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Abstract

Due to continuous growth in global population and rapid industrial development
over the years, the energy demand for cooling and heating through air conditioning
systems has been increasing dramatically, contributing to a steep rise in fossil fuel
consumption and consequently, leading to global warming. To counter this global
challenge, designs of eco-friendly smart windows, capable of selective filtering of so-
lar spectral radiation, could significantly reduce the energy consumption by heating
and cooling systems, not only for residential buildings but also for state-of-the-art
passenger vehicles. Having said that, robust and industry-standard designs of such
windows, tunable for all-weather conditions, have been a challenge to date. Further,
keeping in view the need for sustainable development, curbing down carbon emis-
sions is the need of the hour. In this regard, utilization of waste heat from various solar
and non-solar sources is of paramount importance to promote green energy. Hence, to
address the above problems, this thesis investigates nanophotonics and metamaterials
based on tunable optical devices for smart window design and solar energy harvest-
ing. The research focuses on providing comprehensive theoretical models and design
guidelines for realizing futuristic industry-standard smart windows, broadband meta-
material absorbers, radiative coolers, and solar absorbers—based on analytical and
numerical methods in the realms of classical electrodynamic theory.

The scope of this thesis work lies over a wide spectral range, covering ultraviolet,

visible, and infrared radiations. Different nanoscale passive and tunable designs based

x1
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on multilayer, grating, cross or ring patterns, and nanoparticles have been explored
for designing transmission- and absorption-mode spectrally-selective filters for smart
windows and solar energy harvesting. First, a design of novel plasmonic ‘meta-glass’
as infrared-blocking nanophotonic windows is introduced to block infrared radiation
efficiently while maintaining good outdoor visibility. Then nanoparticles-based ultra-
violet and infrared blocking meta-glasses are presented. After that, a design of metal-
insulator-metal multilayer thin-films based passive windows is showcased, customized
to operate in different climate conditions. A design of nanophotonic windows is also
presented as specific color filters. However, these passive windows once fabricated
cannot be tuned to weather-specific needs. Therefore, we further investigated metal-
insulator-metal multilayer thin-films based electrotunable windows to dynamically
control the intensity of transmitted solar radiation, depending on the weather condi-
tions. Then, electrotunable color filters are discussed for application as electrochromic
windows. Keeping in mind the current state-of-the-art nanofabrication technology, we
explored alternative designs of passive and electrotunable windows, which would al-
low the use of a thicker metal nanofilm that would be easier to fabricate. In this regard,
we proposed designs of static and electrotunable ‘smart” windows based on insulator—
metal-insulator multilayer thin-films, followed by a comparative study between those.
Next, we investigated different absorption-mode broadband metamaterial absorbers
for harvesting heat from the solar radiation. At first, a plasmonics based broadband
metamaterial absorber is introduced in the 400-1100 nm spectral window that could be
used to improve the efficiency of silicon solar cells. Then, a one-dimensional grating-
based wide-angle and ultrabroadband metamaterial absorber is presented in the 400-
2500 nm spectral range for solar energy harvesting. A two-dimensional grating based
ultrabroadband polarization-insensitive “perfect’ metamaterial absorber over a wider

spectral regime of 3004500 nm is investigated then designed, which may have consid-

xii
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erable implications in thermophotovoltaics applications. For waste heat management,
a multilayer thin-films based design of a selective solar absorber is presented to harness
solar energy as heat and convert it into thermal energy. These nanophotonic designs
could be integrated with a thermoelectric generator to convert trapped thermal energy
into usable electrical energy for low power applications, such as charging a cellphone,
lighting light-emitting diodes, self-operating solar cell panels, and windmills, to name
a few. Finally, the design of a passive radiative cooler is presented, which can pump
excess heat to cold exterior space via thermal radiation.

Most of the designs presented in this thesis are polarization-independent and angle-
insensitive indicating that our designs could be an excellent choice for filtering and har-
vesting solar energy throughout the daytime. The theoretical results agree well with
those of full-wave simulations. Prospective fabrication techniques and fabrication-
imperfection tolerance studies are discussed in detail, considering the practical chal-
lenges pertaining to the realization of various designs. The nanophotonics and meta-
materials based smart windows, absorbers, and radiative coolers may find application

in modern buildings, greenhouses, and vehicles, just to name a few.
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1. Introduction

ODAY, the global energy demand is increasing at an unprecedented rate to meet
T the needs of the ever-growing world human population. In the present scenario,
every basic necessity of human life needs electricity, which requires burning fossil fuels
such as oil, coal, or natural gas. These fossil fuels take millions of years to replenish and
will not last for eternity. Their burning releases heat into the environment, increasing
carbon footprints, leading to a rise in global temperature. Over the past couple of
decades, climate change and the melting of ice in the polar regions are a couple of
worrisome pieces of evidence of global warming. To reduce greenhouse gas emissions,
there is a dire need to reduce fossil fuel consumption and move towards renewable

energy sources.

1.1 Research Motivation

“A building’s heating, cooling, and lighting loads are major energy-consumption segments in
any building. To meet the goals of the Paris Climate Agreement, a building’s energy intensity—
how much energy buildings use— will have to improve by 30% in 2030. There has been in-
creased attention to sustainable architectural designs for better light and heat management in

buildings in recent years, and deploying smart windows is the first step for such structures."

—Paris Agreement to the UNFC on Climate Change, Dec. 2015

Among all the renewable energy sources, solar energy is the most abundant and
likely to last for another 5 billion years! Moreover, it is well-suited for tropical coun-
tries such as India, which is blessed with a rich solar energy source and receives on
an average 200 MW (megawatt) per square km of solar radiation [1]. With a total geo-
graphical area of approx. 3.3 million km square, this amounts to over 650 million MW.
Although only 6.7% of the land is currently used for either housing or industry, in the-

ory, a significantly large area can be used for solar energy harvesting [2]. As shown in

2
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1.1 Research Motivation

Fig. 1.1(a), the solar radiation received on the earth’s surface comprises mainly visible
radiation (VIS) and a part of near-infrared (IR) radiation [3]. The visible radiation pro-
vides indoor illumination and visual comfort, whereas IR radiation causes radiative
heating inside the room [4].

Modern buildings have huge energy footprints. Figure 1.1(b) depicts that buildings
around the globe account for nearly 40% of energy-related carbon dioxide emissions
annually to maintain indoor temperature and brightness [5]. The heating and cooling
systems installed in those buildings alone consume approximately half of the build-
ing’s total energy needed to maintain ambient room temperature. As illustrated in
Fig. 1.1(c), by selectively controlling the transmission of visible and infrared radia-
tions, ‘smart” windows could help in developing intelligent climate control systems in
buildings to save energy and reduce carbon emissions. Note that in this thesis, both

passive and tunable windows will be referred to as smart windows.

Figure 1.1: (a) Standard AM 1.5 solar irradiance spectra [3], (Data taken from National Renew-
able Energy Laboratory). (b) Buildings energy consumption by USA in 2008 [5]. (c) Artistic view
of a smart window operating in different modes, capable of allowing or blocking the transmission
of visible (VIS) or infrared (IR) radiations [6].
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1. Introduction

The present-day smart window glasses coming in double- and triple-pane glass
variants, with or without low-emissivity coating, are thick, bulky, and expensive [7, 8].
So, for most practical purposes, it is imperative to design a smart window using a
single-pane with a low-emissivity coating, such that its figure of merit matches double-
or triple-pane industry-standard commercial glasses. Creating thin and lightweight
windows demands manipulating light-matter interactions at the nanoscale—enabling
controlled spectral absorption, reflection, and transmission through optically engi-
neered thin-films. In particular, spectrally selective nanophotonic thin-films based
glasses have attracted substantial attention because of their potential in achieving easy
scalability, improved efficiency, and low-cost design [9-11]. By selective transmission
of visible and/or infrared radiation such smart glasses can find applications in win-
dows of aircraft, windshields and sunroofs of automobiles, sunglasses, greenhouses,
etc., as depicted in Fig. 1.2. To give a market scenario, the electrically active transparent

smart glass will be a $6.5 billion market in 2028 [12].

Figure 1.2: Artistic view of nanophotonic smart windows for automatic climate control: prac-
tical applications in vehicles, greenhouses, aircraft, and railway coaches.
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Further, some specific applications require mounting of smart glasses on the solar
cell panels to increase their absorption efficiency (by absorbing both visible and in-
frared radiation) or on the rooftop of cold storage buildings for radiative cooling (by re-
tlecting both visible and infrared radiation). In this regard, solar absorbers can harness
solar energy as heat and convert it into thermal energy. The absorbed energy which
otherwise will be wasted, can be utilized for our day-to-day purposes like charging
battery, cellphone, electric vehicles, efc. Another technology for waste heat manage-
ment is radiative cooling. In this direction, passive radiative coolers have emerged as
one of the promising alternatives to replace the conventional air conditioning systems
used to cool automobiles, buildings, food depots, etc. [13]. Unlike traditional cooling
technologies that dump the waste heat into the surroundings, passive radiative coolers
cool an object on the earth by sending excessive heat directly into the extremely cold

(~3 K) universe [14].

1.2 Methodology

This thesis explores different nanoscale passive and tunable designs based on mul-
tilayer, grating, cross or ring patterns, nanoparticles, and hemi-ellipsoids nanostruc-
tures. To accurately estimate the optical response of various nanostructures, analytical
modeling is done using multiple theoretical methods. For the case of multilayered thin-
film structures, transfer matrix method (TMM), transmission line method (TLM), and
Fabry-Perot Interferometer (FPI) technique can help to find out the window charac-
teristics accurately and quickly, eliminating the need to run computationally intensive
and time-consuming numerical simulations.

The transfer matrix method calculates reflectance and transmittance by analyzing
the propagation of electromagnetic waves through a multilayered structure. Here, a

multilayer stack could be considered as an optical system with only one input and
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output port. The optical system is assigned a transfer matrix that relates the incident
and reflected waves at the input and output ports. The matrix is built by considering
the multilayer stack as a cascaded system of layers and interfaces, each having its own
transfer matrix. A complete transfer matrix can be obtained by multiplying the indi-
vidual transfer matrices. Once the complete transfer matrix is known, by substituting
the values of Fresnel reflection and transmission coefficients at different interfaces the
reflectance and transmittance can be calculated.

The transmission line method is another theoretical approach to model an optical
system design in the form of a circuit to determine the resonant wavelength of peak
transmission or absorption. For a given multilayered structure, the input impedance
is tirst determined at each interface, and then corresponding reflection coefficients are
calculated. The accumulated round trip phase is calculated by summing up phase part
of all the reflection coefficients. When the accrued round-trip phase becomes zero,
maximum transmission is allowed at the resonant wavelength.

Fabry-Perot Interferometry is yet another useful technique that works on the prin-
ciple of multiple-beam interference and can help us to determine the peak transmis-
sion corresponding to the resonant wavelength supported by a cavity. For instance, a
metal-insulator-metal multilayer structure can be considered similar to a Fabry—Perot
resonator cavity, where the two metals act as lossy mirrors which are partially trans-
parent, and the insulator can be regarded as the cavity medium. The condition for
peak transmission occurs in integral multiples of 27t.

For theoretical modeling of patterned nanostructures, effective medium theory (EMT)
may be employed to describe macroscopic properties of a composite medium. The
effective permittivity of a homogenized medium can be calculated using mixing for-
mulae based on the relative fractions and permittivity of two different media. This

method gives a reasonably accurate approximation and may be used to theoretically
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model any patterned structure at a deep sub-wavelength scale.

To verify the theoretical findings and to obtain optical responses of systems which
can not be handled analytically, computational electromagnetics can help us to solve
both simple as well as complex problems. Specifically, in the case of complex pat-
terned nanostructures, it is challenging to predict the optical response without running
computationally intensive computer simulations. The finite-difference time-domain
(FDTD) method and finite element method (FEM) are a couple of key methods for
building the simulation model. These solvers typically solve Maxwell’s equation by
dividing the structure’s domain into a form of a grid (or mesh). The finite element
method solves partial differential equations to solve boundary value problems and
gives an approximate solution. The finite difference time domain method solves the
time-dependent Maxwell’s equations by replacing spatial and time derivatives in the
two Maxwell’s curl equations by central finite difference approximation. FDTD be-
ing a time-domain solver offers several advantages over frequency domain solvers.
Within the FDTD solver, the memory consumption scales only linearly with the sys-
tem size. In contrast, FEM, a frequency-domain solver, the computational memory
scales quadratically with system size. Therefore, the computational burden of using
finer mesh is much less in the FDTD method than that of FEM. Even though the FDTD
offers a faster computation than FEM, the latter produces more accurate results than
the former as FEM solves the Fourier transformed Maxwell’s equations. Commer-
cially available simulation tools such as COMSOL Multiphysics®, Lumerical FDTD®,
and CST Microwave Studio® will be used to carry out extensive simulations.

The selection of design parameters is usually non-trivial and requires careful choice
of device dimension. Ideally, the thickness of each material needs to be minimized for
reducing the overall cost and time of fabrication. In order to find the optimal thickness

of each layer, a parametric sweep can be carried out, keeping all other parameters con-
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stant. With the continuous advancements in state-of-the-art nanoscale fabrication facil-
ities, the designs presented in this thesis work may be easily fabricated. RF magnetron
sputtering or an e-beam evaporator may be used for thin-film deposition. Lithography
could be required for grating or cross or ring structures pattering. For optical charac-
terization, UV-VIS-NIR spectroscopy or Fourier-transform infrared spectroscopy may
be used. Here, we emphasize that obtaining a smooth coating could be challenging
during fabrication. Minor surface roughness may lead to some alteration in the esti-
mated optical response of the device. Therefore, a fabrication-imperfection tolerance
study may be needed to estimate the effect of variation in device dimension on the
overall response of the optical system. If the variation in the spectral characteristics
is marginal, one can safely assume that the proposed design is robust to fabrication

imperfections.

1.3 Problem Statement Definition

1. Design of climate-specific passive windows. Passive windows could help in re-
ducing global energy usage by cooling /heating and lighting systems deployed in
buildings and vehicles. Therefore, it is significant to design a nanophotonic thin-
film coating for passive windows. An optimal choice of materials and thicknesses
of the metal and the insulator layers may provide climate-specific solutions for
passive windows with desired visible and infrared transmission/blocking capa-
bility. In order to achieve the industry-standard figure of merit, designs based
on noble metals as well as their relatively-inexpensive alternatives need to be
analyzed.

2. Design of all-weather electrotunable windows. A robust and industry-standard
smart windows design, tunable for all-weather conditions, has been a challenge

to date. Therefore, it is crucial to investigate the design of nanophotonic electro-
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tunable windows that can dynamically control the intensity of transmitted solar
radiation, depending on weather conditions. A lithography-free large-area com-
patible design is required to provide a low-cost and fabrication-friendly solu-
tion. Further, low-power designs of electrotunable, absorption- and transmission
-mode color filters can help in realizing electrochromic window glasses.

3. Design of broadband metamaterial absorbers for solar energy harvesting. A
design of ultrabroadband absorber with near-unity absorption over the entire
solar radiation regime is needed for solar energy harvesting. Also, the materials
used in such an absorber should have high mechanical and thermal stability, low
thermal expansion coefficient, and high melting point to withstand harsh climate
conditions. As the incident radiation from the sun may fall at oblique angles and
can be of any polarization, a broadband absorber design should be polarization-
and angle-insensitive to a great extent.

4. Design of solar absorbers and radiative coolers for waste heat management. A
design of spectrally-selective solar absorbers is vital in solar thermophotovoltaic
and thermoelectric generator systems. However, most solar absorbers suffer
from low solar-to-heat conversion efficiency and require complex nanofabrica-
tion techniques, hindering large-scale production. Hence, a nanoscale multilayer
design of lithography-free and large-area compatible selective solar absorbers is
essential to harness solar energy as heat and convert it into thermal energy. Fur-
ther, it is crucial to investigate passive radiative coolers, which pump excess heat
to cold exterior space via thermal radiation. However, designing a ‘daytime’ pas-
sive radiative cooler is challenging due to the simultaneous requirement of high
reflectance in the solar spectral regime and high emissivity in the atmospheric
transmittance window. Therefore, designing a passive radiative cooler is crucial

for functioning under direct sunlight.
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Figure 1.3: Graphical representation of problem statements.

1.4 Major Contribution of this Thesis

(i) A unique approach is adopted to design climate-specific passive windows and
all-weather electrotunable windows with desired visible and infrared transmis-
sion/blocking capability.

(ii) A novel plasmonic ‘meta-glass” design is proposed that could block up to ~87%
infrared radiation over 750-1800 nm spectral range while maintaining 60% aver-
age transmission in the visible regime.

(iii) An innovative approach has been adopted to design transmission-mode color
tilters, which could be useful for aiding photosynthesis in greenhouses. Further,
low power designs of color filters have been presented for use as electrochromic
windows.

