cold-side bandpass filter described in Section 3.2.3, and a greybody-like SiC emitter [81]. Note,

however, that this measurement does not include optical cavity losses. If optical cavity losses

are included, our numerical model predicts ηTPV = 19.9% and Jelec, max = 0.80Wcm−2, which is

in good agreement with the reported results. A similar experiment, albeit with modifications to

include optical cavity losses, and using a greybody-like graphite emitter instead, resulted with ηTPV

= 19.1% and Jelec, max = 0.66Wcm−2 at T = 1350K [14]. Our numerical model, which does not

include cell array losses, predicts ηTPV = 20.1% and Jelec, max = 0.73Wcm−2. If the greybody-like

graphite emitter is substituted with an optimized 2D Ta PhC, the TPV system can achieve ηTPV

= 20.6% and Jelec, max = 0.76Wcm−2. Due to the marginal improvements, a greybody-like emitter

would be a better choice in a high F system if an optimized tandem filter is present. This result

also highlights the need for developing selective emitters that approach the ideal cutoff emitter,
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possess ultra low εlw, and maintain selectivity over all angles, in order to maintain its relevance in

advancing the performance of TPV systems.

For GaSb based TPV systems, the highest radiant heat-to-electricity efficiency reported to date

is 21.5% (does not include optical cavity losses) with Jelec, max = 1.50Wcm−2 at T = 1548K using an

ARC W emitter with a dielectric filter that transmits useful photons of λ < 1.8 µm while reflecting

over 95% the photons within 1.8 µm < λ < 3.5 µm [94]. If optical cavity losses are included in a

F = 0.99 system, ηTPV is estimated to be 18.1%. This is consistent with the results presented in

Table 3.1. These results also reveal another interesting aspect; spectral control is a great equalizer

between different TPV cell technologies. Hence, the simpler, cheaper, and more robust GaSb cells

might be the future way forward for practical TPV systems.

In Fig. 3-10, results of various TPV experimental efforts to-date [14, 56, 58, 62, 81, 94–100] are

compiled and presented. We have attempted to make this as complete as possible to the best of

our knowledge, while only including reports with sufficient credible data. It is unfortunate that

the TPV research community has not agreed on a general metric that would allow convenient

comparison between various research efforts, which is also understandable given the difficulty in

accurate measurements and the different metrics of interest. Some report entire system efficiency

[58,62,97,99,100]; some define ηTPV without including cavity effects [56,81,94–98]; only Crowley et

al. individually measured ηTPV, ηcell, and ηcav-spec [14]. Thus, in order to make a fair comparison, the

plotted data in Fig. 3-10 is our best estimate of ηTPV based on reported parameters. In addition,

theoretical efficiency limits, namely Carnot, ideal single junction (Eg = 0.55 eV), ideal dual junction

(Eg = 0.55 eV and 0.75 eV), and ideal triple junction (Eg = 0.55 eV, 0.70 eV, and 0.90 eV) are

also plotted for T = 1500K to show the remaining potential for future improvement. Note that for

the ideal dual and triple junction cells, Eg’s of the lowest bandgap cell are fixed to 0.55 eV, i.e. an

InGaAsSb cell available today, while the remaining Eg’s are chosen to obtain the highest efficiency

at T = 1500K. Current matching is neglected, and ideal spectral control is assumed for all ideal

theoretical limits. We also plot ηTPV for a blackbody (ε = 1) at T = 1500K with no spectral control

using today’s state-of-the-art InGaAsSb TPV cells. It is also interesting to include ηTPV estimates

for optimized 2D Ta PhC in combination with filters that can be fabricated today at F = 0.99,
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Figure 3-10: ηTPV of reported TPV experimental efforts to-date [14, 56, 58, 62, 81, 94–100] using
various TPV cells, emitters, with or without a cold-side filter, each indicated using the following
format: Emitter & Filter (T ). Dotted-dashed lines are efficiency limits at T = 1500K, with the
lowest bandgap cell fixed at Eg = 0.55 eV. For ideal dual and triple junction, the remaining Eg’s
are fixed at their optimum. Yellow dashed line indicates the year 2015.

i.e. the best TPV systems that can be built today, of which would outperform the best reported

TPV experimental result by a few percent absolute. If single junction TPV cells could advance

to ∼ 85% of their ideal thermodynamic limit, which is not unreasonable given that Si cells have

already achieved this target, we will obtain ∼ 78% of the ideal spectral control single junction limit

even with today’s spectral control components. This is an extremely strong indication that today’s

spectral control components are very close to ideal, yet a lot more gains can be achieved if efforts

are made towards advancing TPV cell technology.
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3.4 Conclusions

Spectral control via selective emitters and/or cold-side filters is vital towards achieving higher

TPV efficiencies. Amongst experimentally demonstrated selective emitters, 2D Ta PhC’s hold

great promise due to ease of design, large area fabrication, system integration, and ability to

withstand extended operation at high temperatures. Most importantly, the selectivity enables >

100% improvement over a greybody emitter (ε = 0.9).

The optimum spectral control approach depends on the achievable view factor, F , of which in a

practical system, depends on the physical separation of the emitter and the PV cell, as well as PV

cell front contact shadowing and stitching area losses from connecting multiple PV cells. For F >

0.97 (100mm × 100mm flat plate geometry with separation s < 1.7mm), the greybody emitter

outperforms the 2D Ta PhC emitter when coupled with an optimized cold-side tandem filter. This

is due to high photon recycling efficiency at large F . Thus, in order for selective emitters to remain

relevant in future high-F TPV systems, it is crucial that further research efforts are undertaken to

substantially reduce both long wavelength emittance and angular dispersion. Regardless, as F <

0.97, use of both the selective emitter and the cold-side filter becomes necessary for maximum TPV

efficiencies.

By combining an optimized 2D Ta PhC selective emitter with an optimized cold-side tandem

filter, a TPV energy conversion system with radiant heat-to-electricity efficiency of 25% and power

density of 0.68Wcm−2 can be achieved using experimentally demonstrated InGaAs TPV cells at

realistic emitter temperature of 1320K and F = 0.99 (achievable with 100mm × 100mm flat plate

geometry with s = 500 µm). Interestingly, a performance approaching ∼ 80% of this can be achieved

with the simpler and more practical Si/SiO2 filter. The efficiency could be increased to ∼ 40%

absolute (the theoretical 0.62 eV single bandgap TPV and infinite bandgaps TPV thermodynamic

limit at emitter temperature of 1320K and cell temperature of 300K are 55% and 77% respectively)

if TPV cells are to follow a similar research path witnessed by Si PV cells, thus paving the way

towards widespread adoption of what may be a promising highly efficient, portable, and reliable

energy conversion system.
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3.A Appendix: Accuracy of Using Spectral Hemispherical Emit-

tance to Approximate Full Ray Tracing Thermophotovoltaic

System Model

At the end of Section 3.2.1, it is mentioned that the spectral hemispherical (diffused) approximation

using Eq. (3.14) produce results that agree extremely well with the full ray tracing approach

captured by Eqs. (3.7)–(3.9). Indeed, the agreement is excellent as shown in Fig. 3-11. These

results are for a TPV system comprising an optimized 2D Ta PhC emitter coupled with a state-

of-the-art Si PV cell [101] in a 100mm × 100mm flat plate geometry with s = 500 µm. In the full

ray tracing model, dA is set to 500 µm × 500 µm, and the summation of Pre in Eq. (3.7) and Isc

in Eq. (3.9) are respectively limited to the first 20 and 5 terms to ensure the simulation remains

tractable. In addition, rays traveling beyond θ = 80◦ are ignored. Even with these simplifications,

the ray tracing method is approximately 100× slower than the diffused spectral hemispherical

approximation. Hence, the diffused spectral hemispherical approximation is the method of choice

when searching for the optimum design.