(iv) A polarization- and angle-insensitive design of ultrabroadband ‘perfect’ meta-
material absorber is introduced. This design gives an unprecedented average ab-
sorbance of ~99% between 300 and 4500 nm spectral range at the normal angle
of incidence.

(v) A multilayer thin-films based selective solar absorber is designed that offers 87%

solar-to-thermal energy conversion efficiency with a total absorbed power of 889.4

10
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Wm™? when the temperature of the solar absorber is at 100°C.

(vi) A near-perfect passive radiative cooler is designed that gives 97.3% and 97.7% av-
erage reflection over solar and atmospheric radiation region, respectively, while
maintaining 80% emissivity in the atmospheric transparency window. During
the daytime under direct sunlight, the net cooling power of the proposed daytime
passive radiative cooler came out to be 115 Wm™? with a temperature reduction
up to 60 K below the ambient temperature.

(vii) A comprehensive theoretical modelling based on transfer matrix method, effec-
tive medium theory, transmission line theory, and Fabry-Perot interferometer
technique is presented that can be extended to accurately predict the spectral
characteristics across any system having multiple layers, for normal as well as

the oblique angle of incidence.

1.5 Thesis Outline

A flow chart depicting thesis organization is shown in Fig. 1.4. The scope of
this thesis work can be broadly categorized into smart window design and solar en-
ergy harvesting. The proposed smart windows are mainly based on transmission-
mode spectrally-selective filter design. These window designs can be further sub-
categorized into climate-specific passive windows and all-weather electrotunable win-
dows. For passive windows, different designs based on nanorings, nanoparticles,
and multilayer have been explored. The multilayer design is further sub-divided
into metal-insulator-metal and insulator-metal-insulator structures. For electrotun-
able windows, multilayer thin-films based on metal-insulator-metal and insulator-
metal-insulator structures have been studied to design all-weather ‘smart” windows.
The solar energy harvesting application requires absorption-mode filters. Different de-

signs based on cross-ring, one-dimensional grating, and two-dimensional grating have

11
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Figure 1.4: Thesis flow at a glance. Here, the numbering from 1 to 4 represent the four different
problem statements proposed in this thesis work.

been proposed. Based on a multilayer structure, passive radiative coolers and solar ab-
sorbers have been proposed for waste heat management.

The thesis work has been sub-divided into eight chapters and an appendix. The
thesis chapters are organized as follows:

Chapter 1 gives an overview and outline of the thesis work. This chapter includes
motivation, methodology, the scope of this work, the major contribution of this thesis,
and thesis organization.

Chapter 2 introduces the background of nanophotonics and metamaterials, fol-
lowed by a literature review on smart windows and solar energy harvesting. Fur-
ther, this chapter discusses a brief history of electromagnetic theory, Maxwell’s equa-
tions, boundary conditions, relevant theoretical background and numerical techniques
adopted during the research work.

Chapter 3 discusses different designs of climate-specific passive windows. First,

this chapter introduces a novel plasmonic ‘meta-glass’ design for efficiently block-

12
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ing infrared radiation while maintaining standard average transmission in the visible
regime. After that, nanoparticles-based ultraviolet and infrared blocking meta-glasses
are presented. Further, a design of metal-insulator-metal multilayer thin-films based
passive glasses is shown with desired visible and infrared transmission or blocking
capability optimized for different climatic conditions. This chapter concludes the dis-
cussion with a design of nanophotonic windows as specific color filters.

Chapter 4 investigates metal-insulator-metal multilayer thin-films based electro-
tunable windows. First, this chapter discusses the design of all-weather electrotun-
able windows that can dynamically control the intensity of transmitted solar radia-
tion, depending on the weather conditions. Then low-power designs of electrotun-
able, absorption- and transmission-mode color filters are presented as electrochromic
windows.

Chapter 5 presents insulator-metal-insulator multilayer thin-films based static and
electrotunable ‘smart’” windows, followed by a comparative study between those. A
detailed study reveals that the performance of these smart windows is unlikely to de-
grade during practical realization.

Chapter 6 deals with different designs of broadband metamaterial absorbers for
solar energy harvesting. First, a design of plasmonics based broadband metamaterial
absorber is investigated that could improve the efficiency of silicon solar cells. Next,
a couple of grating based ultrabroadband metamaterial ‘perfect” absorbers are pre-
sented.

Chapter 7 discusses the idea of waste heat management by designing passive ra-
diative coolers and selective solar absorbers. Through thermal radiation, the passive
radiative coolers can pump excess heat to cold exterior space. This chapter concludes
by discussing selective solar absorbers that can harness solar energy as heat and con-

vert it into thermal energy for solar thermal engineering applications.
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1. Introduction

Chapter 8 summarizes the thesis work highlighting major findings and contribu-
tions in the design of smart windows and solar energy harvesting applications. This

chapter also presents potential directions for future research.
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2. Literature Review and Theoretical Background

This chapter first presents a brief introduction to the emerging area of nanophoton-
ics and metamaterials. Then it discusses the literature survey, relevant theoretical back-
ground, analytical methods, and numerical techniques needed to conduct research in
the exciting domain of nanophotonics and metamaterials based smart windows and
solar energy harvesters. To begin with, a literature review on smart windows and
solar energy harvesting is presented. After that, a brief history of relevant electromag-
netic theory is provided, followed by presenting Maxwell’s equations considering a
linear, homogeneous, non-magnetic, and isotropic medium. Then a discussion on the
continuity equations is given that must be satisfied at boundaries between different
media. Next, the propagation of plane electromagnetic waves across various media
is discussed. The Lorentz-Drude model is deployed to approximate the relative per-
mittivity of metals at optical wavelengths. Finally, various relevant theoretical meth-
ods and numerical techniques are listed which could be used to investigate optical

responses from different media.

2.1 Brief Introduction to Nanophotonics and Metamaterials

Nanophotonics is that emerging multidisciplinary area of optics and engineering
which could support extremely high operating speed by overcoming the challenges
of typical speed limitation of semiconductor electronic circuits, besides ensuring min-
imal critical device dimension by breaking the conventional diffraction limit of light
in dielectric photonics [15]. A comparison among semiconductor electronics, dielec-
tric photonics, and nanophotonics is presented in Fig. 2.1. Electronic components are
facing the limitation of RC delay restricting operating speed limit. Photonic compo-
nents are superior to their electronic counterparts in terms of operating speed limit
and operational bandwidth. However, device size poses a remarkable limitation due

to diffraction limit of light for the miniaturization of large-scale photonic circuits. To
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2.1 Brief Introduction to Nanophotonics and Metamaterials

Figure 2.1: Comparison chart of semiconductor electronics, dielectric photonics, and nanopho-
tonics with respect to operating speed limit and critical device dimension [16].

circumvent this problem, nanophotonics may be introduced.

Nanophotonics explores the light-matter interactions at the nanoscale—exhibiting
new physical phenomena for developing technologies that may go well beyond what
is possible with conventional photonics and electronics. Optical components such as
lenses and microscopes usually cannot focus light to deep sub-wavelength scales, be-
cause of the diffraction limit. Fortunately, it is possible to confine light in nanoscale
using plasmonics and metamaterials [17]. Plasmonics, a branch of nanophotonics, ex-
ploits the optical properties of metallic nanostructures to enable manipulation of light-
matter interactions at the nanoscale. It deals with the interaction between electromag-
netic radiation and conduction electrons at the metallo-dielectric interface [18]. Surface
plasmons are coherent electromagnetic oscillations at the interface between a dielectric
and a metal. These plasmons propagate along the interface until the electromagnetic
energy is dissipated. Surface plasmon polaritons are electromagnetic excitations prop-
agating at metal-air or metallo-dielectric interface. Localized surface plasmons are the
non-propagating electromagnetic excitations of the conduction electrons of the metal
nanostructures, as depicted in Fig. 2.2. At resonance, the absorption and scattering

cross-sections of the nanostructures get enhanced by several times as compared to their
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2. Literature Review and Theoretical Background

Figure 2.2: Schematic illustration of a localized surface plasmon excited in a small metallic
nanoparticle [19].

geometric cross-sections. The resonance wavelength is tunable as a function of size,
shape, material, and surrounding medium of the nanoparticles . This property makes
these nanostructures promising candidates for many nanophotonic devices. Plasmon-
ics has been widely proposed in fields such as tunable optical devices, nanoscale opti-
cal circuits, sensors, holography, cancer treatment, solar cells, and lasers, just to name
a few [20-22].

Figure 2.3(a) shows a broad classification of materials based on intrinsic material
properties. The first and second quadrants represent naturally occurring dielectrics
and metals, respectively. In contrast, the third and fourth quadrants represent a spe-
cial class of material called “metamaterial’. The term metamaterial is coined from the
Greek word meta, which means ‘beyond” and the Latin word materia, which means
‘matter” or ‘material’ [23]. As shown in Fig. 2.3(b), for a natural material, an atom
defines its properties. On the contrary, for a metamaterial, its properties are described
by an engineered unit cell or ‘meta-atom” [24]. Its shape, size, and orientation can be
engineered to obtain extraordinary optical properties that may not be found in nature.
Recent advances in the field of metamaterials have led to the realization of absorbers,
invisibility cloaking, superlenses, metasurfaces, optical switches, sensors, photodetec-
tors, and much more [25-27]. Among them, metamaterial absorbers gained tremen-

dous attention, particularly for thermophotovoltaics applications [28,29].
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Figure 2.3: (a) Broad classification of materials based on intrinsic properties. (b) Illustrative
comparison between naturally occurring materials and metamaterials. [30]

2.2 Literature Survey

Recent advancements in the field of nanophotonics and metamaterials have en-
abled the design and fabrication of tunable optical devices. Specifically, the design
of nanophotonic windows, broadband metamaterial absorbers, spectrally-selective so-
lar absorbers, and radiative coolers are a few areas that grabbed significant attention
from engineers and scientists of multidisciplinary backgrounds due to their potential
in contributing to sustainable development goals. This section reviews different tech-
niques reported in the literature for smart window design and solar energy harvesting,

followed by a summary of the research gaps identified.

2.2.1 Smart Windows

Building components such as windows, doors, ventilators, efc., are considered ‘less
energy-efficient components’ that put extra burden on the air-conditioning systems
[31]. Among those components, windows emerge as the main bottleneck to check
energy consumption in high-rise buildings. For example, in a double-storey house
building with 30% wall coverage with windows, up to 60% of energy is lost through

these windows, depending upon the geographical location and climatic condition [4].
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In the United States of America (USA), air-conditioning and artificial lighting systems
account for nearly 30% of the total energy demand [32]. Although traditional large-area
window glazings provide visual comfort, warmth, indoor and outdoor visibility, they
do not control the solar heat and light transmitted through them. Static solutions such
as curtain blinds provide visual and thermal control to some extent, but they require
manual interventions to adjust their position [33].

In the literature, a few passive windows with low-emissivity coatings have been
demonstrated to block the solar heat and provide some energy-saving [34-36]. As
shown in Fig. 2.4(a), Besteiro et al. theoretically showcased a design of passive win-
dow to efficiently block infrared (IR) radiation by introducing random-sized metal-

lic nanocrystals inside a transparent glass [37]. Their passive window with silver

Figure 2.4: A few recently reported nanoparticles and polymer based smart windows: (a)
pictorial illustration of a plasmonic nanocrystals (NCs) based metafilm in a transparent glass.
Adapted with permission from: [37] Copyright (©) 2018 American Chemical Society. (b) Schematic
view of Kg3WOs3/Agy0 films based smart window. Adapted with permission from: |38] Copy-
right (© 2019 Elsevier B.V. (¢) Schematic of hydrogel particles based smart window showing
transmittance modulation. Adapted with permission from: [39] Copyright (©) 2020 Elsevier B.V.
(d) single-step dual stabilization based smart window showing light scattering state (left), trans-
mission state (right), and corresponding schematic design. Adapted with permission from: [40]
Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Nanostructured
grass-like glass showing transition between transparent (at 0 second) and haze mode (after 80 sec-
ond) by putting water drops on the glass that evaporates in 80 seconds. Adapted with permission
from: [41] Copyright (© 2021, Optica Publishing Group.
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nanoshells produced excellent IR blocking, but the complex fabrication process limits
its practical value for designing a low-cost window. For designing tunable windows,
various techniques such as thermochromic, photochromic, and electrochromic effects
may be adopted [46—49]. Since one does not have control over the outdoor weather
conditions (e.g. heat and light), electrochromic effect driven by applied voltage became
a natural choice for designing smart windows.

Over the past decade, electrochromic smart windows based on nanocomposites
[38], hydrogels [39], suspended nanoparticles [50, 51], and liquid crystals [52] have
been reported, a few of them are shown in Fig. 2.4. For example, Gao et al. experi-
mentally demonstrated K, ;sWO3/Ag>O nanocomposite based smart window [see Fig.
2.4(b)] [38]. For the first time, their design offered thermal insulation, near-IR shield-
ing, and visible light induced self-cleaning properties. Wei et al. reported temperature-
responsive Ag nanorods doped poly(N-isopropyl acrylamide) hydrogel for smart win-
dows [see Fig. 2.4(c)] [39]. Their hydrogel showed enhanced solar modulation abilities
with significant temperature reduction under direct sunlight. Yoon ef al. reported lig-
uid crystal-based smart windows [see Fig. 2.4(d)] [40]. They practically demonstrated
fast switching at low voltage with good mechanical stability. Haghanifar et al. fab-
ricated silica nanograss glass with ultrahigh-transmittance and ultrahigh-haze, both
over 95% at 550 nm wavelength [see Fig. 2.4(e)] [41].

In industry, electrochromic, thermochromic, and photochromic smart windows have
been developed (see Table 2.1) but voltage controlled electrochromic windows gained
popularity due to superior control over outdoor climate conditions (e.g. heat and light)
[12]. Recently, Sikdar et al. reported voltage-controlled self-assembly/disassembly
of functionalized metallic nanoparticles at liquid-liquid [42] and liquid-solid electro-
chemical interfaces [43—45] and realized voltage controlled mirror/window and mir-

ror/absorber functionalities, respectively (see Table 2.1). They have demonstrated both
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Table 2.1: Classification of smart glass technologies [12].

theoretically and experimentally that the optical properties of these electrochemical
systems can be tuned in situ with application of very low potential, only + 0.5 V. How-
ever, use of liquids in their systems makes those challenging to be deployed in real-
world applications.

Here we emphasize that most of these glasses are designed to block infrared radia-
tion, which is suited only for warm climate conditions [53]. However, a typical ‘smart’
window is expected to control solar heat depending on the climate condition [54]. For
example, low solar heat is desirable for a relatively hot climate to maintain ambient
room temperature. Whereas, for cold climate conditions, a relatively high solar heat-

ing is desirable. Therefore, a smart window that can regulate solar heat alongside visible
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Figure 2.5: Present day commercial smart window variants: (a) single-pane clear glass, (b)
double-pane clear glass, (c) double-pane argon low-emissivity coating glass, and (d) triple-pane
argon low-emissivity coating glass. [7,8].

transmission could be a better value proposition that may find application over a wider
geographical location.

The present-day smart windows are coming in single-, double-, and triple-pane
glass variants, with or without low-emissivity coating, with empty spaces in between
tilled with inert argon gas, as shown in Fig. 2.5 [7,8]. Among them, the single-
pane glasses are considered the most suitable among those for designing thin and
lightweight windows. Unfortunately, most of the single-pane glasses show poor IR
blocking capability. For double- and triple-pane glasses, the outer glass that blocks
long wavelength infrared (LWIR) radiations is called "hot pane". Similarly, the in-
ner glass that controls the visible and near-IR radiations is called "cold pane". Even
though the double- and triple-pane glasses are quite capable of blocking IR radiation,
the multi-pane glass assembly significantly increases the overall cost and make the
windows thick and bulky. Specifically, triple-pane glass suffers from low visible trans-

mittance, making the outside-view tinted and unnatural for building occupants [7].
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Moreover, integrating double- and triple-pane glasses into passenger vehicles is gen-
erally impractical from the design aesthetic point of view.

Therefore, for most practical purposes, it is imperative to design a smart window us-
ing a single-pane with a low-emissivity coating, which can still match the IR blocking
capability of double- or triple-pane commercial glasses. To achieve such goals, elec-
trochromic window glasses are considered the best-suited candidate.

2.2.1.1 Applications of Electrochromic Smart Glasses

Electrochromic smart glasses are remarkably convenient to use, environmentally
friendly, and can dramatically reduce the need for air-conditioning. They can cut peak
energy use for cooling and lighting by around 20% [55]. Since they are electrically
operated, they can easily be controlled by a smart-home system or a sunlight sensor, or
depending on whether there are people inside the building or not. They could provide
improved security and privacy at the flick of a switch. However, they are expensive to
install than ordinary glasses. For instance, a single large-area smart window typically
comes in at around $500-1000 [55]. Another concern is the durability of the materials

as compared to current commercial windows.

2.2.2 Solar Energy Harvesting from Smart Windows

Solar energy harvesting requires absorption over the entire solar spectral range i.e.
300-2500 nm wavelengths. In this regard, broadband metamaterial absorbers with
polarization-independent and angle-insensitive designs are usually preferred. The
previous section discussed that the smart windows are designed to operate mainly
in transmission filter mode. However, some specific applications require mounting
smart glasses on the rooftop of buildings for facilitating radiative cooling (by reflect-
ing both visible and infrared radiation) or on top of solar cell panels to increase their
absorption efficiency (by absorbing both visible and infrared radiation). In this regard,

selective solar absorber and passive radiative coolers could be used for waste solar
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heat management.

2.2.2.1 Broadband Metamaterial Absorbers

Generally, lossy materials are ill-suited for most of the practical applications as they
make the system inefficient. However, for the case of metamaterial absorbers, these
lossy materials become useful and can significantly enhance their efficiency of absorp-
tion [21]. Over the last decade, a large scientific community is working in the field of
metamaterial absorbers, as shown in Fig. 2.6. Landy et al. first showcased a meta-
material perfect absorber in the microwave regime utilizing a 2D metamaterial electric
ring resonator [56]. Subsequently, many researchers explored different materials and
structural designs to make a perfect absorber, working in the spectral window ranging
from microwave to visible [22,57-59].

Solar energy harvesting applications demand broadband absorbers with polarization-

Figure 2.6: A decade history of metamaterial perfect absorbers. Here, MM: Metamaterial,
MMPA: Metamaterial perfect absorber, and STPV: Solar-thermo photovoltaics. Adapted with
permission from: [25] Copyright (© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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independent and angle-insensitive design [60]. The materials used in such an absorber
should have high thermal and mechanical stability, low thermal expansion coefficient,
and high melting point to withstand harsh climate conditions [61]. For this purpose,
metallo-dielectric (MD) multilayered structure is usually preferred [25]. Although,
metallic nanoparticles based design can also be used to achieve perfect absorption of
the incident light in a thickness of hundreds of nanometers [62], unfortunately, achiev-
ing broadband absorption, especially in the visible and near-infrared regime largely
remains a challenge. This is because of the intrinsically narrow bandwidth of local-
ized surface plasmon resonances (LSPRs) or surface plasmons polaritons (SPPs) at the
sub-wavelength scale, leading to narrowband absorption [63].

Figure 2.7 depicts some of the recently reported broadband absorbers over the so-
lar regime for energy harvesting applications. For example, Liu et al. proposed thin-
film based solar absorbers and thermal emitters with sub-wavelength size scale [see
Fig. 2.7(a)] [64]. They could theoretically achieve ~91% average absorption over 280-
4000 nm wavelengths. Hoa et al. numerically presented broadband metamaterial ab-
sorbers based on a periodic array of metallo-dielectric multilayered conical frustums
[see Fig. 2.7(b)] [65]. Their design exhibits more than 90% absorptivity over 480-
1480 nm spectral range. Soydan et al. theoretically demonstrated transition metal
carbides and nitrides based perfect light absorbers [see Fig. 2.7(c)] [66]. They could
achieve 90% average absorption over the entire solar radiation regime i.e. 300-2500 nm
wavelength range. Aalizadeh et al. proposed a metal-dielectric-metal based ultra-
broadband absorber with an ultra-thin (5 nm) layer of Manganese (Mn) metal embed-
ded into the dielectric layer [see Fig. 2.7(d)] [67]. They could numerically achieve 90%
absorption over 480-3280 nm spectral window. Lin ef al. theoretically designed and
experimentally demonstrated graphene-5iO, multilayered based broadband perfect

absorber [see Fig. 2.7(e)] [68]. They could achieve 85% absorption over the solar spec-
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Figure 2.7: A few recently reported broadband absorbers: (a) thin-film refractory metal based
solar absorbers and thermal emitters. Adapted with permission from: [64] (© 2018 Elsevier B.V.
(b) Spectral response for metallo-dielectric multilayered conical frustums shaped broadband ab-
sorber (tilted top view). Adapted with permission from: [65] Copyright © 2019, IEEE. (c)
Trapezoidal metallo-dielectric pair based perfect light absorbers using metal carbides and ni-
trides. Adapted with permission from: [66] Copyright (© 2019, Springer Science Business Media,
LLC, part of Springer Nature. (d) Nanodisk array based metal-dielectric-metal ultrabroadband
absorber. Adapted with permission from: [67] Copyright (© 2019 Published by Elsevier B.V. (e)
three-dimensional schematic view of graphene-based broadband metamaterial absorber. Adapted
with permission from: [68] Copyright © 2019, Springer Science Business Media, LLC, part of
Springer Nature. (f) Geometry of titanium nitride based broadband absorber (tilted top view).
Adapted with permission from: [69] Copyright (© 2019, The Author(s), under exclusive licence
to Springer Nature Limited.

tral regime. Gao et al. numerically proposed insulator-metal-insulator-metal broad-
band plasmonic absorber [see Fig. 2.7(f)] [69]. They have shown 90% absorption over
200-1200 nm wavelength range.

Here, we highlight that most of the reported works based on different designs are
either narrowband [70-75] or polarization-dependent [76] or angle-sensitive [77-81].
Hence, investigating different designs of an ultra-broadband, polarization-independent,

and angle-insensitive absorber in the visible, near-IR, and short-wave IR spectral regime

remains largely in demand [82-85].
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2.2.2.2 Solar Absorbers

Solar-thermal energy systems are helpful in clean electricity production using solar
thermoelectric generators [86], solar thermophotovoltaics [87], and concentrated solar
power via Rankine cycle [88]. Unfortunately, their performance suffers from high ther-
mal losses due to spontaneous blackbody radiation at high temperatures [89]. There-
fore, designing a thermally-stable spectrally selective solar absorber with high solar-
to-heat conversion energy efficiency is significant to prevent losses due to thermal ra-
diation [90].

As shown in Fig. 2.8, an ideal selective solar absorber should have unity absorp-
tion in solar radiation regime i.e. 0.3 — 2.5 pm wavelength range and zero emissivity in
mid-infrared (IR) regime i.e. 4 — 13 pm spectral range where blackbody radiation oc-
curs [91]. In addition, high-temperature thermal stability is desirable for maintaining
high solar-to-heat conversion efficiency at low temperatures (below 100°C) for photo-
thermal conversion and moderately-high temperatures (between 100 and 400°C) for
industrial applications [92-94]. Furthermore, solar absorbers need to be polarization-
independent and angle-insensitive, since the incident solar radiation can be of arbitrary
polarization and fall at arbitrary oblique angles [95].

In nature, typical examples of selective solar absorbers are pyromark, black chrome,
cermet, and black carbon paint [96-98]. However, their practical usage for solar ther-
mal applications is restricted due to high emissivity in the mid-IR wavelength range
and limited tunability of their spectral selectivity. Inspired by nature, metamaterial
selective solar absorbers grabbed attention owing to their highly selective absorption
at particular wavelengths [99]. In literature, metamaterial solar absorbers based on
photonic crystals [100], nanoparticles embedded dielectrics [101], 1D or 2D surface
gratings [102], and nano-disk arrays [103] have been reported. Recently, selective solar

absorbers based on multilayer thin film gained popularity due to large-area compatible
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Figure 2.8: Solar spectral irradiance (AM 1.5 global tilt, spectral irradiance magnitude given
on the left y-axis), radiative heat flux of blackbody thermal radiation at different temperatures
(spectral irradiance magnitude given on the left y-axis), and reflectivity spectrum of ideal selective
solar absorber (reflectivity given on the right y-axis). Note that Acyt—oft is the optimal cut-off
wavelength of an ideal selective solar absorber which should have zero reflectivity below Acut—_oft
to increase solar radiation absorption and unity reflectivity beyond the A¢yt—of to reduce thermal
emission. Adapted with permission from: [91] © 2020 Elsevier Ltd.

design and lithography-free fabrication process [91,94, 104].

A design of multilayer selective solar absorber comprises anti-reflective coatings to
enhance the visible light absorption, alternating metal or dielectric absorbing layers,
and a reflective ground metal [89]. Khoza et al. demonstrated a ZrO,—Zr-7ZrO4—Al,Oy
multilayer selective solar absorber [105]. They achieved solar absorption of 0.93 and
thermal emissivity of 0.11 at 100°C. Dereshgi et al. experimentally reported Al,O3-Ti-
Al,O3-W multilayer design with solar absorption of 0.90 over 0.4-1.64 um wavelength
range [106]. Tian et al. simulated and fabricated SiO,-Al,03-W-Al,O3-W multilayer
selective solar absorber [91]. They achieved solar absorption of 0.87 and thermal emis-
sivity of 0.07 at ambient room temperature. In spite of significant research in this di-
rection, it is still challenging to design angle- and polarization-independent selective solar
absorbers with high absorption in the solar radiation regime but low emission in the mid-IR
region. Moreover, most solar absorbers suffer from low solar-to-heat conversion effi-

ciency at moderately-high temperatures (between 100°C and 400°C). Therefore, spec-
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trally selective, lithography-free solar absorbers with high thermal stability are crucial

to application in solar thermal engineering.

2.2.2.3 Radiative Cooling

A particular portion of extraterrestrial radiation reaches the surface of the earth.
The atmospheric absorption prevents specific types of electromagnetic radiation to
pass through it. An atmospheric window can be considered like a curtain with holes
in it where holes represent the spectral bands which can pass through it. As shown in
Fig. 2.9, the upper portion of the atmosphere blocks 100% of the gamma rays, X-rays
and most of the UV radiations [107]. However, visible and near infrared radiations can
freely pass through the atmosphere.

As shown in Fig. 2.10(a), blackbody radiation’s peak wavelength coincides with the
atmospheric transmittance window i.e. 8-13 um wavelength range, at room tempera-
ture [108]. Therefore, objects having high emissivity in the atmospheric window can

dissipate heat into outer space without hindrance, as depicted in Fig. 2.10(b). Since,

Figure 2.9: Atmospheric electromagnetic opacity: the upper portion of the atmosphere blocks
gamma rays, X-rays, and UV radiation but allow visible and near infrared radiations to freely
pass through the atmosphere. Note that the atmospheric transmittance window for radiative
cooling purpose lies between 8 and 13 um. Adapted from [107].
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Figure 2.10: Concept of radiative cooling: (a) Night time (dashed blue line) and day time
(solid red line) radiative cooling. (b) Pictorial demonstration of radiative cooling. Adapted with
permission from: [113] Copyright (© 2020, The Materials Research Society.

the radiations can freely pass in this spectral range, it leads to automatic radiative cool-
ing by emitting back to outer space after absorption. The concept of radiative cooling
can be utilised for various applications such as optical solar reflector, IR camouflage,
energy-free all-day cooling, etc.

Earlier studies on radiative cooling were limited to nighttime passive radiative
cooler due to the absence of solar radiation during the night [108-110]. The spectral
properties of nighttime passive radiative coolers require maintaining high emissivity
either at all wavelengths or only in the atmospheric transmittance window, as shown
by dashed blue line in Fig. 2.10(a) [13]. However, for all-day cooling, the daytime pas-
sive radiative coolers became a more practical choice and remained in demand [111]. A
daytime passive radiative cooler must have unity emissivity in the atmospheric trans-
mittance window and unity reflectance over solar spectral regime (0.3-2.5 pm) simul-
taneously, as depicted using solid red line in Fig. 2.10(a) [112].

In nature, saharan silver ants in the sahara desert are a typical biological example
of daytime passive radiative cooler [114]. They possess a dense array of triangular-
shaped hairs that enhances solar reflectance and infrared emission in the atmospheric
window. This unique feature allows silver ants to keep themselves cool to survive
extreme temperatures in the desert.

In literature, daytime passive radiative coolers based on metamaterials [115], pho-
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tonic crystals [116], doped polymers [110, 117], and multilayer films [118,119] have
been extensively studied. The first experimental demonstration of multilayered day-
time passive radiative cooler was given by Raman et al. in 2014 [118]. In winter day-
time, under direct sunlight, they achieved a cooling of 4.9°C lower than the ambient
temperature. In 2015, Gentle and Smith first introduced and practically demonstrated
sub-ambient daytime cooling of an open surface without using convection suppres-
sion [120]. It was found to be 11°C cooler than the commercial cool roof nearby. After
that, different researchers used different structures and methods to design a passive
radiative cooler [121]. For instance, Bao et al. designed a double-layered nanoparticle-
based structure that gives a theoretical cooling of 5°C below the ambient temperature
under direct sunlight [122]. Fu et al. used a porous anodic aluminum oxide membrane
on an aluminum substrate to design a daytime passive radiative cooler [123]. Their
group achieved a sub-ambient cooling temperature of 2.6°C during daytime by virtue
of porous morphology that causes partial selective radiation. Hossain et al. showcased
a unique conical-shaped structure, utilizing alternating layers of aluminum and ger-
manium followed by aluminum as a reflective layer [115]. They achieved cooling of
12.2°C under ambient temperature without considering non-radiative heat exchange.
Here we emphasize that most of the studies reported on passive radiative coolers
have mainly focused on achieving high emissivity in the atmospheric transmittance
window [34,115,124,125]. However, it is still challenging to achieve high reflectance in the
solar spectral regime (0.3-2.5 wm) and atmospheric radiation region (2.5-8 wm), besides and

high emissivity in the atmospheric transmittance window (8-13 wm), simultaneously [126].
2.2.3 Research Gaps Identified
The previous subsections presented a detailed literature review, dispensing the cur-

rent state-of-the-art in the field of nanophotonics and metamaterials for smart window

design and solar energy harvesting. This section summarizes the research gaps identi-
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tied in the literature.

For smart window applications, firstly, almost all the reported works focus on de-
signing window glasses for specific weather conditions, thereby confining their usage
to a specific geographical area. In contrast, a smart window that can regulate solar heat
alongside visible transmission could be a better value proposition for application over
a wider geographical location. Secondly, most of the designs reported to date are either
very expensive or have complex fabrication processes or do not match the figure-of-
merit of commercial glasses used in the industry. Therefore, choosing cheaper mate-
rials for lithography-free and large-area compatible window designs could reduce the
effective cost. In addition, smart tunable windows based on electro-optic materials are
yet to be explored.

For solar energy harvesting applications different designs of broadband metama-
terial absorbers, selective solar absorbers, and radiative coolers have been discussed.
However, most of the reported works on metamaterial absorbers are either narrow-
band or polarization-dependent or angle-sensitive. Moreover, achieving broadband
absorption, especially in the visible and near-infrared regimes, is challenging. Hence,
designing an ultra-broadband, polarization-independent, and angle-insensitive absorber
in the visible, near-IR, and short-wave IR spectral regimes remains in demand. Con-
cerning spectrally-selective solar absorbers, it is still challenging to design angle- and
polarization-independent selective solar absorbers with high absorption in the solar
radiation regime but low emission in the mid-IR region (4-13 um). Moreover, most
solar absorbers suffer from low solar-to-heat conversion efficiency at moderately-high
temperatures (between 100°C and 400°C). Therefore, spectrally selective, lithography-
free solar absorbers with high thermal stability are strongly desired for application in
solar thermal engineering. For radiative cooling, most of the studies reported on pas-

sive radiative coolers have mainly focused on achieving high emissivity in the atmo-
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spheric transmittance window (8-13 um). However, for operation during the daytime,
it is strenuous to design radiative coolers having high reflectance in the solar spectral
regime (0.3-2.5 pm) and atmospheric radiation region (2.5-8 um), besides high emis-
sivity in the atmospheric transmittance window, simultaneously.

Further, it was identified that there is no existing comprehensive theoretical frame-
work for modeling of nanophotonic thin-film optical systems that can accurately pre-
dict the optical response of windows and absorbers. The next section of this chapter
presents a brief summary of relevant theoretical techniques based on transfer matrix
method, transmission line method, Fabry—Perot interferometer, and effective medium
theory to calculate the optical responses of different nanophotonic devices. The devel-
oped theory could find out the characteristics of optical systems accurately and quickly,
eliminating the need to run computationally intensive and time-consuming based nu-

merical simulations.