At higher T’s, which is approximately 1600K and above for the optimized 2D Ta PhC and Si

PV combination, the diffused spectral hemispherical approximation starts to underestimate when

compared to the full ray tracing model, i.e. slightly higher ηTPV and Jelec are predicted when using

the full ray tracing model. This is due to larger ηcell and Jelec predicted by the full ray tracing

model, which is most likely the artifact of dA not being small enough compared to s, thus putting

a slightly larger weighting on normal incidence emittance. Regardless, both models predict the

same trends.
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Figure 3-11: Comparison between spectral hemispherical (diffused) approximation and the full ray
tracing TPV model for (a) ηcav-spec (b) ηcell (c) ηTPV (d) Jelec. These results are for a TPV system
comprising an optimized 2D Ta PhC emitter coupled with a state-of-the-art Si PV cell [101].
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Chapter 4

Dielectric-filled Anti-reflection Coated

Two-dimensional Metallic Photonic

Crystals for Omnidirectional

Wavelength Selective Emission

As discussed in Chapter 2, 2D MPhCs show great potential as selective emitters due to its high

temperature stability and fabrication scalability. However, the traditional unfilled 2D MPhC only

retains its selectivity and performance for polar angles θ . 35◦. Such limited angular emission

profiles negatively impact the overall efficiency and power density when using the 2D MPhC as

selective emitters in TPV applications as shown in Chapter 3. In this chapter, we report the design

of dielectric-filled ARC 2D MPhCs capable of omnidirectional, polarization insensitive, wavelength

selective emission, thus overcoming the aforementioned shortcomings of the traditional unfilled 2D

MPhCs. First, we will uncover the theory behind the emission enhancement. Next, optimized

dielectric-filled ARC 2D Ta PhC designs found using non-linear global optimization methods will

be presented. Finally, we will evaluate the various selective emitters in TPV energy conversion

systems.
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4.1 Introduction

Thermal radiation of naturally occurring materials is usually broadband and has a magnitude far

weaker compared to the ideal blackbody, rendering it inefficient for many applications, for instance

as an infrared source in sensing applications [20, 21], as an emitter in TPV energy conversion

[18, 77, 83], and as a solar absorber [15, 33, 46]. For many of these applications, it is desirable to

accurately control thermal radiation such that thermal emission occurs only in certain wavelength

ranges over an optimum angular spread. For instance, TPV benefits from the use of omnidirectional

selective emitters [83], while angularly selective absorption results in a more efficient solar absorber

[46–48,63].

With the recent advancements in nanofabrication, various 1D [21, 22, 24, 67], 2D [17, 23, 25,

27, 28, 31, 45, 68, 102], and 3D [12, 26, 29, 69] periodic structures have been extensively investigated

both theoretically and experimentally in order to achieve accurate control of thermal radiation.

The first class of these relies on excitation of surface phonon-polaritons [22], surface plasmon-

polaritons [21, 23, 103], and localized plasmon resonances [104]. These mechanisms usually result

in very sharp and narrow thermal emission linewidths with respect to wavelength, and can be

designed to emit over restricted [22,103] or wide polar angles [102,104]. Thermal emission can also

be enhanced by coupling to magnetic polaritons to obtain narrowband emission over wide polar

angles [105].

In certain applications, for instance as an emitter in TPV systems, it is however more ad-

vantageous to broaden the bandwidth of emission such that high ε is retained at λ < λc while

maintaining ultra low ε at λ > λc over all polar angles and polarizations. In this respect, metama-

terial designs based on metal-dielectric stacks [106] and 2D metallic pyramid arrays [17] show great

promise. However, they are difficult to fabricate and have not been experimentally demonstrated

at high temperatures under extended operation. Here, we present a simpler approach based on

dielectric-filled 2D MPhCs to obtain omnidirectional polarization insensitive wavelength selective

thermal emission.
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4.2 Design and Optimization

The traditional unfilled 2D MPhCs rely on cavity resonances to achieve selective emission, whereby

λc is determined by the fundamental cavity resonance frequency as discussed previously in Chap-

ter 2. This relatively simple design allows one to simultaneously achieve near-blackbody ε⊥ at

λ < λc as well as ε⊥ almost as low as a polished metal at λ > λc, with a sharp cutoff separating

the two regimes.

As in Chapter 3, we used NLOpt, a non-linear optimization package developed at MIT [89], to

obtain 2D Ta PhC designs optimized for maximum εH(λ) at λ < λc and minimum εH(λ) at λ > λc.

The design provided by Q-matching of the fundamental mode was used as the initial starting point

of the optimization algorithm. In addition, the following constraints were implemented: a − 2r ≥

100 nm to ensure integrity of sidewalls; d ≤ 8.50 µm based on fabrication limits using an SF6 based

DRIE Bosch process [79]. Rigorous coupled wave analysis methods (RCWA) [108] coupled with

the Lorentz–Drude model of Ta fitted to experimentally measured R at room T [80] were used to

obtain R, from which we can infer ε via Kirchhoff’s law [38].

Fig. 4-1(a) & (c) shows ε(λ, θ) averaged over φ and over both polarizations of the unfilled 2D Ta

PhC optimized for maximum εH(λ) at λ < λc = 2.00 µm and minimum εH(λ) at λ > λc. As can be

seen, ε(λ, θ) at λ < λc for the regular unfilled 2D Ta PhC falls dramatically as a function of θ. This

severely reduces the magnitude of εH(λ) at λ < λc = 2.00 µm. In other words, wavelength selectivity

is lost for εH(λ). The main reason for this reduction is diffraction losses as detailed in Section 2.2.1.

According to Eq. (2.2), radiation with λ = 2 µm will get diffracted when θi > θd = 46.4◦ for a =

1.16 µm. Above the diffraction threshold, ε(λ, θ) decreases because there are more channels to

couple into, resulting in a smaller Qrad, thus destroying Q-matching. This effect is clearly observed

in Fig. 4-1(c) as indicated by the white lines, which are the diffraction thresholds determined using

Eq. (2.2). Hence, in order to reduce diffraction losses, it is imperative to lower the diffraction

thresholds by reducing a as much as possible.

A simple solution to reduce a is filling the cylindrical cavities with an appropriate dielectric,

thereby increasing θd by virtue of a reduced r, d, and hence a to obtain the same λc due to a reduced
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Figure 4-1: ε(λ, θ) averaged over φ and over all polarizations for (a) optimized unfilled 2D Ta
PhC for λc = 2.00 µm (r = 0.53 µm, d = 8.50 µm, a = 1.16 µm) and (b) optimized hafnium oxide
HfO2-filled ARC 2D Ta PhC for λc = 2.00 µm (r = 0.23 µm, d = 4.31 µm, a = 0.57 µm, and an
additional coating using the same dielectric with thickness t = 78 nm that functions as an ARC).
HfO2 is depicted by the cyan-coloured areas in the inset. The optimized HfO2-filled ARC 2D Ta
PhC has a much more superior εH(λ) compared to the unfilled 2D Ta PhC. Note that d is limited
to 8.50 µm based on fabrication limits using an SF6 based DRIE Bosch process [79]. (c) Contour
plots of ε(λ, θ) for optimized 2D Ta PhC and (d) optimized HfO2-filled ARC 2D Ta PhC. White
lines indicate the diffraction thresholds as defined by Eq. (2.2).
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effective wavelength (by a factor of n) in dielectrics [107]. In this investigation, we further optimize

the design using non-linear global optimization methods to achieve the best possible performance,

i.e. maximum εH(λ) at λ < λc and minimum εH(λ) at λ > λc. In addition, we consider an additional

coating of the same dielectric with thickness t that enhances εH(λ) at λ < λc by functioning as an

ARC.