2.3 Relevant Theoretical Background

Electromagnetic phenomena have excited researchers and scientists for centuries.
The contributions of Maxwell, Faraday, Coulomb, and Ampere in the field of electro-
magnetic theory helped the scientific community to get a deeper insight into the fun-
damentals of electromagnetic phenomena. The most crucial scientific breakthrough
can be attributed to establishing the relation between electric and magnetic fields in
the 19th century [127]. Further confinement of these relationships into physical laws
by Faraday, Ampere, and Gauss paved the way for James Clerk Maxwell’s seminal
paper, presented in 1865, which is now well known as the Maxwell’s equations of elec-
tromagnetics [128]. It is incredible to know that even today, after 150 years, Maxwell’s
equations are valid in the classical domain, relevant to the field of nanophotonics and

metamaterials!
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2.3.1 Maxwell’s Equations

The institution of Maxwell’s equations still remains one of the paramount achieve-
ments in the field of modern physics. The set of four Maxwell’s equations is self-
sufficient to define the dynamics of the electric and magnetic fields in media, either
due to the presence of sources (such as charges or currents) or due to incident fields
elsewhere. These equations have been extensively explored to study the light-matter
interactions over a whole range of electromagnetic spectrum. However, Maxwell’s
equations are valid in the classical domain and cannot accurately predict quantum
phenomena. The Maxwell’s equations determining the relationship between the elec-
tric, E, magnetic, H, electric displacement, D, and the magnetic induction, B, fields,

and are given by:

V-D=p (2.1a)
V.-B=0 (2.1b)
0B
VxE=-— (2.1¢c)
D

where p is the free electric charge density and J is the electric current density. These
four equations are sufficient to describe electric and magnetic fields in all space and
time. However, while considering the macroscopic media where every atom acts as
a source, it is impractical to solve the microscopic Maxwell’s equations. More often
than not, we are much more interested in examining the response of a collective media
rather than the response from an individual atom. For the case of microscopic media,
E and H are now representing the averaged fields. The D and B fields are derived from

the relation given by:
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D=cE+P (2.2a)

B = 1oH (2.2b)

where P being the polarization response of the medium, ¢, and i is the permittivity
and permeability of free space, respectively. Since for the case of vacuum there is no
polarization response, the above equation becomes D = ¢E and B = piyH. We would
like to emphasize that we are considering linear, isotropic, and non-magnetic media

for which the polarization is given by:

P = ¢ x.E (2.3)

where . is the electric susceptibility of the medium. The above equations can be

used to rewrite Maxwell’s equation to derive the wave equation given by:

O’E

V’E = Ho€o6r 250y (2.4a)
0*H

V2H = u060€7«w (24b)

One of these wave equations can be used to solve for either the electric or mag-
netic field for a particular region, and the other can be obtained by utilizing Maxwell’s
equation. While using frequency domain solvers, we assume the time dependence to
be harmonic, such that 9/0t — —iw. In that case, the wave-equation becomes the well-
known Helmholtz equation. On the contrary, the time domain solvers use Maxwell’s

curl equations.
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2.3.2 Boundary Conditions

In most practical situations, often one has to solve equations for electromagnetic
wave propagation across different media. However, to establish a relation between
wave equations in two different media, one needs to solve for boundary conditions
at the interface. The Stokes and divergence theorems can be used to find out these

boundary conditions using Maxwell’s equations, as given below:

(D2 = D4) -n = p; (2.5a)
(By—B1) -n=0 (2.5b)
(Ea —Eq) xn =0 (2.5¢)
(H — Hy) xn = J. (2.5d)

where p; and J, are the surface charge density and the surface current density, re-
spectively, at the interface between the two media (1 and 2) and n being the surface
normal [129]. It is important to note that surface charges and currents are absent as the

charge carriers’ positions are fixed within dielectric media.

2.3.3 Metals and Dispersive Media

The Lorentz oscillator model considers atoms inside metal to be composed of nu-
cleus and electron where the mass of the electron is very small compared to the nu-
cleus. So, one can assume the system to be a harmonic oscillator with the nucleus
having infinite mass being fixed and an electron being attached to the nucleus via a
spring. The equation of motion is given by:

d*x(t) dx(t)

Mo T

+ Kx(t) = —eE(t) (2.6)

where the second term represents the resultant damping force, the third term rep-
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resents the restoring force, and the fourth term represents the driving forces. Also the

polarization P as a function of Electric field E is represented by:

Pw) = "\ E(w) (2.7)

Now, one can assume the electrons in the metals are free (unbounded) i.e. there is
no restoring force, K = 0. This is called the Drude model for metals, and the Drude

permittivity can be extracted from the expression shown below:

w2

ruezl_—g 2.8
& w? + iwy (2.8)

where the plasma frequency is given by w, = \/ne?/me;. The Drude model still
gives an accurate electromagnetic response of metals despite neglecting both the elec-

tron—electron and electro—ion interactions. The modified form of Drude model is given

by:
y w§

- 2.9
w? 4wy (29)

€Drude = €0

where w;, €5 and v represent the plasma frequency, high-frequency dielectric con-
stant, and collision frequency, respectively. One can use these parameters to fit the
experimental data of novel plasmonic metals such as gold and silver, as shown in
Fig. 2.11. However, the interband transitions limit the validity of the Drude model
at visible and higher frequencies [18]. For the case of dielectrics, their permittivity can
be derived from the Sellmeier equation, which gives an empirical relationship between
refractive index and wavelength for a particular medium.

To summarize, Maxwell’s equation and boundary conditions can be applied to
metal and dispersive media for designing nanophotonics and metamaterials based
tunable optical devices for smart window design and solar energy harvesting. We
now move to the analytical modeling section to discuss the different relevant theoreti-

cal methods.
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Figure 2.11: Frequency-dependent permittivity of plasmonic metals gold (Au), silver (Ag), and
copper (Cu) in ultraviolet, visible, and infrared wavelengths. Data taken from Ref. [130].

2.4 Analytical Methods

This section discusses various theoretical methods in detail for analyzing optical
responses of a metallo—dielectric multilayer structure. These theoretical approach can
be extended to find absorption, reflection, and transmission across any system having

multiple layers for normal as well as oblique angle of incidence.

2.4.1 Transfer Matrix Method

The transfer matrix method (TMM) is used to calculate reflectance and transmit-
tance by analysing the propagation of electromagnetic waves through a multilayered
structure. While applying TMM, each layer medium is considered to be homogeneous,
linear, and non-magnetic. Consider a TM polarized plane wave incident normally
on a multilayered thin-film structure. Taking the example of a metal-dielectric-metal
(MDM) multilayer structure, one can approximate this design to consist of four inter-
faces, represented by g varying between 1 and 4, and five layers: air(0)-dielectric(1)-
metal(2)-dielectric(3)-air(4), represented by j, as shown in Fig. 2.12. The incident radi-
ation falling from air medium to MDM thin-film undergoes multiple reflection, partial
transmission and absorption and is finally transmitted through the bottom dielectric

layer. Note that the boundary consitions require that the tangetial components of E
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Figure 2.12: Analytical modelling of metal-dielectric-metal multilayer structure using transfer
matrix method (TMM). Here, ¢, Y, and n represent the thickness, admittance, and refractive
index of each layer, respectively.

field and H field (in the absence of free surface) must be continuous across all the

boundaries. For an MDM thin-film, phase shift at each layer is given by [131]:

k‘jA = k:o(antjcosﬁi,q)/Q (210)

where, j represents top dielectric (1), metal (2), and bottom dielectric (3) layers,
g represents interfaces between ;™ and (j + 1)™ layers, A is the optical path length
difference between the first two reflected beams from each layer, n, k, and t are the
refractive index, propagation wavevector, and thickness of each layer, respectively, and
¢; is the angle of incidence. After solving the boundary conditions at each interface, the

electric and magnetic fields can be written as:

E, = E iicosk;A + Hyq(isink;A)/Y; (2.11a)

H, = E 1Y, (isink;A) + Hgyqcosk;A (2.11Db)

Here, Y; = \/€o/ 0 (njcosb; ), where Y, represents the admittance for TE polariza-

tion in each layer, 149 and € are the permeability and permittivity in free space, respec-
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tively. For TM case, Y; = +\/€o/ o (n;/cosb; 4). In matrix form, the relationship between

g™ and (j + 1)™ layer can be written as:

E E cosk.: A\ isink:A) /Y
q _ P]' q+1 7 P]' _ J ( J )/ J (2‘12>
H, Hyy Yjisink; A cosk; A

Here P; denotes the characteristics matrix that relates the electric and magnetic
fields at the interface across each layer. Therefore, for a five layers media (air—dielectric—
metal—dielectric-air) the relation between electric and magnetic fields at interfaces 1

and 4 is given by:

E, Ey Ey P11 D12 Ey
= P,P>;P3 =P

H,y H, H,y P21 D22 H,

(2.13)

Considering TE case, the impedances for the top and the bottom air media are:
Yo = /eotto (nocoshiy) and Yy = |/eopo (nocost; 4), where 6 is the angle of transmit-

tance, which gives:

55 =P I Ei»
=P, (2.14)

(Eip — Er1)Yo Hi oYy

Here E;, E., and E; denote incident, reflected, and transmitted electric fields, re-
spectively. Similarly, H; denotes transmitted magnetic field. Now, the matrices can be

expanded to find out transmission (t) and reflection () coefficients, given by:

/ 2Yo (2.15a)

= .15a

(Yopi1 + YoYap11) + (pa1 + Yapao)

(Yopi1 + YoYap11) — (po1 + Yaipao)
)

(Yopi1 + YoYapi1) + (pa1 + Yapao)

(2.15b)
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After calculating transmission and reflection coefficients, the transmittance (T) and
reflectance (R) can be obtained using 7' = [t|* (ngcosb;)/(nicosh;) and R = |r|?, respec-

tively. The absorbance (A) can be calculated using A=1—- R —T.

2.4.2 Transmission Line Method

The transmission line method (TLM) is another theoretical approach to model a
multilayer thin-film structure in the form of a circuit. By considering the impedance of
different layers of a multilayer structure, TLM can help us to predict the wavelength of
maximum transmission (Apmax). For a typical MDM structure, a circuital representation
for a five-layer media is depicted in Fig. 2.13. Here, Z represents the characteristic
impedance of transmission line. Looking from the top towards the bottom, the input

impedance at interfaces 2 and 3 is given by [132,133]:

7. — 7. Zj+1 — ithan(kjtj) (2 16)
M Zy — jZitan(kjt) '

The reflection coefficients at the corresponding metal-dielectric interfaces (2 and 3)

can be determined using;:

Figure 2.13: Analytical modelling of metal-dielectric-metal multilayer structure using trans-
mission line method. Here, Z, k, and ¢ denote impedance, propagation wavevector, and thickness
of each layer, respectively. Note that ¢ denotes phase shift upon reflection at each metal-dielectric
interface.
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Ting — 7
=20 "y I/ 2.17
Tq Zin,q + Z‘7 |Tq| qu ( )
Here, ¢, gives the phase shift upon reflection at each metal-dielectric interface.
Figure 2.13 shows the accumulated round trip phase (¢, + ¢3) at interfaces 2 and 3.

When this accumulated phase goes to zero, one can get the maximum transmission

(Tnax) at the resonant wavelength [132].

2.4.3 Fabry-Perot Interferometry Technique

Fabry—Perot Interferometry (FPI) is a useful technique that can help us to determine
the peak transmission corresponding to the resonant wavelength supported by a cav-
ity sandwiched between two reflective parallel surfaces. For a given MDM multilayer
structure, the metallic layer thickness should be such that the electromagnetic radia-
tion can penetrate through it [133]. When an electromagnetic radiation falls on the sur-
face of the top metal, it penetrates through the metallic layer, undergoes multiple back
and forth reflections inside the dielectric cavity and eventually a narrowband electro-
magnetic spectrum is transmitted through the bottom metallic layer. The narrow-band
transmission can be attributed to the Fabry—Perot cavity resonance which allows trans-
mission of only those spectral components corresponding to the resonance wavelength

of the cavity. This resonance wavelength is given by the following equation [131]:

QkonDtD + 2¢ = 21tm (218)

where, ky is the wavevector defined by kg = 27/ )y, Ao being the resonance wave-
length supported by the cavity, np and tp are the refractive index and thickness of the
dielectric layer respectively, and ¢ is the phase shift upon reflection from the bottom

and top metallic layers. Lastly, m is an integer value that determines the order of the
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cavity resonance. Note that, for the light to be trapped inside the cavity, phase condi-
tion in Eq. (2.18) must be satisfied. The underlying principle is that phase accumulated
over a complete round trip inside the dielectric cavity must be an integral multiple of
21 to achieve constructive interference, which will eventually lead to the enhanced
transmission at specific wavelengths through the bottom metallic layer.

Figure 2.14 depicts a Fabry—Perot resonator cavity for a MDM multilayer structure,
where the two metals act as lossy mirrors which are partially transparent and the di-
electric can be regarded as the cavity medium. Equation (2.18) depicts the condition
for peak transmission which occurs in integral multiples of 27t. The sharpness of the

peak is defined by finesse (F), given by [134]:

F =4R/(1 — R)? (2.19)

For this case, transmission through Fabry—Perot cavity is given by:

Figure 2.14: Analytical modelling of metal-dielectric-metal multilayer structure using Fabry—
Perot interferometer (FPI) technique.
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T = k/(1 + Fsin®}) (2.20)

where, « is the correction factor which takes care of absorbance (A) due to intrinsic

losses in metallic mirrors and can be written as [135]:

K=(1-A-R)/1-R) (2.21)

The peak transmission condition can be obtained by rewriting Eq. (2.18) in terms

of new parameter ¢ as:

4
0= )\—ﬂnDtDCOSQD = 2mm (222)
0

where, 0, is the angle of incidence inside a dielectric medium.

2.4.4 Effective Medium Theory

The effective medium theory (EMT) can be used to estimate the effective permittiv-
ity of a medium comprising of different materials. A homogenized medium’s effective
permittivity can be calculated using mixing formulae based on the relative fractions
and permittivity of different media. For example, as shown in Fig. 2.15, an array of
metallic nanoparticles embedded inside the dielectric layer of a MDM multilayer thin-
films stack can be assumed to be a homogeneous layer with effective permittivity given

by the following set of complementary equations [136]:

1/er = f/em(w) + (1 = f)/ea (2.23a)
€| = fem(w) + (1 = fea (2.23b)
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Figure 2.15: (a) A sample design comprising array of metallic nanoparticles (NPs) embedded
inside the dielectric layer of a metal-dielectric-metal multilayer thin-films stack. (b) Analytical
modelling using effective medium theory.

where €, and ¢4 stand for metallic nanoparticles permittivity and dielectric permit-
tivity, respectively; €, represents effective permittivity along the perpendicular direc-
tion and ¢ represents effective permittivity along the parallel direction; f represents
the filling ratio of the metallic nanoparticles [137]. This method gives a reasonably
accurate approximation and theoretically models any patterned structure at a deep

sub-wavelength scale.

2.5 Numerical Techniques

Numerical techniques are needed where the structure of the optical system is too
complicated to be analyzed analytically. The finite element method (FEM) and finite
difference time domain method (FDTD) are a couple of popular numerical methods
that solve Maxwell’s equation by dividing the structure’s domain into a form of a
mesh or grid. These numerical methods are efficient tools for designing complex two-
or three-dimensional geometry of nanophotonic devices or a unit cell of metamaterial
structures. A parametric sweep can be carried out to find the optimal design param-

eter, keeping all other parameters constant. More importantly, these numerical tools
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can help gaining new physical insight by analyzing the near-field distribution or post-

processing the numerically calculated data.

2.5.1 Finite Element Method

The finite element method (FEM) solves partial differential equations to solve bound-
ary value problems and gives an approximate solution. Firstly, it divides the system
under consideration into a finite number of elements. Secondly, the governing partial
differential Maxwell’s equation is solved for each of these individual elements. Thirdly,
the boundary conditions are solved for each mesh element, and finally, the partial dif-
ferential Maxwell’s equation is solved for the entire structure. This method’s major
advantage lies in the system’s subdivision into the finite elements (called mesh). These
elements can be triangular or quadrilateral depending upon the structure. These ele-
ments can accurately model any type of structure, be it spherical, cylindrical, cubical,
or elliptical or of any arbitrary shape. Also, depending upon the computational ability
of the system, these element sizes can be fine-tuned to divide the structure into a large
number of elements to accurately capture fine structural detail in order to be able to
estimate its optical responses as accurately as possible.

FEM methods are mainly used to find the solution to two types of problems, scat-
tering problems and eigenvalue problems. Throughout this thesis scattering method is
used for numerical calculations. The scattering method forces an incident wave upon
the system, producing a complex wave-vector by ensuring a real frequency of the in-
coming wave. Here the imaginary wave-vector corresponds to the decay of the excited
modes in space. This method calculates the system’s response by inserting a time-
harmonic source, either a plane wave, a waveguide mode, or even a dipole source. The
Absorption (A), Reflection (R) and Transmission (T) can be calculated using Poynting
vector, S = E x H. Here, the Poynting vector represents the rate of energy transfer of

the electromagnetic waves per unit area. The time-averaged energy transfer through
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an area A, is given by:

S = /A Re{E x H'} - dA (2.24)

The final transmission and reflection coefficients can be calculated by finding the
flux S due to the scattered field divided by the flux due to the incident field.

For design and simulation of multilayer thin-film optical systems, a commercial
finite element method solver, COMSOL Multiphysics®, can simulate over a specific
spectral range. Taking an example of multilayer thin films (metal-dielectric-metal)
placed on a substrate, a sample two-dimensional view of the unit cell is shown in
Fig. 2.16. A plane wave excitation of TM polarization (electric field parallel to xz plane)
is applied. Floquet boundary conditions are applied along x and y directions to em-
ulate a large-area thin-film. To capture all the structural details effectively, extra-fine
mesh elements are preferred. The air layer thickness is kept at Apax/2, where A« is

the maximum wavelength in the considered range. Perfectly matched layers (PML),

Figure 2.16: A sample three-dimensional schematic view of a unit cell in COMSOL
Multiphysics® for designing thin-film based window glasses. Here, Apax is the maximum wave-
length in the considered spectral window. Perfectly matched layers (PML) are used at the top
and bottom of the unit cell to avoid any anomaly arising from reflections due to confinement of
the simulation domain.
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each Ay /4 thick, are introduced to avoid any anomaly arising from reflections due
to confinement of the simulation domain. A plane wave excitation is applied at port
1, representing a ‘source’” and port 2 representing a ‘destination’. Then the overall re-
flection (R) and transmission (T) is calculated in percentage using the following two
equations: R = 100 x |[Sy;]|? and T = 100 X |Sy|%, where Si; and Sy, are called the
scattering (S) parameters. These S parameters (for the two-port network system de-
ployed here) are calculated numerically by the FEM solver over the wavelength range
of interest. Using the equation: A = 100 — R — 7', absorbance (A) in percentage can be

further calculated.

2.5.2 Finite Difference Time Domain Method

Contrary to the finite element method (FEM), which works in the frequency do-
main, the finite difference time domain method (FDTD) solves the time-dependent
Maxwell’s equations. In FDTD, spatial and time derivatives can be replaced by the two
Maxwell’s curl equations by using central finite difference approximation (CFDA). For

a function f(x), its derivative at x, from CDFA is given by:

df (o)
dx

gf(JEOﬂL%)—f(ﬂCO—%)
B Ax

= f(wo)

(2.25)

The time-dependent and source free (J=0) Maxwell’s curl equations in a medium

with € = ¢, and i = pop, is given by:

E 1

B Lo (2.26a)
0t €0Er

H 1
oH__ V xE (2.26b)
ot o Ly

Now, expanding the curl equations and equating the vector components gives six
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equations for the Cartesian coordinate system. So, expanding the first vector curl
Eq. (2.26):

SE. 1 6H, JH,
5t eoer< oy oz ) (2.272)

sE, 1 6H, ©&H,

5t epe, . 0z oz ) (2.27b)
L - L 55") (2.27¢)
Similarly, expanding the 2nd vector curl Eq. (2.26):
) (2.250)
‘5? L Molm 5;22 _ 5;2") (2.28b)
0H, 1 0Ey 5Ey) (2.250)

ot pops 0y  ox

Since the FDTD is a time-domain solver, these six electric and magnetic field equa-
tions can be solved using the FDTD update equation, considering some simplifying
assumptions. For example, the 1D FDTD update equations can be written considering:

(i) Linearly polarized wave along the x-axis exciting an electric field having F, com-
ponent only (i.e. £, = E. = 0).
(ii) Wave propagation along z direction having no variation in the x-y plane i.e.
% = 0and 8% =0
Using the above two conditions, the set of six electric and magnetic field equations

from two Maxwell’s curl equations can be reduced to two 1D FDTD equations given

by:
Exy 1 0Hy
5t eper 02 (2:29)
oH, 1 0E4
TR (2.29Db)
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The objective is to observe fields at different places and times by solving these equa-
tions in the solution space. Hence, both space and time discretization is needed [129].

After discretizing Eq. (2.29), one can write:

Ey(k,n+3) —Ex(kn—3) 1 Hy(k+35,n) —Hy(k—3.n) (2:300)
At €€y 5z '
Hy(h+3n+1)-Hy(k+gmn) 1 By(k+1n+3) —Ex(k1+3) (2.300)
At Mol 0z '

The discretized Eq. (2.30) can be rearranged as a pair of FDTD update equation and
can be repeatedly updated in loop to obtain next time instant values of Ey(k,n + 1)

and Hy (k + 3,n + 1) for 1D case as:

1 1 1 At 1 1
Bulkn+5) =Bulkin = 5) = —— (B (k4 5.m) ~H,(k—3.m)}  (231a)

1 1 At 1 1
~.n)— B (k+1,n+ =) —E(k, 1+ )} (2.31b
31 ~ o Bk Lt 5) ~ Bu(k 1+ )} (2310)

1
Hy (k + 57”+1) = Hy(k +

Alternatively, E and H fields in space and time domain can be formulated using
FDTD method. To calculate E«(k), the neighboring values of Hy atk —1/2 and k +1/2
of the previous time instant are needed. Similarly, to calculate Hy (k + 1/2), the neigh-
boring values of E at k and k+1 of the previous time instants are needed.

Like the 1D case, the 2D and 3D problems can be solved using FDTD by finding
electric and magnetic fields at alternating space and time domains. A schematic repre-
sentation of the Yee cell demonstrating the discrete E and H field components for 3D

FDTD is shown in Fig 2.17 [138].
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Figure 2.17: Schematic of the Yee cell demonstrating the discretized electric and magnetic field
components [138].

2.5.3 Comparison Among Numerical Techniques

FDTD offers several advantages over frequency domain solvers. Since within the
FDTD solver, the memory consumption scales only linearly with the system size, it
solves in fields for the time ¢ to calculate the fields at t+dt. In contrast, FEM, a frequency
domain solver, solves linear algebra by taking the Fourier transformed Maxwell’s equa-
tions. This causes the computational memory to scale quadratically with system size
[138]. Hence, the computational burden of using finer mesh is much less in FDTD
method compared to that of FEM. FDTD, a time domain solver, also allows real-time vi-
sualization of the computed electric and magnetic fields, which offers an advantage to
realize the output during the run-time. More importantly, in FDTD, non-linear effects
can be treated directly, as other differential equations for non-linear media can be di-
rectly included. This makes FDTD a potent tool for solving complex problems. At last,

even though the FDTD offers a faster computation than FEM, the later produces more
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Table 2.2: Comparison chart with pros and cons of a few analytical and numerical techniques.
Adapted with permission from [139].

accurate results than its predecessor as FEM solves the Fourier transformed Maxwell’s
equations. A comparison among a few theoretical and numerical techniques is listed

in Table 2.2 with its advantages and disadvantages [139].

53

TH-2810_176302003



TH-2810_176302003



Climate-Specific Passive Windows
Based on Selective Filtering of Solar

Radiation
Contents
3.1 Nanoring Based ‘Meta-glass’ as Passive Windows . . . . . .. 56
3.2 Nanoparticles Based Passive Windows . . . . . . ... ... .. 65
3.3 Multilayer Thin-film Based Nanophotonic Passive Windows . 70
3.4 Nanophotonic Passive Windows as Color Filters . . . . .. .. 91
55

TH-2810_176302003



3. Climate-Specific Passive Windows Based on Selective Filtering of Solar
Radiation

This chapter presents different designs of climate-specific passive window glasses
for selective filtering of visible and infrared radiations from solar spectrum. Section
3.1 introduces a novel plasmonic ‘meta-glass’ that could block infrared radiation effi-
ciently while maintaining good outdoor visibility. Section 3.2 presents a new design
of meta-glass based on nanoparticles for blocking ultraviolet and infrared radiations.
Section 3.3 discusses the design of ultra-thin, multilayered metallo-dielectric passive
window glasses where a unique approach is adopted to design climate-specific pas-
sive windows with desired visible and infrared transmission/blocking capability. Sec-
tion 3.4 concluded the chapter, where an innovative approach has been adopted to de-
sign transmission-mode nanophotonic windows as specific color filters, which could

be useful for aiding photosynthesis in greenhouses.

3.1 Nanoring Based ‘Meta-glass’ as Passive Windows

In this section, we introduce plasmonic ‘meta-glasses’ as infrared-blocking nanopho-
tonic windows that could block up to ~87% of infrared radiation over a 750-1800 nm
spectral window, predominantly responsible for indoor radiative heating, while main-

taining a 60% average visible transmission for providing indoor illumination.

3.1.1 Background

A climate-specific design of passive windows requires selective transmission of vis-
ible and infrared radiations [140]. The visible radiation provides indoor illumination
and visual comfort for the building occupants, whereas IR radiation causes radiative
heating inside the room [33]. In the solar irradiance spectrum, almost 90% of the solar
energy lies between 400 nm and 1800 nm wavelength spectral regime, consisting of
visible (VIS; 400 — 750 nm) and infrared (IR; 750 — 1800 nm) radiations [141]. Therefore,
for a typical hot climate condition, passive windows should have high transmission

over 400-750 nm wavelengths and low transmission over 750-1800 nm wavelengths.
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Recently, a few passive glasses with low-emissivity coatings have been demon-
strated to block the solar heat and provide energy-saving to some extent [35,36, 140].
While some of these reported window coatings based on expensive noble metals such
as gold or silver could match the figure of merit used in the industry [31,46] but failed
to do so using relatively inexpensive alternative metals such as copper or aluminium
or indium tin oxide [36,37]. In literature, many broadband absorbers are reported that
can completely block infrared radiation, yet blocking infrared radiation while main-
taining some visible transmission remained a challenge [25, 142]. Therefore, a design
of industry-standard passive windows based on relatively inexpensive material that
can efficiently block IR radiation while maintaining standard visible transmission re-
mains largely in demand.

Here, we report a new design of plasmonic ‘meta-glasses’ comprising a two- di-
mensional (2D) hexagonal array of tungsten nanorings placed on top of a silica glass
substrate. Using the uniform-sized nanoring-based design, we could achieve 80.3% IR
blocking over 750-1800 nm wavelength range while maintaining 60% average visible
transmission. We further improved the IR blocking efficiency up to 87.1% by introduc-
ing two distinct-sized nanorings. We chose tungsten because it has the highest melt-
ing point (3422°C), remarkable mechanical strength, and smallest thermal expansion
coefficient among all known metals [143]. Unlike gold and silver, tungsten is CMOS
compatible, which is crucial for reducing the fabrication cost using conventional lithog-

raphy techniques for industrial-scale production.

3.1.2 Design and Simulation

Figure 3.1 depicts a 3D schematic view of our nanoring-based plasmonic meta-glass
along with its unit cell considered for simulation. This meta-glass comprises a 2D
hexagonal array of tungsten nanorings printed on top of transparent silica glass. Note

that all the dimensions are specified in Fig. 3.1 caption. We use the wave optics module
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Figure 3.1: Nanoring-based plasmonic ‘meta-glass’ for a typical hot climate condition in (a)
3D schematic view and (b) a 2D side view of the unit cell simulation model in xz plane. The
design consists of a 2D hexagonal array of tungsten nanorings placed on top of silica glass. The
incident radiation from port 1 is a plane wave of TM polarization traveling along the z-direction.
A couple of perfectly matched layers (PML 1 and PML 2) are used to absorb undue reflections
due to the confinement of the simulation domain. Dimensions in nm: hpyg, = 400, haipe = 800,
hring = 30, and hglass = 300.

of a commercial finite element method (FEM) solver, COMSOL Multiphysics®, for full-
wave simulations. To capture all the structural details effectively, the maximum and
minimum mesh element sizes are taken as 138 nm and ~0.46 nm, respectively. Floquet
boundary conditions are applied along x and y directions to emulate a 2D periodic
array of the unit cell. The optical constants for tungsten [144] and silica glass [145] are

taken from the literature.

3.1.3 Design I: Uniform-sized Nanorings

For our uniform-sized nanorings based plasmonic glass design, the top view of the
rectangular unit cell in xy plane is shown using a shaded region in Fig. 3.2(a). We man-
ually optimize our design in its parametric domain to achieve minimum transmission
in the IR regime and maximum transmission in the visible regime. All the dimensions
of the optimized design are provided in the figure caption. Figure 3.2(b) shows nu-
merically obtained transmission spectra using FEM and finite difference time domain

(FDTD) solvers over the solar spectral regime-showing a near-perfect match. We get
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Figure 3.2: Uniform-sized nanoring-based plasmonic glass: (a) top view of a unit cell, shown
by shaded region in xy plane. (b) Numerically calculated transmission (7') spectra using finite
element method (FEM) and finite difference time domain (FDTD) solvers over solar radiation
spectra. (c) Top and side views of the unit cell showing normalized electric field distribution
with arrow plots at A\; = 600 nm and Ay = 1000 nm. Dimensions in nm: inner radius of each
ring, Ry = 105; outer radius of each ring, Ry = 145; width of each ring, ¢ = 40; gap between
the rings, g = Rg/2; lattice constant, a = 2Rs+g; period along y-direction, L = 2acos30°; and
period along x-direction, W = 2asin30°.
an average transmission of 60.3% in the visible regime with a peak transmission (7},ax)
of 68.2% around A; = 600 nm. Whereas, in the IR regime, we obtain only 19.7% aver-
age transmission with a transmission minimum (7},i,) of 3.6% around A, = 1000 nm.
Therefore, we could block 80.3% IR radiations over 750-1800 nm spectral range using
a uniform-sized nanoring-based design.

To discuss the underlying principle behind suppression in IR transmission, we
show normalized electric field distribution (top view and side views at the center and

edge) with arrow plots in Fig. 3.2(c) corresponding to 7},.« obtained around \; and

Tmin Obtained near A, [see Fig. 3.2(b)]. The top view at )\, indicates strong inter-ring
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electric field confinement as a result of dipolar charge separation (see side view at
A2), indicating excitation of localized surface plasmons—leading to significantly sup-
pressed transmission around this resonant wavelength [146,147]. Whereas at ), the
appearance of weak intra-ring electric field confinement (see the top view at \;) in-
dicates coupling between opposite inner faces of each nanoring, allowing moderately
high transmission through the gap between different nanoring structures [148].

To optimize our design, we study the effect of variation in the gap (g), width (¢),
thickness (h,ing), and outer radius (R;) of each uniform-sized nanoring, as shown in
Fig. 3.3. With a decrease in the gap between these nanorings from 150 nm to 25 nm,
we could see a slight redshift in the resonance wavelength and reduced transmission
amplitude in the IR regime due to enhanced inter-ring coupling [148], as shown in Fig.
3.3(a). Next, we vary each nanoring width between 10 nm and 60 nm, keeping the

outer radius constant. Figure 3.3(b) clearly shows a large blueshift in the resonance

Figure 3.3: Numerically obtained contour plot for our design with uniform-sized nanoring for
varying (a) gap between each nanoring, g, (b) width of each nanoring, ¢, (c) thickness of each
nanoring, Aring, and (d) outer radius of each nanoring, Ry. Here, the white dashed lines show
the trends for the minimum transmission with changes in the above parameters.
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Figure 3.4: Numerically obtained transmission spectra for our uniform-sized nanorings design
considering (a) both TM and TE polarization at a normal angle of incidence and (b) contour
plot for varying polarization angle between 0 and 60 degrees of the oblique angle of incidence.
wavelength with increased nanoring width due to reduced inner radius dimension.
Figure 3.3(c) shows a similar trend of blueshift with an increase in nanoring thickness
between 10 nm and 60 nm. Lastly, Fig. 3.3(d) shows a redshift in the resonance wave-
length owing to an enlargement in ring dimension with an increase in outer radius
between 100 nm and 200 nm while keeping the nanoring width constant. Therefore,
by carefully choosing the nanoring’s dimension, our meta-glasses can efficiently block
the infrared radiation.

To have practical utility, these plasmonic meta-glasses should be polarization- and
angle-insensitive to a large extent. Figure 3.4(a) shows a perfect match between numer-
ically calculated spectral response for both TM and TE polarization at a normal angle
of incidence—making our design polarization-insensitive. In Fig. 3.4(b), owing to the
azimuthal symmetry of the nanorings, the transmission spectra remain unaffected by
the change in polarization angle between 0 and 60 degrees, thus, making our design

polarization angle-insensitive as well.
3.1.4 Design II: Two distinct-sized Nanorings
For a uniform-sized nanorings based design, we observe excitation of surface plas-

mon resonance at \o. If we could achieve multiple resonances, the entire IR regime can

be blocked efficiently [37]. Therefore, we further investigate the spectral response by
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Figure 3.5: Two distinct-sized nanoring-based plasmonic glass depicting (a) choice of unit cells
as A or B, shown by shaded region in xy plane. (b) Numerically calculated transmission (7)
spectra using FEM and FDTD solvers over solar radiation spectra. (c) Top and side views of
the unit cell showing normalized electric field distribution with arrow plots at Ay = 600 nm,
A2 = 1000 nm, and A3 = 1600 nm, for choice of unit cell as A. Dimensions in nm: inner radius
of corner ring, r; = 100; outer radius of corner ring, Ry = 120; inner radius of center ring,
ro = 125; outer radius of center ring, Re = 175; width of corner ring, ¢t; = 20; width of center
ring, to = 50; gap between the rings, g = Ro/2; lattice constant, a = 2Rs+g; period along
y-direction, L = 2aco0s30°; and period along x-direction, W = 2asin30°.

introducing two distinct-sized nanorings at the center and corner of the unit cell, de-
picted using a shaded region for choice of unit cells as A or B in Fig. 3.5(a). Figure 3.5(b)
shows numerically obtained transmission spectra using FEM and FDTD solvers over
400-1800 nm wavelengths. We get 59.5% average transmission in the visible regime

with a peak transmission of 68.7% around \;. While in the IR regime, we obtain only

12.9% average transmission with 7},,;, as low as 5.0% at A\, and 6.7% at A3 = 1600 nm.
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Hence, we could block 87.1% IR radiations over 750-1800 nm spectral range using two
distinct-sized nanoring-based designs.