Hafnium oxide (HfO2) is the dielectric material of choice in this investigation because of its

transparency in the visible and IR region, its compatible thermal expansion coefficient, and its

high melting point. HfO2 can also be easily deposited via atomic layer deposition (ALD) [80], and

sol-gel deposition methods [109]. In addition, the HfO2 layer promotes stable operation at high

temperatures by preventing detrimental chemical reactions that attack the metallic surface, and

preventing geometry deformation due to surface diffusion [80,109]. In subsequent simulations, the

refractive index n of HfO2 is assumed to be 1.9 for 0.50 µm < λ < 5.00 µm, which is consistent with

results reported in literature [110], as well as with our measurements of HfO2 thin films deposited

via ALD (Cambridge NanoTech Savannah).

Results of non-linear global optimization routines applied to HfO2-filled ARC 2D Ta PhC for

λc = 2.00 µm are shown in Fig. 4-1(b) & (d). As can be seen, the optimized HfO2-filled ARC 2D

Ta PhC more closely approaches the ideal cutoff emitter (εH(λ) = 1 at λ < λc and εH(λ) = 0 at

λ > λc); ε(λ, θ) is essentially unchanged up to θ = 40◦, and ε(λ, θ) & 0.8 for θ < 70◦ at λ < λc,

a significant improvement compared to the traditional unfilled 2D Ta PhC. In addition, ε(λ, θ) at

λ > λc is lower by ≈ 0.03 primarily due to smaller surface fraction of dielectric to metal. The

HfO2-filled ARC 2D Ta PhC can also be easily optimized for different λc’s as illustrated in Fig. 4-2.

There is also the added flexibility of using other suitable dielectric materials, for instance silicon

dioxide (SiO2) which has n ≈ 1.45 [111]. As shown in Fig. 4-3, optimized HfO2-filled and SiO2-filled

ARC 2D Ta PhCs show very similar performance. However, when using dielectrics with smaller

n’s, larger r, d, a, and t are necessary to achieve optimal performance as shown in Table 4.1. The

eventual choice will nevertheless depend more on cost, as well as thermal stability.
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Figure 4-2: Optimized HfO2-filled ARC 2D Ta PhC designs for λc = 1.70 µm (r = 0.19 µm, d =
3.62 µm, a = 0.49 µm, t = 63 nm), λc = 2.00 µm (r = 0.23 µm, d = 4.31 µm, a = 0.57 µm, t = 78 nm),
and λc = 2.30 µm (r = 0.27 µm, d = 5.28 µm, a = 0.64 µm, t = 80 nm). λc can easily be shifted by
altering r, d, a, and t and further fine tuned using global non-linear optimization routines.

Figure 4-3: Comparison between optimized HfO2-filled (n ≈ 1.9) and SiO2-filled (n ≈ 1.45) ARC
2D Ta PhCs for λc = 2.00 µm. Similar performance is obtained, albeit at a penalty of larger r, d,
a, and t when using dielectrics with smaller n as shown in Table 4.1.
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Table 4.1: Relevant dimensions of the dielectric-filled ARC 2D Ta PhCs optimized for λc = 2.00 µm
using different dielectric material choices. The larger the refractive index n, the smaller r, d, a,
and t is for the optimized structure.

Dielectric r (µm) d (µm) a (µm) t (nm)

Air (n = 1) 0.53 8.50 1.16 N/A

SiO2 (n = 1.45) 0.35 6.28 0.80 125

HfO2 (n = 1.90) 0.23 4.31 0.57 78

4.3 Analysis and Discussion

4.3.1 Polarization Dependence

At normal incidence, the dielectric-filled 2D MPhC is polarization independent due to the circular

symmetry of the cylindrical cavities. However, as θ increases, slight differences can be seen in

ε(λ, θ) between the transverse electric (TE) and transverse magnetic (TM) polarization as shown

in Fig. 4-4. Note that ε(λ, θ) remains virtually constant with respect to φ = 0◦–45◦, thus ε(λ, θ) is

obtained by averaging over φ.

For θ . 50◦, ε(λ, θ) is almost identical for TE and TM polarizations as shown in Fig. 4-4. There

are minute differences in the locations of the peaks since different TE and TM cavity resonances are

excited in each case. Nevertheless, the resonance λ’s are close to one another, such that the overall

ε(λ, θ) profile is nearly identical. The HfO2-filled ARC 2D Ta PhC is thus virtually polarization

insensitive for θ . 50◦.

In contrast, at θ & 60◦, ε(λ, θ) is on average larger for TM polarization compared to TE

polarization. This is due to the reduction of reflectance at the air–dielectric interface in the vicinity

of the Brewster angle given by arctan(n), which is ⋍ 63◦ for air–HfO2 interface. In fact, ε(λ, θ)

peaks around the Brewster angle for λ’s larger than the 1st order diffraction threshold indicated

by the white lines. In contrast, ε(λ, θ) for TE polarization progressively decreases as θ increases, in

other words no Brewster angle effects are observed as expected. Regardless, due to the limited range

of θ where this occurs and the small differences in ε(λ, θ) between TE and TM polarizations, εH
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Figure 4-4: Contour plots of ε(λ, θ) for HfO2-filled ARC 2D Ta PhC optimized for λc = 2.00 µm
for (a) transverse electric (TE) and (b) transverse magnetic (TM) polarization. Evidently, the
optimized HfO2-filled ARC 2D Ta PhC possess omnidirectional, polarization insensitive, broadband
wavelength selective emittance.

remains high (average of 0.86) at λ < λc. The optimized dielectric-filled MPhCs are thus essentially

polarization insensitive.

4.3.2 Application: Thermophotovoltaic Systems

In this section, we illustrate the optimization of HfO2-filled ARC 2D Ta PhCs as an emitter in an

InGaAsSb TPV energy conversion system. The numerical model outlined in Section 3.2 was used

to determine the FOM defined in Eq. (3.15). Again, we are mainly concerned on obtaining the

highest ηTPV possible, thus x = 0.9 was used. Results of the optimization for T = 1250K with

F = 0.99 (achievable with 10 cm × 10 cm flat plate geometry with emitter-TPV cell separation of

500 µm) are shown in Table 4.2. Note that when used at high T , a much smaller d is sufficient for

optimum performance, and is thus easier to fabricate.

In TPV systems without a cold-side filter, the optimized HfO2-filled ARC 2D Ta PhC enables

up to 99% and 6% relative improvement in ηTPV over the greybody emitter (ε = 0.9) and the

optimized unfilled 2D Ta PhC respectively. More importantly, up to 15% relative improvement is

seen in Jelec with the optimized HfO2-filled ARC 2D Ta PhC compared to the unfilled 2D Ta PhC
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Table 4.2: Comparison of ηTPV and Jelec between a greybody emitter (ε = 0.9), optimized unfilled
2D Ta PhC (r = 0.57 µm, d = 4.00 µm, a = 1.23 µm), and optimized HfO2-filled ARC 2D Ta PhC
(r = 0.22 µm, d = 0.75 µm, a = 0.73 µm, t = 146 nm) in InGaAsSb thermophotovoltaic (TPV)
systems at T = 1250K with F = 0.99 (achievable with 10 cm × 10 cm flat plate geometry with
emitter-TPV cell separation of 500 µm) with or without notable experimentally realized reflective
spectral control devices.

Emitter Filter ηTPV (%) Jelec (W/cm2)

Greybody (ε = 0.9) N/A 6.38 0.781
Optimized 2D Ta PhC N/A 12.03 0.621

Optimized HfO2-filled ARC 2D Ta PhC N/A 12.71 0.713
Greybody (ε = 0.9) 10 layer Si/SiO2 12.52 0.700

Optimized 2D Ta PhC 10 layer Si/SiO2 18.31 0.568
Optimized HfO2-filled ARC 2D Ta PhC 10 layer Si/SiO2 19.34 0.646

Greybody (ε = 0.9) Rugate Tandem Filter 23.44 0.726
Optimized 2D Ta PhC Rugate Tandem Filter 23.68 0.588

Optimized HfO2-filled ARC 2D Ta PhC Rugate Tandem Filter 23.76 0.671

due to 26% relative improvement in εH at λ < λc. The improved Jelec is especially vital in many

portable power applications where power generated per kilogram of weight (W/kg) is the primary

figure of merit.

It is also interesting to compare the performance when coupled with notable experimentally

realized reflective spectral control devices, namely the Rugate tandem filter [70] or the 10 layer

Si/SiO2 filter [72] that we discussed in Section 3.3.4. As can be seen, the improvement in Jelec is

observed even when either filter is included. However, as better filters are used (e.g. Rugate tandem

filter), the improvement in ηTPV from implementing MPhCs over a greybody becomes insignificant.

Nevertheless, it is also important to note that Rugate tandem filters are extremely costly and

difficult to fabricate, given the sheer number of layers (> 50 layers) and the specialty materials

used (Sb2Se3, YF3, and InPAs). When the much more practical 10 layer Si/SiO2 filter stack is used

instead, the 2D Ta PhC selective emitter enables > 45% relative improvement over the greybody

emitter. Additionally, the performance of the optimized 2D Ta PhC selective emitter based TPV

system is improved by > 50% when the simple 10 layer Si/SiO2 filter is used. Ultimately, the

optimum combination would depend on cost and design goals of a specific application.
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4.3.3 Application: Selective Solar Absorption

High-performance selective absorbers are also indispensable for efficient absorption of solar energy

in other energy conversion systems such as solar thermal [33, 46, 112], solar thermochemical [19],

and solar thermophotovoltaics [15,46,63]. For such applications, it is important to ensure maximal

absorption of solar irradiance, yet minimal re-emission. Hence, the key metrics for a solar absorber

are the solar absorptance αs and the thermal emittance εt defined as follows:

αs =

∫

∞

0
dλ
∫ θc
0

dθ
∫

2π
0

dφ [ ε(λ, θ, φ, T )Ss(λ) ]
∫

∞

0
dλ
∫ θc
0

dθ
∫

2π
0

dφ [Ss(λ) ]
(4.1)

εt =

∫

∞

0
dλ
∫

π
2
0

dθ
∫

2π
0

dφ [ iBB(λ, T ) ε(λ, θ, φ, T ) cos θ sin θ ]
∫

∞

0
dλ
∫

π
2

0
dθ
∫

2π
0

dφ [ iBB(λ, T ) cos θ sin θ ]
(4.2)

where Ss(λ) is the terrestrial solar spectral radiance (AM1.5D), and θc is the cutoff angle related

to the solar concentration factor C and the solid angle subtended by the sun Ωs = 68.5 × 10−6 sr:

θc = sin−1

(

√

CΩs

π

)

(4.3)

For common solar absorbers used in solar thermal applications at low (< 450K) and interme-

diate temperatures (< 700K), it is relatively easy to simultaneously achieve both high αs and low

εt, since blackbody emission in the IR regime is low at these temperatures, and that the ther-

mal and solar spectra do not overlap significantly. In fact, many commercial solutions that can

operate under atmospheric conditions exist [33]. However, higher operating temperatures (1000K

to 1500K) may be necessary for higher efficiencies in certain applications, especially solar ther-

mophotovoltaics [15,46,63]. At these temperatures, a sharp cutoff between the high αs and low εt

regions is crucial. In this respect, several promising designs based on 1D multilayer stacks [106], 2D

adiabatic index matching PhCs [17, 113], and metamaterials [114] have been reported. However,

the dielectric-filled ARC 2D MPhC design holds several other advantages: it is easily optimized

for virtually any operating condition; fabrication is simple and scalable; demonstrated thermal

stability under vacuum conditions. In addition, we have implemented accurate high temperature
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Figure 4-5: HfO2-filled ARC 2D Ta PhC (r = 73.6 nm, d = 1.00 µm, a = 248 nm, t = 4.8 nm)
optimized for optimum selective solar absorption. 84% of incident solar energy is absorbed, while
emission is limited to 27% of the blackbody.

material properties in our simulations, which to our knowledge have not been considered in all prior

investigations.

The optimum λc depends on the operating condition, namely C, and T , which is also related to

the rate of heat extraction from the absorber. Here, we are more interested in a design for general

operating conditions, and hence we have used the following FOM in the optimization routines:

FOM = αs × (1− εt) (4.4)

For C < 5000 (typical concentrated solar power systems have C = 30–3000), θc < 20◦. Since both

the unfilled and the dielectric-filled 2D MPhC have emission profiles that are essentially unchanged

up to θ = 30◦, αs can be approximated with ε(λ, 0◦, 0◦, T ) in Eq. (4.1). Using this, we obtained an

optimized unfilled 2D Ta PhC capable of αs/εt ≈ 0.80/0.27, and an optimized HfO2-filled ARC 2D

Ta PhC capable of αs/εt ≈ 0.84/0.27 (illustrated in Fig. 4-5) for 1000K< T < 1500K, where a slight

improvement is seen in the dielectric-filled structure due to larger bandwidth of high absorptance.
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In an appropriately designed system with modest C = 500, 68% of incoming solar energy can be

transferred to a heat engine situated behind the selective absorber. This outperforms the blackbody

absorber by 70%. Thus, the 2D MPhCs enable operation at higher equilibrium temperatures even

with low C’s.

4.4 Conclusions

In summary, we have demonstrated optimized designs of dielectric-filled ARC 2D MPhCs for broad-

band wavelength selective emission. Using non-linear global optimization methods, optimized HfO2-

filled ARC 2D MPhC designs exhibiting up to 26% improvement in εH at λ < λc over the unfilled

2D MPhC have been demonstrated. The optimized designs possess high εH of 0.86 at λ < λc and

low εH of 0.12 at λ > λc over all polar angles and polarizations at T < 100 ◦C, whereby λc can

easily be shifted and optimized via non-linear global optimization tools.