We further study normalized electric field with arrow plots for choice of the unit
cell as A in Fig. 3.5(c), corresponding to T,,;, obtained at \; and A3, and 7,,., obtained
near \;. The top view at \; and A3 indicates strong confinement of electric field due to
dipolar charge separation (see side view at A, for corner ring 1 and A3 for center ring
2). The reason can be attributed to the excitation of localized surface plasmons at \, for
the smaller ring 1 and A for the larger ring 2, leading to suppressed transmission in the
entire IR regime [146,147]. Interestingly, closely spaced resonance wavelengths lead to
more broadband and efficient IR radiation blocking than in uniform-sized nanoring-

based plasmonic glasses.

3.1.5 Figure of Merit of Our Passive Window Glasses

We now introduce a couple of figure of merit (FOM) used in the industry: visi-
ble transmittance (VT) and infrared transmittance (IRT) [37]. VT and IRT represent
the portion of visible and infrared radiation transmitted through a glass window over
a particular wavelength range, respectively [140]. Mathematically, these can be ex-

pressed as:

750 800
w0 Lo WT)AN o Lgtar ()T (V)X
70 Isolar(A)d)\ : 500 Isolar()\>d)\

400 750

VT =

(3.1)

where T'()\) denotes wavelength-dependent optical transmission through a win-
dow. Using VT and IRT values, we calculate the contrast ratio (CR = VT/IRT) that
determines the ability of our meta-glasses to simultaneously achieve maximum trans-
mission in the visible regime and minimum transmission in the IR regime [4]. A
comparative overview of our design with a few recently reported IR blocking passive

glasses [37,140] using alternative low-cost metals (copper, aluminium, titanium nitride
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Table 3.1: Figure of merit (FOM) comparative overview with a few recently reported IR blocking
passive glasses.® Ideal values: VT: 1, IRT: 0, CR: VT /IRT = oo

Metal (Ref.) VT IRT CR
Cu [37] 0.57 0.19 3.03

Cu [140] 0.59 0.30 1.96

Al [37] 0.27 0.24 1.16
TiN [37] 0.55 0.28 1.93
ITO [140] 0.67 0.30 2.18
AZO [140] 0.67 0.31 2.19
ALON [140] 0.68 0.31 2.20
W (Design I) 0.61 0.17 3.51
W (Design II) 0.60 0.16 3.75

¢ VT: Visible Transmittance, IRT: IR Transmittance, CR: Contrast Ratio, Cu: Copper, Al:
Aluminium, TiN: Titanium Nitride, ITO: Indium Tin Oxide, AZO: Al-doped Zinc Oxide,
ALON: Al Oxynitride, W: Tungsten
etc.) is given in Table 3.1. The theoretically calculated FOM indicates that our proposed
plasmonic meta-glasses are likely to outperform the recently reported window glasses

in the literature upon practical realization, provided that the on-field performances of

the meta-glasses closely follow our theoretical predictions.

3.1.6 Prospective Fabrication Techniques

With the current state-of-the-art nanofabrication technology, the realization of our
meta-glasses is indeed feasible. First, a polished silica glass substrate could be spin-
coated with polymethylmethacrylate resist layer using electron-beam (e-beam) tech-
nique [149]. When the resist is soft-baked, e-beam lithography may be used for expo-
sure resist development. After that, a 30 nm tungsten layer may be deposited using
e-beam evaporation technique [150]. After completing the lift-off process, the sample

could be rinsed in acetone for a few hours to form nanorings.
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3.1.7 Summary

We presented a novel plasmonic ‘meta-glass” as infrared-blocking nanophotonic
windows that could block up to ~87% infrared radiation over 750-1800 nm spectral
range while maintaining 60% average transmission in the visible regime. We achieved
an infrared transmittance as low as 0.16 and a contrast ratio as high as 3.75, indicat-
ing that our proposed plasmonic glasses could outperform recently reported industry-
standard window glasses. By virtue of surface plasmons excitation in the infrared
regime, we could achieve selective suppression in the transmission spectrum, which
is tailorable by adjusting the dimension of the nanorings. The simulation results ob-
tained using finite element method and finite difference time domain solvers are in
good agreement. Our designs are low-cost, easy to fabricate, polarization- and angle-
insensitive to a large extent. These plasmonic meta-glasses based on relatively inex-

pensive material could be useful in places with warm climates.

3.2 Nanoparticles Based Passive Windows

In the previous section 3.1, excellent infrared-blocking was achieved using nanor-
ings based passive windows. This section introduces a new design of ‘meta-glass’
coatings for passive windows based on a nanoparticles array that can block both ultra-
violet and infrared radiations coming from the sun. Such windows would be of huge
interests in modern buildings and particularly in automobile industry. A design of an
automobile windshield coated with these meta-glasses could increase vehicle mileage
by reducing the need for air-conditioning besides providing thermal and visual com-

fort to passengers and protection from harmful ultraviolet radiation.

3.2.1 Background

The operation of traditional vehicles requires burning of fossil fuels that causes

carbon emissions leading to global warming. Keeping in view the sustainable devel-
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opment goals, electric vehicles (EVs) have emerged as a promising solution for the
future. Unfortunately, limited operating speed, long battery recharge time, and short
driving range remain fundamental challenges in the EV industry [151]. A study re-
vealed that passengers’ demand for air-conditioning reduces the driving range by 53%
and 18% in winter and summer, respectively [152]. A design of passive windows that
can block the undesired ultraviolet and infrared radiations while allowing the trans-
mission of visible radiation could improve EV’s performance by reducing the need for
air conditioning [140, 153].

To address this challenge, we introduce ‘meta-glass’ coatings to passively control
the portion of solar radiation transmitted through it. This coating comprises a two-
dimensional (2D) hexagonal array of metallic nanoparticles (NPs) embedded inside
the dielectric layer of a metal-dielectric-metal (MDM) multilayer thin-film stack. We
use silver (Ag) as the top and bottom metallic layers and silica (SiO,) as the middle
dielectric layer. We explore five different choices of metallic NPs and compare their

figure of merit based on industry standards.

3.2.2 Design, Results and Discussions

Figure 3.6(a) shows a 3D perspective view of our proposed meta-glass coating. It
comprises a 45 nm thick SiO, dielectric layer sandwiched between 8 nm thick top and
bottom Ag metallic layers. A 2D hexagonal array of molybdenum (Mo) NPs with a
6 nm radius is embedded inside the dielectric layer. The incident wave is a plane wave
of transverse-magnetic polarization propagating along the z-direction. We use a finite
element method solver to compute over 200-1800 nm spectral window. This spectral
range comprises ultraviolet (UV; 200400 nm), visible (VIS; 400-750 nm), and a portion
of infrared (IR; 750-1800 nm) radiations [141]. Figure 3.6(b) depicts the top view of
the design where the shaded region represents the unit cell considered for full-wave

simulations. The unit cell parameters are specified in Fig. 3.6 caption. Figure 3.6(c)
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Figure 3.6: (a) A three-dimensional (3D) geometry of meta-glass based on an infinite 2D array
of metallic nanoparticles (NPs), (b) top view of the design depicting a unit cell using the shaded
region, (c) spectral response showing transmittance (7") and absorbance (A4), and (d) normalized
electric field distribution of the unit cell at 1000 nm wavelength. In (a) and (b), thickness of
top and bottom silver metallic layers, hag = 8 nm, thickness of silica dielectric layer, hgio, = 45
nm, radius of each NPs, R = 6 nm, gap between NPs, g = R/4, lattice constant, a = 2x R+,
Width of the unit cell, L = 2asin30°, and length of the unit cell W = 2acos30°.

shows that the simulated spectral response through our meta-glass design. We could
block ~90% UV and IR radiations while maintaining 60% standard visible transmis-
sion. Figure 3.6(d) shows strong localization of the electric field between the NPs at
1000 nm wavelength. Around this wavelength, incident light sees the entire assembly
of NPs as a reflective plane-leading to high reflection in near-IR.

Next, the unit cell parameters are tuned to obtain the desired optical response from
these meta-glasses. Figure 3.7(a) shows a redshift in the peak transmittance with an
increase in the radius (R) of NPs. This is because the larger the NP radius, the reso-
nance is likely to take place at a longer wavelength. Next, when we increase the gap
(g) between the NPs, there is a slight blue shift and increase in peak transmittance, as

shown in Fig. 3.7(b). This is because light can now see the gaps and easily penetrate
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Figure 3.7: Tuning the transmittance spectra by varying the unit cell parameters (all dimensions
in nm): (a) radius of NPs, R, (b) gap between NPs, ¢, and (c) thickness of the top and bottom
metallic layers, hag.

through the structure. In Fig. 3.7(c), we could see a slight drop in the peak trans-
mittance and narrowing of spectra with an increase in the top and bottom metallic
layer thicknesses (hag). This is obvious because the larger the thickness of the metal-
lic layer, the lesser will be the transmission of electromagnetic waves through it [132].
Finally, after manually optimizing our design in its parametric domain, we found that
R =6nm, hy, =8 nm, and g = 1.5 nm could be an optimal choice for our meta-glass
design.

The portion of UV, VIS, IR, and total solar heat transmitted through a window over
a given spectral range is defined as ultraviolet transmittance (UVT), visible transmit-
tance (VT), infrared transmittance (IRT), and solar heat gain coefficient (SHGC), re-
spectively. A general expression for FOM is given by [141]:

S Lo V)T (A)dA

FOM - )\minA .
f)\nr::x solar ()\> dA

(3.2)

where ;1. (A) and T'()\) are termed as solar irradiance of sun at sea level and wave-
length dependent transmission, respectively [37]. The spectral window for UVT, VT,
IRT, and SHGC are 200-400 nm, 400-750 nm, 750-1800 nm, and 200-1800 nm, respec-
tively [153]. Since, we optimized our window for typical hot climate condition, ideal

values are FOM are: UVT =0, VT =1, IRT = 0, and SHGC = 0.43.
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Figures 3.8(a)-3.8(e) show numerically obtained spectral response for different choices
of metallic NPs: molybdenum (Mo), aluminium (Al), magnesium (Mg), lead (Pb), and
Zinc (Zn). In Fig. 3.8(f), we compared their performance by introducing the figure of
merit (FOM) used in the industry [7]. Based on these parameters, we find that Mg or Al
NPs based meta-glasses are suitable for efficiently blocking the UV portion of the solar
radiation. If blocking IR radiation is a priority, then Zn NPs based meta-glasses could
be the best choice. However, since we want to maintain visible transmittance around

60%, Mo NPs based meta-glasses could be considered as the best choice among all.

Figure 3.8: Numerically calculated spectral characteristics of meta-glasses for different choices
of NPs: (a) molybdenum, (b) aluminium, (¢) magnesium, (d) lead, and (e) zinc. Figure of merit
comparison among our designs depicted in (a)—(e). Note: ideal values of ultraviolet transmittance
(UVT), visible transmittance (VT), infrared transmittance (IRT), and solar heat gain coefficient
(SHGC) are 0, 1, 0, and 0.43 over 200-1800 nm spectral range.
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3.2.3 Summary

We presented a new design of meta-glasses capable of blocking ultraviolet and
infrared radiations efficiently. By introducing different choices of metallic nanopar-
ticles inside the dielectric layer of a metal-dielectric-metal cavity, we could achieve
more than 90% UV and IR blocking while maintaining 60% visible transmittance. Our
thin-film coatings may be applied on vehicle windows to provide ambient indoor tem-

perature and brightness and improve the vehicle’s performance.

3.3 Multilayer Thin-film Based Nanophotonic Passive Windows

The previous subsections 3.1 and 3.2 discussed designs of nanoring- and nanopar-
ticle based passive windows, respectively. Although they have good infrared blocking
capability, they are suitable only for hot climate conditions. Moreover, the fabrica-
tion of such complex structures require either lithography or costly nanofabrication
facilities, which will eventually increase the overall cost of production. Therefore, a
lithography-free and large-area compatible design of windows is highly desirable.

This section introduces a design based on metal-insulator-metal (MIM) multilayer
thin-films for nanophotonic passive windows, where the insulator (dielectric) layer is
sandwiched between the two metallic layers. Throughout this thesis, hereafter, the
terms ‘insulator” and ‘dielectric” are used interchangeably. For a simplistic design, we
chose to keep top and bottom metal layers identical throughout this work. For metallic
layers, we use noble metals [gold (Au) and silver (Ag)] as well as alternative materials
[copper (Cu), indium tin oxide (ITO), aluminium-doped zinc oxide (AZO), and alu-
minium oxynitride (ALON)], considering six separate cases. In each of those cases, we
use either silicon dioxide (SiO5) or titanium dioxide (TiO,) or silicon (5i) as a dielectric
layer to design spectrally selective window glasses. With optimal choice of materials

and thicknesses of the metal and the dielectric layers, our lithography-free simple de-
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sign could provide climate-specific solutions for passive windows with desired visible

and infrared transmission or blocking capability.

3.3.1 Principles behind Controlling the Transmission of Solar and Non-solar Radi-
ations

It is important to note that along with the IR regime, which contributes to 53%
of the total solar irradiance, the visible regime also contributes to a significant 44%
to the total radiation energy [37]. The solar radiation mainly comprises visible (400
750 nm), near-infrared (NIR; 750-1000 nm), and part of short-wave infrared (SWIR;
1000-1800 nm) wavelengths. Alongside solar radiation, non-solar radiation may also
contribute towards radiative heating inside the room [154-156]. The non-solar radi-
ation comprises mid-wave infrared (MWIR; 3-8 um), long-wave infrared (LWIR; 8-
15 pum), and far-infrared (FIR; 15-30 um) wavelengths. On a hot day, radiation in
MWIR and LWIR regime accounts for the non-solar radiation coming from the heated
objects (nearby buildings, vehicles, and streets). The non-solar radiation can be at-
tributed to the characteristics blackbody radiation of an object at a particular temper-
ature, emitting at a characteristic wavelength [15]. An ideal window designed for hot
climate condition should have strong attenuation in NIR and SWIR, strong reflection in
MWIR and LWIR, while allowing good transmission in the visible regime [7,155,157].
On the contrary, for cold climate, it might be desirable to allow transmission in visi-
ble, NIR, and SWIR, alongside strong reflection in MWIR and LWIR. While majority
of the works in the literature focus on designing window glasses only for hot climate
condition [37,41,155,157-160], we present solutions for different climatic conditions.

Our objective is to develop a low-cost passive window with improved solar radi-
ation control providing vivid solutions for different climate conditions. Figure 3.9(a)
shows an artistic view of our proposed window designs. Our window can operate

by either allowing or blocking visible and/or IR radiation, selectively. We propose
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Figure 3.9: (a) Pictorial demonstration of our window operating in different modes in cold
and hot climate. For cold climate the window can work in ‘bright and warm’ (BW) mode
(allowing both visible and IR) or ‘dark and warm’ (DW) mode (blocking visible but allowing IR)
when radiative heating is desired with controlled illumination. During hot climate the windows
can work in ‘bright and cool’ (BC) mode (allowing visible but block IR) and ‘dark and warm’
(DW) mode (blocking both visible and IR) when controlled illumination is desirable but radiative
heating is undesirable to maintain ambient room temperature. (b) Metal-insulator-metal (MIM)
thin-film in a three-dimensional schematic view. Note that the incident radiation is a plane wave
travelling in the z-direction with E field aligned along the x-direction (TM polarization).

four possible modes of operations, namely ‘bright and warm” (BW) mode (allowing
both visible and IR), ‘dark and warm” (DW) mode (blocking visible but allowing IR),
‘bright and cool” (BC) mode (allowing visible but blocking IR), and ‘dark and cool’
(DC) mode (blocking both visible and IR). The BW and DW modes are useful for cold
climate when radiative heating is desirable inside a cold room to maintain an ambient
temperature. In contrast, BC and DC modes which essentially block IR radiation can
come handy for hot climate when allowing radiative heat to enter a building becomes
undesirable. These window glasses are also capable of controlling indoor illumination
by filtering visible radiation. Here, we emphasize that, out of the four possible modes,
BC, BW, and DW modes are more significant from window design consideration in
homes, offices, and passenger vehicles. Whereas DC mode is more appropriate for ap-
plications such as skylight panels for cold storage facilities; that can be addressed using
our broadband absorber for solar radiation spectrum; [137,142] presented in chapter 6
of this thesis.