At high temperatures (T ∼ 1250K), εH at λ > λc increases to 0.26 due to primarily the reduction

in DC-conductivity, hence making the metal more lossy at long wavelengths. This limitation is

inherent to all metal based selective emitters, and is thus unavoidable. Regardless, the dielectric-

filled ARC 2D MPhC design drastically reduces diffraction losses at λ < λc compared to the unfilled

2D MPhC. This translates into ∼ 15% improvement in generated electrical power density for TPV

systems, which is vital in many portable power applications. These designs also provide the platform

necessary for many applications, ranging from solar absorbers for solar thermal applications, to

near- to mid-IR radiation sources for IR spectroscopy.
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Photonic Crystal Enhanced Silicon

Cell Based Thermophotovoltaic

Systems

As discussed in Chapter 3, PhC enhanced TPV systems hold great promise for efficient solid-state

energy generation. However, detailed TPV experimental studies that quantify the improvements

seen with PhCs, as well as understanding of parasitic losses, have been lacking. In this chapter, we

report the design, optimization, and experimental results of a large area silicon (Si) cell based TPV

system. We further show that the results validate the numerical model outlined in Section 3.2.

Furthermore, additional insights on experimental parasitic losses are presented, of which would aid

towards future development of highly efficient large scale PhC enhanced TPV systems.

5.1 Introduction

In Chapter 3, we have shown that ηTPV of 25% can be achieved using experimentally demonstrated

optimized 2D Ta PhC selective emitter coupled with an optimized cold-side tandem filter on state-

of-the-art InGaAs TPV cells at realistic emitter T = 1320K and F = 0.99 (10 cm × 10 cm flat
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plate geometry with s = 500 µm). This is extremely promising, especially in applications whereby

solid-state energy conversion is a major advantage compared to traditional mechanical methods of

generation, for instance as a stable energy generator in deep space missions [14, 42, 59, 60]. Com-

pared to TPV, other competing modes of solid-state energy generation, namely thermoelectrics

and thermionics, have much lower efficiencies of < 15% [115, 116]. However, as discussed in Sec-

tion 3.3.6, detailed TPV experimental studies that accurately determine performance metrics, as

well as quantify potential improvements using PhCs, have been lacking.

In this chapter, we report on an experimental large area TPV test setup that enables accurate

measurements of ηTPV for any emitter–filter–TPV cell combination of interest. Here, we specifically

consider Si PV cells as they are cheap and commercially available in large sizes, and the technology

is significantly more mature and closer to theoretical limits compared to low bandgap TPV cells.

Due to the unique challenges involved in designing efficient Si-TPV systems, very few experimental

results have been reported: Swanson reported TPV efficiencies of 10% (does not include cavity

losses) with specially designed Si cells and a blackbody cavity emitter at T = 2350K [95]; Bitnar et

al. reported overall fuel-to-electricity efficiencies of 3.96% and Jelec = 0.104Wcm−2 using a ytterbia

(Yb2O3) rare-earth selective emitter at T > 1700K [99]. However, in both of these investigations,

direct measurements of ηTPV were not performed. Additionally, lower T ’s (< 1500K) are more

practical given the difficulties of engineering selective emitters that will remain stable over long time

scales. In this investigation, we propose a combination of optimized 2D Ta PhC selective emitters

and 1D PhC based cold-side dielectric filters that will enable reasonable performance at lower T ’s.

The experimental setup used to validate the numerical models as well as the measurements obtained

will be discussed, followed with our concluding remarks.

5.2 Design and Optimization

5.2.1 Emitter

The primary challenge of designing Si cell based TPV systems for a lower T = 1500K lies in the

small fraction of energy that is potentially convertible due to Si possessing a high Eg = 1.12 eV.
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For a greybody with ε = 0.9, only 2.8% of the radiative energy is convertible. Efficient spectral

control is thus a necessity.

The recent success in fabricating 2D Ta PhCs allows investigation into designing broadband

selective emitters with much lower λc (∼ 1-1.5 µm) as compared to using W. This is due to the fact

that Ta’s transition to high emittance occurs below 1 µm as shown in Fig. 3-3. Thus, optimized

designs for 2D Ta PhCs can easily be obtained using the formalism outlined in Section 3.2.1 and

3.2.2. For optimization purposes, we used Si cell data measured by the University of New South

Wales (UNSW) solar cell research group, which currently holds the highest solar cell efficiency

record achieved for single crystal Si [91,101,117]. Using this, optimized designs of both the unfilled

2D Ta PhC and the HfO2-filled ARC 2D Ta PhC were obtained; both designs show excellent match

with the Si cell EQE as shown in Fig. 5-1. The figure also shows the emittance of flat Ta with

an optimized 85 nm coating of HfO2 (optimized HfO2 ARC flat Ta), which is an easily fabricated

alternative. ηTPV, ηcell, ηcav-spec, and Jelec for all three selective emitters in a Si-TPV system with T

= 1500K and F = 0.99 are shown in Table 5.1.

5.2.2 Cold-side Filter

As shown in Table 5.1, the optimized 2D Ta PhC selective emitter provides the highest ηTPV ≃

4.12%, which is an improvement of 113% over the greybody (ε = 0.9). Regardless, the spectral effi-

ciency is still too low due to the relatively low temperatures involved. To further boost efficiencies,

Table 5.1: Comparison of ηTPV, ηcell, ηcav-spec, and Jelec between a greybody emitter (ε = 0.9),
optimized HfO2 ARC flat Ta (85nm of HfO2 on top of flat Ta), optimized unfilled 2D Ta PhC (r
= 0.28 µm, d = 2.20 µm, a = 0.61 µm), and optimized HfO2-filled ARC 2D Ta PhC (r = 0.09 µm,
d = 1.00 µm, a = 0.35 µm, t = 83 nm) in Si-TPV systems at T = 1500K with F = 0.99 (achievable
with 10 cm × 10 cm flat plate geometry with emitter-TPV cell separation of 500 µm).

Emitter ηcav-spec (%) ηcell (%) ηTPV (%) Jelec (W/cm2)

Greybody (ε = 0.9) 5.19 37.21 1.93 0.238
Optimized HfO2 ARC Flat Ta 8.95 38.94 3.48 0.173

Optimized 2D Ta PhC 10.99 37.47 4.12 0.210
Optimized HfO2-filled ARC 2D Ta PhC 10.42 37.16 3.87 0.237
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Figure 5-1: Spectral hemispherical emittance of both the optimized unfilled (r = 0.28 µm, d =
2.20 µm, a = 0.61 µm) and HfO2-filled ARC 2D Ta PhC (r = 0.09 µm, d = 1.00 µm, a = 0.35 µm,
t = 83 nm) show excellent match with the EQE of University of New South Wales’s (UNSW) Si
solar cells. A simple optimized 85 nm coating of HfO2 on top of flat Ta (HfO2 ARC Flat Ta) also
performs reasonably well.

a cold-side spectrally selective filter can be added to the front of the Si solar cell in order to achieve

reasonable ηTPV’s. In this investigation, we consider a simple, experimentally realizable solution

based on a variant of the quarter-wave stack 1D PhC: the exponentially chirped distributed Bragg

reflector (DBR) [118]. It is essentially a periodic quarter-wave stack with an exponentially varying

period, such that the effective stop band is broadened. The period of the l-th stack is given by:

al = a0 exp(lB) (5.1)

where a0 is the period of the first stack, and B is the exponential chirp factor given by:

B =
1

l
ln

(

1 + b

1− b

)

(5.2)
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where b is defined as the relative range, such that:

al = a0

1 + b

1− b
(5.3)

The first stack is chosen such that it corresponds to a standard quarter-wave stack:

a0 =
λc

4n1

+
λc

4n2

(5.4)

where λc is related to the cutoff wavelength of the filter, and n1 and n2 are respectively the refractive

index of the first and second dielectric material. As per the standard quarter-wave stack, the larger

the refractive index contrast, the better the performance of the filter. From Eqs. (5.1) and (5.4),

we can see that only two parameters (λc and b) define the exponentially chirped DBR, and thus the

optical properties. Again, we used NLOpt to determine the optimum values for maximum FOM

defined as follows:

FOM = xηspec + (1− x)ηemit (5.5)

where ηspec and ηemit are respectively the spectral efficiency and emission efficiency given by:

ηspec =

∫ λc

0
iBB(λ, T ) εH(λ)RH(λ) dλ

∫

∞

0
iBB(λ, T ) εH(λ)RH(λ) dλ

(5.6)

ηemit =

∫ λc

0
iBB(λ, T ) εH(λ)RH(λ) dλ
∫ λc

0
iBB(λ, T ) dλ

(5.7)

where εH(λ) is the spectral hemispherical emittance of the selective emitter and RH(λ) is the

spectral hemispherical reflectance of the filter. ηspec captures the fraction of convertible energy,

while ηemit is the ratio of convertible power of the emitter–filter combination to that of a blackbody.