A 3D schematic view of our proposed design is shown in Fig. 3.9(b). It con-
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sists of identical top and bottom metallic layers with a dielectric layer sandwiched
between them. The top and bottom metal layers thickness is kept 5 nm through-
out this work. Whereas the dielectric thickness is manually optimized from a range
of values (between 37 and 75 nm) depending upon the metal-dielectric combination
used; to achieve maximum transmission at the desired wavelength. Importantly, the
metallic layer thickness should be such that the electromagnetic radiation can penetrate
through the MIM structure [133]. When an electromagnetic radiation falls on the sur-
face of the top metal, it penetrates through the metallic layer, undergoes multiple back
and forth reflections inside the dielectric cavity and eventually a narrowband electro-
magnetic spectrum is transmitted through the bottom metallic layer. The narrow-band
transmission can be attributed to the Fabry—Perot cavity resonance, which allows trans-
mission of only those spectral components corresponding to the resonance wavelength
of the cavity. This resonance wavelength is given by Eq. (2.18) [131]. Note that, for the
light to be trapped inside the cavity, phase condition in Eq. (2.18) must be satisfied.
The underlying principle is that phase accumulated over a complete round trip inside
the dielectric cavity must be an integral multiple of 27t to achieve constructive interfer-
ence, which will eventually lead to the enhanced transmission at specific wavelengths

through the bottom metallic layer.

3.3.2 Simulation and Theoretical Analysis

Figure 3.10(a) depicts a 2D simulation design model of the considered unit cell. The
simulation is carried out using the wave optics module of COMSOL Multiphysics® (a
commercial FEM solver), over solar (400-1800 nm) as well as non-solar (3-30 um) radi-
ation spectral range. The refractive indices of dielectrics—SiO,, TiO,, and Si are taken
as 1.46, 2.54, and 3.57, respectively. Perfectly matched layers (PML) are introduced to
avoid any anomaly arising from reflections due to confinement of the simulation do-

main. The air layer thickness is kept at Ap.x/2, Where .« is the maximum wavelength
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Figure 3.10: Metal-insulator—metal (MIM) thin-film in (a) two-dimensional (2D) simulation
model depicting a unit cell. The incident radiation from port 1 is a plane wave travelling in the
z-direction with E field aligned along the x-direction (TM polarization) and optical response is
measured at port 2. Perfectly matched layers (PML) are used at the top and bottom of the
unit cell to avoid any anomaly arising from reflections due to confinement of the simulation
domain. Simulated absorption, reflection, and transmission spectra are shown for (b) solar and
(c) non-solar radiation spectra, considering top and bottom metal as silver, each 5 nm thick, and
a dielectric having fixed refractive index (np = 2.2) and thickness (tp = 60 nm).

in the considered range. Periodicity of the unit cell is considered 200 nm, implemented
with Floquet boundary condition. Physics controlled mesh is applied with fine element
size for enhanced accuracy. The optical constants for metals such as Au [161], Ag [161],
Cu [161],ITO [162], AZO [163], and ALON [164] are taken from the literature.

To understand how light is getting trapped inside our MIM structure, we study
transmittance, reflectance, and absorbance profiles considering top and bottom metal
layers of silver, each 5 nm thick and a dielectric having fixed refractive index (np =2.2)
and thickness (tp = 60 nm), for both solar and non-solar radiation spectra. For a linearly
polarized plane wave normally incident on the MIM structure, we observe a transmis-
sion resonance peak at 750 nm wavelength, as shown in Fig. 3.10(b). For the case of
the non-solar spectrum, shown in Fig. 3.10(c), a significant 97.5% of the total incident
radiation is reflected from the surface of the MIM structure. This could be useful in
attaining and maintaining ambient room temperature.

The magnitude of normalized electric field (E) distribution corresponding to reso-

nance wavelength is shown in Fig. 3.11(a), which clearly depicts the presence of reso-
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Figure 3.11: Simulated (a) normalized electric field (E) and (b) normalized magnetic field
(H) distribution for the unit cell shown in Fig. 3.10(a), showing presence of electric resonance
mode trapped inside the dielectric layer and magnetic resonance mode mostly confined at the
metal-dielectric interface along the z-axis at resonance wavelength (Ao = 750 nm).

nant mode trapped inside the dielectric layer. The magnitude of normalized magnetic
tield (H) distribution is depicted in Fig. 3.11(b), showing magnetic resonance, mostly
confined at the metal-dielectric interface. However, since we consider metal thickness
to be less than the skin depth, these supported resonance modes are leaky and can be
coupled to the incident and transmitted electromagnetic radiation. This leads to an
enhanced transmission when the resonance condition is satisfied.

To validate our simulation findings, we apply dual theory: transfer matrix method
(TMM) and Fabry-Perot interferometer (FPI) technique. Using TMM, we consider a
linearly polarized plane wave incident on MIM thin-film structure. The medium is as-
sumed to be linear, homogeneous, and non-magnetic. It is important to note that the
incident wave falling from air medium to MIM structure undergoes reflection, trans-
mission, and absorption, multiple times before it is finally transmitted through the
bottom metallic layer. To satisfy the boundary conditions, the electric (E) and magnetic
(H) fields must be continuous across the boundaries. For the case of our MIM struc-
ture, there are five layers (air-metal-dielectric-metal-air) and four interfaces (1, 2, 3,
and 4), as shown in Fig. 3.12(a). For a MIM based design, phase shift at each layer can
be represented as [131]:

75

TH-2810_176302003



3. Climate-Specific Passive Windows Based on Selective Filtering of Solar
Radiation

]{?MA = ko(?ﬁMtMCOSQiyg)/Q (33&)
]CDA = ko(QHDtDCOSHLQ,)/Q (33b)
k’MA = ]{IQ(QTNLMtMCOSQiA)/Q (33C)

where, A is the optical path length difference between the first two reflected beams
from each layer, ny; and ¢y are the refractive index and thickness of each metallic layer,
respectively, 0 is the angle of incidence, ko, k\;, and kp are the propagation wavevectors
in air, metal, and dielectric media, respectively. After solving the boundary conditions

at each interface, incident and the reflected electric field can be written as:

E, = EycoskmA + Hs(isinkyA) /Y1 (3.4a)
Hl = Eng(zsmkMA) F HQCOS]{IMA (34b)
E5 = EscoskpA + Hs(isinkpA) /Y, (3.4c)
Hy = E3Ys(isinkpA) + HzcoskpA (3.4d)
E3 = EycoskmA + Hy(isinkyA)/Ys (3.4e)
H; = E,Y5(isinkyA) + HycoskyA (3.4f)

where,

Y, = /EﬁMCOSQi’Q’YQ =, /E—OnDcosé’ijg, Y= /EﬁMCOSQiA (3.5)
Ho Ho Ho
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Here, Y3, Y5, and Y3 represent the admittance in top metal, dielectric, and bottom
metal layers, respectively; ¢, and i, are the permittivity and permeability of free space,
respectively. Equation (3.5) refers to the TE polarization case when the E field is per-
pendicular to the plane of incidence. Similarly, for TM case when the E field is in the

plane of incidence, Eq. (3.5) can be rearranged to get:

Vi—, /2 My, [Ty [ T (3.6)
fo cosb; 2 fo cost; 3 fho cosbt; 4

Writing the above Equations in matrix form we obtain:

E1 E2 EQ E3 E3 E4
Hy Hy| | Ha Hz| | Hs Hy

where,

coskm A 1sinkyA) /Y]
P, — Mt (sinkud)/ Yy (3.8a)
Yiisinky A coskm A

coskpA isinkpA) /Y5
P, — pA  (isinkoA)/¥o (3.8b)
Ysisinkp A coskp /A

cosky A 1sinkyA) /Y
P, — et~ {sinkA)/ Y (3.8¢)
Yaisinky A cosky A

Here P, P, and P53 denote the characteristics matrices which relate the fields at
the interface across each layer. So, for our five layer thin-film system, each having a
particular refractive index and thickness, the relation between E and H field of first and

last interface is given by:
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E, — P,P,P, E,y _p Ey P11 P12 Ey

Hy H,y H, P21 P22 H,

(3.9)

For air media at the top and towards the bottom, using Eq. (3.5) and considering

TE case, we obtain:

Yo =, /G—On()COSGiJ, Yo=,/ E—OngcosetA (3.10)
Ko Ho

B+ E, Eq
T op | T (3.11)
(Bii — E)Y H;»Y)

which gives:

In order to find out reflection (r) and transmission (f) coefficients, we expand the

matrices in above Eq. (3.11) as:

e (Yop11 + YoYap11) — (p21 + Yapeo) (3.12)
(Yopir + YoYapi1) + (pa1 + Yapao) .
2Y;
= 0 (3.13)
(Yopi1 + YoYapi1) + (pa1 + Yapeo)

Finally, the reflection (R) and transmission (T) can be obtained using R = |r|? and
T = [t|*(necosby)/(nicost;), respectively. The absorption (A) can be obtained by using
A=1-R-T.

Alongside TMM, we have also used FPI technique to determine the resonant wave-
length of the cavity. The structure shown in Fig. 3.12(b) can be considered similar to a
Fabry—Perot resonator cavity, where the two metals act as lossy mirrors which are par-
tially transparent and the dielectric can be regarded as the cavity medium. Eq. (2.18)

depicts the condition for peak transmission which occurs in integral multiples of 27.
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Figure 3.12: Detailed schematic of the proposed structure using (a) TMM and (b) FPI tech-
nique. Here, t, Y, n, and k represent the thickness, admittance, refractive index, and wavevector
of the corresponding layer, respectively. The transmission spectra in (c¢) show a comparison be-
tween FEM and TMM. Using FPI technique, the condition for peak transmission which occurs in
integral multiples of 27t is shown in (d). All methods accurately predict the resonance condition
at A\g = 750 nm with a peak transmission of 97.2%, highlighted by dotted green cross lines.

The sharpness of the peak is defined by finesse (F), given by: F = 4R/(1 — R)? [134].
For this case, transmission through Fabry-Perot cavity is given by: T = /(1 + Fsin?0)
where, « is the correction factor which takes care of absorbance (A) due to intrinsic
losses in metallic mirrors and can be written as: K = (1 — A — R)/(1 — R) [135]. The

peak transmission condition can be obtained by rewriting Eq. (2.18) in terms of new

parameter ¢ as:

4
0= )\—TantDCOSQD = 27tm (3.14)
0

where, 0, is the angle of incidence inside a dielectric medium. In this section, we
presented an in detail theoretical analysis for a five-layer thin-film system. This theory

can be extended to find absorption, reflection, and transmission across any system
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having multiple layers for normal as well as the oblique angle of incidence.

For applications such as color filter and switching, which require low tunability but
high quality-factor (narrowband resonance), thick metal is desirable [165]. However,
for designing our window glasses, a low quality-factor (broadband resonance) is desir-
able to achieve high peak transmission at the resonance wavelength and cover a larger
spectrum of visible and IR radiation. Specific dimensions of the metal and dielectric
layers are obtained after manually optimizing the design in its parametric domain, as

discussed in the parametric analysis subsection.

3.3.3 Verification of Simulation Results using Theoretical Model

A comparison among FEM, TMM, and FPI transmission spectra at normal inci-
dence is shown in Figs. 3.12(c) and 3.12(d). Here, we consider top and bottom metal
as silver, each 5 nm thick and a dielectric having fixed refractive index (np = 2.2) and
thickness ({p = 60 nm). An excellent agreement is seen between simulation (FEM)
and theory (TMM). It can be predicted from Eq. (3.14) that, FPI technique accurately
predicts the resonant wavelength (A, = 750 nm), with a peak transmission of 97.2%,
which exactly matches with TMM and FEM transmission peaks [see Figs. 3.12(c) and
3.12(d)]. Such a good agreement, indeed, validates our simulation results. For the rest
of our work, TMM and FEM will be used to produce theoretical and simulation results.

Pleasantly in all the studies, TMM and FEM spectra are in excellent agreement.

3.3.4 Parametric Analysis of Layer Thickness and Refractive Index

To optimize our MIM thin-film design, we study the effect of the device dimensions
and explore different materials that can help us obtain desirable optical properties. The
resonance wavelength can be tuned by changing either the refractive index (np) or the
thickness (¢p) of the dielectric layer. To cross-check, we studied three cases by taking

np as 1.5, 2.25, and 3, keeping other parameters constant (top and bottom metal is gold
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Figure 3.13: Parametric study of MIM structure for varying (a) refractive index of the dielectric,
np, (b) thickness of the dielectric, tp, and (c) thickness of top and bottom metal, ¢y, keeping
other parameters constant in each case. Note that the top and bottom metals are chosen as gold
in each case.
(Au), each 5 nm thick, and dielectric layer being 60 nm thick). We observe a clear
redshift in the resonance wavelength with an increase in the refractive index of the
dielectric [see Fig. 3.13(a)]. The reason can be attributed to the slow propagation of
light with an increase in the refractive index of the medium, or in other words light
virtually covers a longer path [166]. Hence, a mode with a larger resonant wavelength
is supported by the cavity. Similar reasoning can be applied to understand the effect of
the increase in the thickness of the dielectric ¢, which shows a prominent redshift [see
Fig. 3.13(b)]. Here we take ¢p as 30 nm, 60 nm, and 90 nm, keeping other parameters
unchanged (top and bottom metal are Au each 5 nm thick, with a dielectric having np
=1.5).

Next, we change the thickness of both top and bottom metal layers by taking ¢y, as
5 nm, 10 nm, and 15 nm for each, keeping other parameters constant (top and bottom
metal is Au, with a dielectric having np = 2.2 and ¢p = 60 nm). We observe a clear drop
in the overall transmission profile [see Fig. 3.13(c)]. This is quite obvious as increasing
the metal thickness will cause a decrease in the transmission amplitude [129]. Impor-
tantly, change in metal thickness changes the quality-factor of the transmission profile.
Hence, we choose the top and bottom metal layer thickness as 5 nm each for all our

future designs, unless specified.
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3.3.5 Passive Climate-specific Window Glasses

To operate under different modes, the key idea is to choose appropriate material for
the dielectric layer that gives resonance peak at the desired wavelength. Here we focus
on designing MIM thin-film based passive window glasses that can work in three dif-
ferent modes of operation namely BC, BW, and DW modes. The transmission spectra
obtained using different metal and dielectric combinations are shown in Fig. 3.14. For
instance, in BW mode, 750 nm is the desired resonance wavelength to achieve maxi-
mum transmission in both visible and IR spectral regimes. We found that refractive
indices of SiO,, TiO,, and Si, make them suitable candidates for our passive glasses to
operate under different modes.

For our first design, shown in Fig. 3.14(a), we choose Au as top and bottom metal
layers, each 5 nm thick, and a dielectric layer of 37 nm thickness. Here, Au-SiO;-Au
based glass works in BC mode which essentially allows visible but blocks IR radia-
tion. Similarly, Au-TiO,-Au based glass works in BW mode which allows both visible
and IR radiation. Lastly, Au-Si-Au based glass works in DW mode which effectively
blocks visible but allows IR radiation. Using gold based design, a peak transmission
up to 90% is achieved at the resonance wavelength—making gold a suitable choice for
passive window glasses.

Although a very thin-film of metal is used for our design, gold being an expen-
sive metal can increase the overall cost of large-area devices—limiting the widespread
acceptance of our passive window technology. To reduce the overall cost of produc-
tion, we explore the possibility of using relatively-inexpensive metals (such as silver
and copper). Similar to the previous case with gold, for our second and third design,
we use 5 nm thick silver and copper as metallic layers, having dielectric thickness of
45 nm and 41 nm, respectively. Using silver, we observe exceptional performance with

over 97% peak transmission at the resonance wavelength [see Fig. 3.14(b)]. Similarly,
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Figure 3.14: Design of MIM thin-films choosing metal as (a) gold, (b) silver, and (c) copper,
which can work in three different modes of operation by choosing dielectric as SiOs for BC
mode (useful in hot climate with illumination), TiOy for BW mode (useful in cold climate with
illumination), and Si for DW mode (useful in cold climate without illumination). Similarly,
design with metal as (d) ITO, (e) AZO, and (f) ALON can work in BC mode using silicon (Si),
BW mode using SiO2, and intermediate mode (useful in spring/autumn with illumination) using
TiOs. Here, each metallic layer is 5 nm thick, and dielectric layer thicknesses in (a), (b), (c),
(d), (e), and (f) are 37 nm, 45 nm, 41 nm, 75 nm, 75 nm, and 75 nm, respectively.

copper also performed fairly well with up to 83% peak transmission at the resonance
wavelength and can be considered as a cheaper alternative to both gold and silver [see
Fig. 3.14(c)].