ηspec = ηemit = 1 represents the limit of performance desired. In practice, the weighting factor x

can be tailored to give either more emphasis to efficiency or power density.

In this investigation, we choose tantalum pentoxide (Ta2O5) and silicon dioxide (SiO2) with n

of approximately 2.1 and 1.5 respectively; they are both highly transparent in the wavelength range

0.25 µm < λ < 5.0 µm, and are industry standard optical coatings [111, 119]. To ensure practical
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Figure 5-2: Effective spectral irradiance incident on PV cell for various selective emitter and cold-
side filter combinations of interest at T = 1500K.

realization, we consider only 30 bilayers for the filter design. Using NLOpt with x = 0.15, the

optimum DBR filter was determined to have λc = 1.397 µm and b = 0.211. When combined with

the optimized 2D Ta PhC, this filter enables an improvement of approximately 511% and 75% in

ηspec compared to respectively the greybody (ε = 0.9) and optimized 2D Ta PhC based TPV system

without the filter, albeit at a slightly reduced ηemit. The improvement is clearly seen in Figure 5-2,

whereby the effective spectral irradiance incident on the PV cell for 1.1 µm < λ < 2.3 µm is mostly

suppressed, i.e. reflected back to the emitter.

The optimized exponentially chirped DBR filter can further be improved via the needle synthesis

optimization method [120]. This algorithm is, in essence, a perturbative method. In this case,

the original optimized exponentially chirped DBR filter is repeatedly modified via the addition or

subtraction of a thin layer of material (≈ 10 nm to 20 nm) at a location which results in the greatest
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Figure 5-3: ηTPV as a function of T for various selective emitter and cold-side filter combinations
of interest in TPV systems with F = 0.99.

improvement in the FOM. The process is repeated until the FOM ceases to improve. By applying

this on the optimized exponentially chirped DBR filter, a further 77% improvement in ηspec is seen

when coupled with the optimized 2D Ta PhC selective emitter. As can be seen in Fig. 5-2, the

needle synthesis method improves on the original optimized exponentially chirped DBR filter by

further reducing effective spectral irradiance incident on the PV cell for λ > 2.3 µm, albeit at a

smaller penalty of allowing a small number of photons through for 1.1 µm < λ < 2.3 µm.

5.2.3 TPV System

Using the numerical model described in Section 3.2.1, estimates of ηTPV using UNSW Si PV cells

and various emitter–filter combinations in F = 0.99 TPV systems were obtained; the results are

illustrated in Fig. 5-3. Similar trends in ηTPV reported in Section 3.3 for low bandgap TPV cells are

seen; as T increases, ηTPV decreases primarily due to series resistance under high current injection,

which is & 5 times of that under standard AM1.5 solar irradiance. Thus, specially designed Si cells

for low solar concentrations (C = 5–20) would be more suitable for TPV applications.

For the greybody (ε = 0.9), ηTPV, max = 2.35% at T = 1640K. By replacing the greybody with
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Table 5.2: Comparison of ηTPV and Jelec between a greybody emitter (ε = 0.9), flat Ta, optimized
HfO2 ARC flat Ta (85nm of HfO2 on top of flat Ta), and optimized unfilled 2D Ta PhC (r =
0.28 µm, d = 2.20 µm, a = 0.61 µm) at T = 1500K with or without the needle synthesis refined
DBR filter in F = 0.99 Si-TPV systems.

Emitter Filter ηTPV (%) Jelec (W/cm2)

Greybody (ε = 0.9) N/A 1.93 0.24
Flat Ta N/A 2.17 0.09

Optimized HfO2 ARC Ta N/A 3.48 0.17
Optimized 2D Ta PhC N/A 4.12 0.21
Greybody (ε = 0.9) Needle Synthesis Refined DBR 2.64 0.22

Flat Ta Needle Synthesis Refined DBR 2.63 0.08
Optimized HfO2 ARC Ta Needle Synthesis Refined DBR 4.36 0.15
Optimized 2D Ta PhC Needle Synthesis Refined DBR 5.17 0.19

the optimized HfO2 ARC Ta or optimized 2D Ta PhC selective emitter, ηTPV, max can be increased

to 4.58% (at T = 1680K) and 4.97% (at T = 1650K) respectively. The highest ηTPV, max of 6.44%

(at T = 1660K) is achieved with the optimized 2D Ta PhC and needle synthesis refined DBR filter

combination. In this investigation, the target operating T is 1500K; ηTPV and Jelec at T = 1500K

for various emitter and cold-side filter combinations of interest are shown in Table 5.2.

5.3 Experimental Method and Results

5.3.1 Solar Cell Packaging

In this investigation, we used state-of-the-art Sunpower solar cells, which are to-date the most

efficient commercially available Si PV cells boasting a solar-to-electricity efficiency of 25.6% [91].

One of the key reasons for superior efficiencies of Sunpower Si cells is the back-contacted design, i.e.

all electrical connections are located at the back of the solar cell, thus eliminating shading losses

that plague conventional front-contacted designs. For the particular cell we were using, 6 terminals

(3 +ve and 3 -ve) of the size of 7.5mm × 7.5mm are provided for electrical connections. All other

areas need to be free of electrical connections to ensure no electrical shorts exists. Concurrently,

for efficient TPV energy conversion, it is important to ensure that the Sunpower Si cell is in good

thermal contact with the heat sink.
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In order to achieve both precisely placed electrical connections and excellent thermal path

elsewhere, the Sunpower Si cell is mounted on top of a Bergquist HPL Thermal Clad. It is, in

essence, similar to a printed circuit board, of which electrical connections are provided by copper

(Cu) foils, while the remaining area is covered with a thin layer (38 µm thickness) of high thermal

conductivity (κ = 3.0Wm−1K−1) dielectric material, all on top of a 1mm thick Cu substrate.

To adhere the Sunpower Si cell to the Bergquist HPL Thermal Clad, the following procedure was

found to function best:

1. A layer of 3M 8805 thermally conductive (κ = 0.60Wm−1K−1) electrically insulating pressure

sensitive tape (125 µm thick) is placed on top of the Bergquist HPL Thermal Clad at areas

requiring electrical insulation.

2. Using a thin stencil (125 µm thick), a small amount of electrically conducting silver-filled

grease (AREMCO Heat-Away 641-EV) is applied on electrical contacts of the Bergquist HPL

Thermal Clad.

3. Using a precisely fabricated mechanical aligning system, the Sunpower Si cell is slowly lowered

until contact is made with the thermal adhesive and electrical grease which have been applied

on top of the Bergquist HPL Thermal Clad in previous steps.

4. The entire Sunpower Si cell - Bergquist HPL Thermal Clad device is placed on a hot press. To

protect the surface of the Sunpower Si cell, a clean piece of glass is placed in between before

initiating the hot press. The hot press is set to T = 65 ◦C at a pressure of 5000 kPa; this

is maintained for 5 minutes. This step is vital to ensure strong bonding, as well as minimal

trapped air between 3M’s 8805 thermal tape and the Sunpower Si cell..

A Sunpower Si cell packaged on the Bergquist HPL Thermal Clad is shown in Fig. 5-4. Since the

Bergquist HPL Thermal Clad is not perfectly flat, it was bonded onto a thicker (10mm) aluminum

(Al) substrate with Epotek’s H74 thermally conductive epoxy (κ = 1.25Wm−1K−1). A thin layer

of thermal grease (AREMCO Heat-Away 641-EV, κ = 5.58Wm−1K−1) was then applied between
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Figure 5-4: Sunpower Si cell packaged on Bergquist HPL Thermal Clad.

the Al substrate and the heat sink. The bolting force coupled with the thicker and thus stiffer

Al substrate ensures good thermal contact with the heat sink. Note that standard epoxies do

not work well in adhering the Sunpower Si cell to the Bergquist HPL Thermal Clad due to the

precision required in ensuring accurate placement and isolation of electrical contacts from thermally

conductive electrically insulating areas.

5.3.2 Thermophotovoltaic Cavity Design

The key parameters that we desire to measure are ηTPV and Pelec. In order to measure ηTPV as

defined in Eq. (3.11), a precise calorimetric approach to accurately measure the net radiant power

emitted (Pem − Pre) is necessary. This was achieved in the experimental setup shown in Fig. 5-5,

which was specifically designed to accurately account for all energy transfers in the system; input

electrical power Pin to the heater (100mm diameter HeatWave Labs 1200 ◦C UHV Heater) and

the electrical power output Pelec of the PV cell were measured simply using accurate voltage and

current meters (Fluke 289 True RMS Meter, Fluke i310s Current Clamp); measurement of the

parasitic conductive heat loss Pcond was performed by monitoring the temperature difference of

the Al posts using two high-accuracy 100Ω Class A DIN Platinum 3-wire resistance temperature
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Figure 5-5: (a) Entire TPV efficiency measurement setup. (b) Close-up view of TPV cavity design.
SS denotes stainless steel. (c) Close-up view of glowing emitter during operation at 1473K.
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detectors (RTD); parasitic radiative heat loss of the Cu radiation shields were neglected since they

are at much lower temperatures of ≈ 500K, thus contributing . 3% of the overall energy balance

(in fact, ignoring this results in a more conservative measurement of ηTPV, albeit at an acceptably

small error). ηTPV is then given by:

ηTPV =
Pelec

Pem − Pre

=
Pelec

Pin − Pcond

(5.8)

5.3.3 Thermophotovoltaic Efficiency Measurements

In this investigation, we are focused on obtaining experimental results using just the optimized

HfO2 ARC flat Ta emitter. This serves as a vital preliminary experimental investigation, and more

importantly allows us to verify the numerical models presented in Section 3.2, before deciding to

undertake significant efforts toward realizing large area 2D Ta PhCs, and fabrication and imple-

mentation of the needle synthesis refined DBR filter, both of which require efforts beyond the scope

of this publication.

Stock flat Ta sputtering targets of r = 50mm and t = 2.5mm were sourced from Shanghai

Jiangxi Metals Co. The flat Ta wafer was then polished to a mean surface roughness of ≈ 5.94 Å

and surface flatness of ≈ 5.0 µm. The polished Ta wafer was then deposited with 85 nm of HfO2

using ALD (Cambridge Nanotech Savannah 200). t and n of the HfO2 coating was verified using

an ellipsometer (J. A. Woollam Co. M2000). In addition, ε measured indirectly using the FTIR

(Nexus 870) reflectance accessory (PIKE Technologies VeeMAX II) with a known standard Al

mirror (Thorlabs) was found to match extremely well with numerical predictions.

Accurate measurements of the top surface temperature of the emitter are of extreme importance,

without which inhibits comparison of experimental data to numerical models. Here, we spot welded

type K thermocouples on top of the emitter. Since the area of the weld covers . 0.01% of the total

area of the emitter, it is safe to assume that the perturbation is small, and thus this method is

a reasonably accurate measurement of the top surface temperature. Indeed, the experimentally
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measured Pelec shown in Fig. 5-6(b) with emitter-PV cell separation s = 2.0mm shows excellent

agreement with simulations. Highest recorded Pelec = 7.6W and ηTPV = 1.18% was obtained at

T = 1380K; at this point the heater internals are at T = 1500K, which is the heater’s maximum

temperature rating, and thus higher T ’s are unattainable with this setup.

However, note that measured ηTPV’s are ≈ 50% of numerical model predictions denoted by

Ideal Setup in Fig. 5-6(a). In the Ideal Setup numerical simulations, the heater is assumed to only

comprise of the selective emitter with r = 50mm. However, as can be seen in the inset of Fig. 5-6(a),

there are heat shields that contribute to the effective size of the heater such that the measured r =

59mm, and more significantly 28% of the effective area is covered by the heat shields. According to

HeatWave Labs, the inner and outer heat shields comprise of inconel and stainless steel respectively.

In fact, by including the area of the heat shields in simulations assuming reasonable parameters of

ε = 0.9 and T ≈ 250K cooler than the selective emitter top surface for the heat shields, we obtained

simulation results that match extremely well with the experimental results as indicated by Current

Setup numerical predictions in Fig. 5-6. As seen in Fig. 5-6(b), the heat shields contribute no Pelec

due to lower T , but results in an increase in net radiative power absorbed by the PV cell by ≈ 80%

compared to just the selective emitter alone.

5.4 Conclusions

In summary, we have investigated Si PV cells for TPV applications as they are cheap and com-

mercially available in large sizes, and the technology is significantly more mature and closer to

theoretical limits compared to low bandgap TPV cells. Using global non-linear optimization tools,

we have demonstrated theoretically a maximum ηTPV of 6.4% and Jelec = 0.4Wcm−2 at T =

1660K when implementing both the optimized 2D Ta PhC selective emitter, and the needle syn-

thesis refined DBR cold-side selective filter; the simulations incorporates Si cell data measured by

the UNSW, which currently holds the highest solar cell efficiency record achieved for single crystal

Si.

In addition, we have developed an experimental large area TPV test setup that enables accurate

measurement of ηTPV for any emitter-filter-TPV cell combination of interest. Our experimental
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Figure 5-6: Measured (a) ηTPV and (b) Pelec as a function of T using Sunpower Si cell with optimized
85 nm thick HfO2 ARC coating on flat Ta with emitter-PV cell separation s = 2.0mm. The
simulation results are represented as bands to account for an arbitrary temperature uncertainty of
± 30K. Inset of (a) shows top view of 100mm diameter HeatWave Labs 1200 ◦C UHV Heater. The
heat shields are estimated to be ≈ 250K cooler than the top surface of the emitter; this resulted
in significant parasitic radiative heat loss absorbed by the PV cell, which negatively affects ηTPV

as shown by the green curve (the ’Current Setup’). The ’Ideal Setup’ simulations are performed
without effects of the heat shields, i.e. only radiation from the emitter is considered. Inset of (b)
shows the Sunpower Si cell IV curve measurement at the heater’s maximum temperature rating.
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setup achieved a maximum Pelec = 7.6W and ηTPV = 1.18% at T = 1380K using standard wafer size

back-contacted Sunpower solar cells. The experimental results agree extremely well with numerical

predictions, thus validating the models described in Section 3.2.
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Conclusions

In this thesis, we have explored the design, optimization, and experimental realization of PhCs

for high temperature applications. Specifically, we have selected an architecture based on 2D PhC

slabs fabricated from refractory metals by virtue of its simple design, yet promising performance

and potential stability over long operating time scales. The theory, fabrication, and experimental

characterization at room and high temperatures of this particular 2D MPhC slab selective emit-

ter/absorber have been explored in detail in Chapter 2. In addition, the 2D MPhC slab has been

shown to be extremely robust to fabrication disorders. Nevertheless, extended operation over longer

time scales (> 10000 hours) has not been demonstrated experimentally. This is a vital practical

requirement and should be addressed in future research.

In Chapter 3, we have quantitatively determined the improvements seen with 2D MPhC selective

emitters/absorbers in a particular high temperature application, namely TPV energy conversion.

System level numerical models have been developed to estimate the enhancement to present TPV

energy conversion systems. By combining an optimized 2D Ta PhC selective emitter with an op-

timized cold-side tandem filter, a TPV energy conversion system with radiant heat-to-electricity

efficiency of 25% and power density of 0.68Wcm−2 can be achieved using experimentally demon-

strated InGaAs TPV cells at realistic emitter temperature of 1320K. Interestingly, a performance

approaching ∼ 80% of this can be achieved with the simpler and more practical 1D PhC Si/SiO2
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Figure 6-1: Power generation efficiency of different energy conversion technologies as a function
of hot side temperature (adapted from Ref. 116). CSP denotes concentrated solar power, while
ZT denotes figure of merit of thermoelectric devices. Theoretical limits of thermoelectric energy
conversion are shown for ZT = 1 & 2 [116]. The TPV system with spectral control efficiency is
calculated for the best possible system achievable today, i.e. the 2D Ta PhC selective emitter and
tandem filter on state-of-the-art InGaAs cells, while the TPV system without spectral control uses a
blackbody emitter instead without any filter. Ideal single junction TPV limit is calculated assuming
ideal cell properties and ideal spectral control as discussed in Section 3.3.6. Shaded regions denote
results of experimentally realized systems.

filter. The efficiency could be increased to ∼ 40% absolute (the theoretical 0.62 eV single bandgap

TPV and infinite bandgaps TPV thermodynamic limit at emitter temperature of 1320K and cell

temperature of 300K are 55% and 77% respectively) if TPV cells are to follow a similar research

path witnessed by Si PV cells in the past 30 years. In other words, with state-of-the-art TPV

cells and the optimized spectrally selective components discussed in this thesis, 45% of the ther-

modynamic limit can be achieved, while 75% of this limit can be achieved if realistic TPV cell

improvements are made. Hence, by noting that current commercial Si PV cells are 85% as effi-

cient as their thermodynamic limit, we conclude that the advancements in spectral control have

far outpaced the advancements in TPV cell development. TPV cell development should therefore

be given higher priority in order to further advance TPV energy conversion systems. With these

highly realizable improvements, TPV energy conversion could quickly displace current energy con-
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version systems in the same class of operation (solid-state energy conversion at 1000K . T .

1500K), namely thermoelectrics and thermionics as shown in Fig. 6-1. Moreover, thermoelectrics

have reached a point whereby advancing its figure of merit ZT further is extremely challenging [116],

while thermionic converters require very high operating temperatures (T & 1750K) and substantial

current densities for efficient operation [121].

In Chapter 4, we have explored the filling of the cavities of standard 2D MPhC slabs with

refractory dielectrics, for instance HfO2 and SiO2, in order to extend the angular range of high

spectral selectivity. We have shown that standard air-filled 2D MPhCs suffer from diffraction losses,

and thus begin to lose its spectral selectivity at polar angles greater than 30◦. By filling the holes

with suitable dielectric materials, the dimensions of the cavities can be designed to be smaller for

the same cutoff wavelength, thus increasing the diffraction threshold to larger polar angles. Using

this, it is possible to design omnidirectional and polarization insensitive selective emitters that

can operate at higher temperatures. However, challenges remain in realizing this experimentally.

Given the vast number of applications including TPV energy conversion, infrared spectroscopy,

and bolometry, we highly recommend further research towards its experimental realization. In

addition, other forms of selective emission/absorption both spatially and spectrally (e.g. highly

narrowband emission over both wavelength and angle, broadband emission over narrow angular

spread, narrowband omnidirectional emission) can be extremely useful in many applications. Future

research directions should focus on realization of these selective emitters/absorbers, upon which

would bring significant contribution to the emerging new field of high temperature nanophotonics.

Finally, we have investigated the viability of PhC enhanced Si cell based TPV systems in

Chapter 5. The use of conventional Si solar cells in TPV systems is interesting as they are cheap and

commercially available in large sizes, and the technology is significantly more mature and closer to

theoretical limits compared to low bandgap TPV cells. Using global non-linear optimization tools,

we have demonstrated theoretically a maximum radiant heat-to-electricity efficiency of 6.4% and

power density of 0.4Wm−2 at 1660K when implementing both the optimized 2D Ta PhC selective

emitter, and the needle synthesis refined DBR cold-side selective filter. In addition, we have

developed an experimental large area TPV test setup that enables accurate measurement of TPV
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conversion efficiency for any emitter-filter-TPV cell combination of interest. Our experimental setup

has achieved a maximum electrical output power of 7.6W and radiant heat-to-electricity efficiency of

1.18% at 1380K using standard wafer size back-contacted Sunpower Si solar cells. The experimental

results agree extremely well with numerical predictions. Nevertheless, the results indicate that TPV

systems require superior thermal management, without which substantial penalties in efficiencies

will occur. Different system architectures should be explored in the near future to determine the

most efficient design. These efforts, in conjunction with the much needed TPV cell research and

development as discussed earlier, could potentially pave the way towards widespread adoption of

what may be a promising highly efficient, portable, and reliable energy conversion system.
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[47] R. Hamam, I. Celanovic, and M. Soljačić, “Angular photonic band gap,” Phys. Rev. A 83,
035806 (2011).

[48] P. Bermel, M. Ghebrebrhan, M. Harradon, Y. X. Yeng, I. Celanovic, J. D. Joannopoulos, and
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[104] T. V. Teperik, F. J. Garćıa de Abajo, A. G. Borisov, M. Abdelsalam, P. N. Bartlett, Y. Sug-
awara, and J. J. Baumberg, “Omnidirectional absorption in nanostructured metal surfaces,”
Nat. Photonics 2, 299–301 (2008).

[105] B. Zhao and Z. M. Zhang, “Study of magnetic polaritons in deep gratings for thermal emission
control,” J. Quant. Spectrosc. Radiat. Transfer 135, 81–89 (2014).

102



BIBLIOGRAPHY

[106] N. P. Sergeant, O. Pincon, M. Agrawal, and P. Peumans, “Design of wide-angle solar-selective
absorbers using aperiodic metal-dielectric stacks.” Opt. Express 17, 22800–22812 (2009).

[107] J. B. Chou, Y. X. Yeng, A. Lenert, V. Rinnerbauer, I. Celanovic, M. Soljačić, E. N. Wang, and
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