To further explore the possibility of making the design low-cost, we also explored
the use of transparent conductive oxides (TCOs) as metallic layers. We observe that
optically transparent metal oxides such as ITO, AZO, and ALON can provide some
unique optical responses. In contrast to the previous case with noble metals (Au, Ag,
and Cu), TCOs offer a precise control over the amount of IR radiation allowed to pass
through our passive window. For example, ITO-SiO,-ITO based glass allows almost

95% IR transmission while maintaining visible transmission at 88%, useful during win-
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ter [see Fig. 3.14(d)]. In contrast, ITO-Si-ITO based glass allows only 30% IR transmis-
sion, keeping visible transmission still high at 65%, useful during summer. The inter-
mediate solution is given by ITO-TiO,-ITO based glass which can be useful during
pleasant spring/autumn. Therefore, an efficient and precise control over IR blocking
make such MIM based glasses suitable for providing climate-specific solution. Similar
results are obtained using AZO as metal [see Fig. 3.14(e)].

However, with the ever-growing popularity of ITO and AZO among the research
community, the industry demand has also grown up exponentially [162]. Consequently,
the prices of these metals are bound to rise in the near future. Here, we introduce
ALON, which is a low-cost, abundant, lightweight, and toughest poly-crystalline trans-
parent glass available in the market [167]. Its performance is at par with ITO and
AZO [see Fig. 3.14(f)]. Unique optical and mechanical properties make it suitable for
high performance, portable, bulletproof, and blast-resistant windows that can be used
for military vehicles, fighter aircrafts, and submarine applications [168]. A summary
of passive window glass specifications including its design parameters and different

modes of operation is listed in Table 3.2.

3.3.6 Effect of Different Polarizations and Incident Angles

As our passive window will face sunlight at diverse incident angles throughout
the day, analysis of such structure is incomplete without studying the effects of po-
larization and incident angle of solar radiation on the window’s performance. Hence,
we also study both TM and TE polarizations using Ag (5 nm) as metal and SiO, as a
dielectric for BC mode, TiO, for BW mode, and Si for DW mode, each 45 nm thick.
Figure 3.15(a) confirms that the transmission profile is not affected by the change in
polarization, making our design polarization-independent. Besides, we also study the
angle sensitivity, ranging over 0 — 85 degrees of angle of incidence using Ag-TiOy—Ag

based glass. Figures 3.15(b) and 3.15(c) show that the transmission efficiency for both
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Table 3.2: Detailed specifications of our MIM thin-films for passive windows®®

Twings (%) Omax (degree)

C};I)ice of Mode .of MIM Strqcture Amax (1m)  Tmax (%)
etal Operation (thickness in nm)

Left Right TM  TE
BC Au (5)-SiO3 (37)-Au (5) 580 79.3 469 77 T 77
Au BW Au (5)-TiOy (37)-Au (5) 750 90.3 354 95 77 77
DW Au (5)-Si (37)-Au (5) 1020 82.8 237 133 78 78
BC Ag (5)-SiO2 (45)-Ag (5) 430 97.2 964 66 76 77
Ag BW Ag (5)-TiOy (45)-Ag (5) 750 97.5 425 87 7 77
DW Ag (5)-Si (45)-Ag (5) 1070 96.6 358 137 78 78
(BC Cu (5)-Si03 (41)-Cu (5) 615 75.5 72 79 T 77
Cu BW Cu (5)-TiOy (41)-Cu (5) 750 834 346 100 77 77
DW Cu (5)-Si (41)~Cu (5) 1060 76.1 253 147 78 78
BW ITO (5)-SiOz (75)-ITO (5) 1800 96.5 89.7 965 80 80
ITO IMD ITO (5)-TiOz (75)-ITO (5) 400 99.2 992 676 83 83
BC ITO (5)-Si (75)-ITO (5) 550 99.9 308 356 82 82
BW AZO (5)-SiO3 (75)-AZO (5) 1800 97.5 91.3 975 80 80
AZO IMD AZO (5)-TiOz (75)-AZO (5) 400 99.3 993  69.4 83 83
BC AZO (5)-Si (75)-AZO (5) 550 99.9 304 363 82 82
BW ALON (5)-SiOs (75)-ALON (5) 1800 96.9 90.1 969 80 80
ALON IMD ALON (5)-TiO3 (75)-ALON (5) 400 99.9 99.9 672 83 83
BC ALON (5)-Si (75)-ALON (5) 550 99.9 309 356 82 82

@ All the values are calculated for solar spectral regime over 400 — 1800 nm wavelengths.

b Amax: wavelength of the maximum transmission, Thnax: maximum transmission, Twings: transmission at the left and
right wings taken at 400 nm and 1800 nm, respectively, Omax: the angle of incidence up to which the average
transmittance is > 90% over solar spectral regime, BC: Bright and Cool, BW: Bright and Warm, DW: Dark and Warm,
IMD: intermediate.
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Figure 3.15: Simulated transmission plot showing (a) both TM and TE polarization using Ag
(5 nm) as metal and SiOs as a dielectric for BC mode, TiOy for BW mode, and Si for DW mode,
(each dielectric layer being 45 nm thick); showing polarization insensitivity. Contour plot for
incident-angle dependent transmission spectrum of Ag—TiOs—Ag based MIM structure showing
over 90% transmission efficiency for a wide angle of incidence (up to 77 degrees) for both (b)
TM, and (c) TE case.

TM and TE cases remain over 90% for a wide angle of incidence (up to 77 degrees),
hence making our structure highly angle-insensitive. For the rest of the designs, the
data are provided in Table 3.2. Practically, such a wide angle-insensitivity also indi-
cates that the viewer is less likely to observe any color shift while viewing through the
window glass. Thus, above properties make our structure highly efficient for daytime

operation.

3.3.7 Figure of Merit of Our Passive Window Glasses

To compare the performance of our MIM thin-film based passive window glasses
with previously reported and existing commercial windows, here, we introduce fig-
ure of merit (FOM) used in the industry [7,157,158]. The three main parameters in-
clude visible transmittance (VT), IR transmittance (IRT), and solar heat gain coefficient
(SHGC), which basically gives the fraction of visible, infrared, and total solar radia-
tion transmitted through a window glass over a specific wavelength window, respec-
tively [37]. For our window glass design, the spectral range of VT, IRT, and SHGC lies
within 400-750 nm, 750-1800 nm, and 400-1800 nm, respectively.

Alongside controlling the amount of heat radiatively transferred through the win-
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dow glasses, illumination inside the room is equally an important aspect of a window
design. For the case when maximum illumination inside the room is desirable, an ideal
window designed for hot climate condition should have visible transmittance as high
as possible, and IR transmittance as low as possible (VT — 1, IRT — 0), which corre-
sponds to our BC mode. Whereas for cold climate, both VT and IRT should be as high
as possible (VT, IRT — 1), which corresponds to our BW mode. On the contrary, for
the case when minimum illumination is required for cold climate, ideally, VT should
be as low as possible, and IRT should be as high as possible (VT — 0, IRT — 1), which
corresponds to our DW mode. For calculating SHGC value of an ideal window in BC
mode, we consider Tyispe(A) = 1, and Tir(A) = 0, which results in SHGC = 0.55, within
400 — 1800 nm spectral range. Similarly, for the case of BW and DW modes, the ideal
SHGC value is 1 and 0.45, respectively, for the same spectral range. However, it is im-
portant to note that SHGC value for practical purposes may vary depending upon the
geographical location.

Figure 3.16 shows a comparison among the figure of merit data obtained for var-
ious window glasses in BC, BW, and DW modes. The figure of merit obtained using
our relatively inexpensive metals (Ag, Cu, ITO, AZO, and ALON) show overall better
performance compared to those of industry-standard commercial windows and pre-
viously reported infrared-blocking plasmonic glasses, in terms of VT, IRT, and SHGC
values obtained. Most of the previously reported works focus solely on blocking IR ra-
diation and allowing visible radiation, which eventually falls under BC mode. Figure
3.16(a) shows a comparison of figure of merit for BC mode among our MIM thin-film
based glasses and three double pane argon low-emissivity coating commercial win-
dows (CW I, CW II, and CW III) [7, 8,154]. The figure of merit obtained using our
relatively inexpensive metals—specifically silver outperforms industry-standard com-

mercial window glasses.
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Figure 3.16: Figure of merit showing VT, IRT, and SHGC values for (a) BC mode, comparing
our MIM thin-films (where, SiOy is used a dielectric layer for Au, Ag, and Cu based design,
and Si is used as dielectric layer for ITO, AZO, and ALON based design) with three commercial
double-pane argon low-emissivity coating glasses (CW I, CW II, and CW III) [7,154,157|, (b) BC
mode, comparing our Ag-SiO2—Ag based glasses with Ag nanoshell based plasmonic glasses [37],
(c) BW mode, comparing our MIM thin-films (where, TiO4 is used as a dielectric layer for Au,
Ag, and Cu based design, and SiO» is used as a dielectric layer for ITO, AZO, and ALON based
design) with commercial double-glazed, high-solar-gain low-emissivity glass (CW IV), single-
and double-pane clear glasses (CW V and CW VI) [7,157], and (d) new DW mode, comparison
among noble metals used in our MIM thin-films (Si is used as a dielectric layer).

Besteiro et al. reported the design of IR blocking plasmonic glasses using nanoshell,
nanorod, and nanocup over 200 — 1700 nm spectral regime [37]. Out of the three cases,
silver nanoshell based IR blocking plasmonic glasses produced the best result in terms
of VT, IRT, and SHGC values obtained. Hence for comparison, we consider silver
nanoshell based plasmonic glasses of Ref. [37] by taking the mean values of manually

and computationally obtained data. For a fair comparison, we manually optimized the
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design parameters of our silver-based MIM thin-film over the same spectral range i.e.
200 - 1700 nm, considering top and bottom Ag layer, each 8 nm thick; with 80 nm thick
SiOq layer in between. The calculated ideal SHGC value over this spectral range is 0.43.
Figure 3.16(b) shows that our silver based MIM thin-films show better performance
in all the three parameters (VT, IRT, and SHGC) compared to silver nanoshell based
plasmonic glasses of Ref. [37]. Especially, the SHGC values obtained by our design are
very close to the ideal SHGC value.

Figure 3.16(c) shows figure of merit for BW mode, comparing our MIM thin-film
based glasses with commercial double-glazed, high-solar-gain low-emissivity glass
(CW 1V), single and double pane clear glass windows (CW V and CW VI) [7, 157].
For this case, our alternative inexpensive materials (ITO, AZO, and AZO) outperform
the commercial glasses in terms of figure of merit obtained. At last, for our new DW
mode, silver shows overall better performance than gold and copper considering ideal
VT, IRT, and SHGC values [see Fig. 3.16(d)]. Hence, the figure of merit obtained using
our MIM thin-film based passive glasses is promising and these category of glasses can

be used as a viable solution for different climate conditions.

3.3.8 Prospective Fabrication Techniques, Application, and Future Scope

For practical application, ordinary glasses may be coated with our prescribed MIM
thin-films. These thin-films can be fabricated by successive electron beam (e-beam)
evaporation method [169,170]. Using this method, the bottom metallic layer of 5 nm
thickness may be coated on a silica glass substrate, typically 5 mm thick [132]. Then
the dielectric layer of appropriate thickness may be deposited on the top surface of the
metal-substrate layer. At last, 5 nm thick top metallic layer may be coated at the top
surface of dielectric-metal-substrate layer using an e-beam evaporator [171].

Passive glasses are cheap, durable, and require low maintenance compared to com-

mercially available smart glasses [7,34,154]. Although, passive glasses do not offer
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dynamic tunability, their transmission profiles can be adjusted to any of our specific
modes according to the site requirement. These advantages can facilitate a wide ac-
ceptance of our passive window technology and can dramatically reduce the need for

air-conditioning system [172].
3.3.9 Summary

We theoretically demonstrated metal-insulator-metal thin-film based passive win-
dows for uniquely controlling the amount of transmitted visible and infrared ra-
diation, depending upon different specific climate conditions. We explored noble
metals (Au, Ag, Cu) alongside alternative materials (ITO, AZO, and ALON) to pro-
vide a cheaper alternative to commercially available windows. The figure of merit
obtained for our passive glasses using relatively inexpensive materials (such as Ag,
Cu, ITO, AZO, and ALON) outperform industry-standard commercial windows and
previously reported infrared-blocking plasmonic glasses. The theoretical results ob-
tained using transfer matrix method and Fabry—Perot interferometer technique per-
fectly match those of finite element method based full-wave numerical simulations.
Our design is simple, lithography-free and hence large-area compatible, ultra-thin,
polarization-independent, and angle insensitive (up to 83 degrees). These passive
glasses can be integrated into security panels, privacy windows, advertising screens,
room partitions, electronic curtains, and solar control skylight panels. Aluminium
oxynitride based window glasses are suitable for high performance, portable, bullet-
proof, and blast-resistant windows that can be used in high security buildings, mil-
itary vehicles, fighter aircrafts, and submarine applications. A preliminary work to-
wards the experimental realization of these passive windows is briefly mentioned in

appendix A of this thesis.
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3.4 Nanophotonic Passive Windows as Color Filters

As an extension of the work from the previous section 3.3, this section introduces
spectrally selective transmission-mode nanophotonic color-filter windows. Such win-
dows could be of huge interests in greenhouses. By providing suitable micro-climate
inside greenhouses for photosynthesis, these polarization- and angle-insensitive color
filters coated greenhouse glasses could significantly improve yield and quality of crop

and reduce its maturation period.

3.4.1 Background

To meet the livelihood demands of the ever-growing world population, there is a
dire need to look beyond conventional agriculture practices. For long-term sustainabil-
ity, greenhouses can play a pivotal role to improve the yield and quality of crops which
are otherwise difficult to grow locally [173]. It is worth mentioning that exposure to
some particular wavelengths of visible light can remarkably improve crop yield and re-
duce the maturation period. For instance, for photosynthesis, plants utilize only those
specific wavelengths of light which are related to absorption characteristics of different
pigments such as chlorophyll A, chlorophyll B, and the carotenoids [174]. Among these
pigments, chlorophyll A has absorption peaks at 430 nm and 662 nm wavelengths and
considered as the primary pigment that accounts for nearly 75% of the photosynthetic
activity [175]. Therefore, a design of spectrally selective transmission-mode color filter
whose peak transmission exactly matches the peak absorption wavelengths, can sig-
nificantly improve crop yield and reduce the maturation period. Reduced maturation
period may bring down the water usage, electricity requirements, maintenance cost,
and time to market.

Here, we present designs of metal-dielectric-metal (MDM) based transmission-

mode color filters. Our objective is to design spectrally selective passive filters such
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that peak transmission wavelength coincides with the peak absorption wavelengths
of chlorophyll pigment A. For two different absorption peaks at 430 nm and 662 nm
wavelengths, two different transmission-mode color filters are designed having peak
transmission at those wavelengths. Here, we use silver (Ag) as the identical top and
bottom metallic layers. The middle dielectric layer is made of visibly transparent poly-
methyl methacrylate (PMMA). By finding an optimal choice of dielectric thickness, the
peak transmission of the MDM color filter is tuned to match the absorption peaks of

chlorophyll pigment A.

3.4.2 Design, Results, and Discussion

Figure 3.17(a) depicts a three-dimensional (3D) artistic view of a greenhouse, where
glasses A and B are chosen as reference for demonstrating designs of blue (design
A) and red (design B) color transmission-mode filters. Figure 3.17(b) depicts a 2D
schematic side view of MDM passive filter, where design A consists of Ag(27 nm)-

PMMA (86 nm)-Ag(27 nm) thin-film to selectively transmit blue portion of the visible

Figure 3.17: (a) A 3D artistic view of a greenhouse showing adjacent glasses A and B (taken as
a reference) coated with metal-dielectric-metal (MDM) thin-film to selectively transmit blue and
red portions of the visible spectra, respectively. (b) A 2D schematic side view of MDM thin-film,
where the incidence radiation is a plane wave of TM polarization (E parallel to the plane of
incidence) travelling along z-direction. Here, design A consists of Ag(27 nm)-PMMA(86 nm)-
Ag(27 nm) thin-film to selectively transmit blue portion of the visible radiation. Similarly,
design B consists of Ag(27 nm)-PMMA (169 nm)-Ag(27 nm) thin-film to selectively transmit
red portion of the visible radiation. (c¢) normalized electric field (E) distribution for design A at
430 nm wavelength showing E field is mostly confined inside the dielectric layer.
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radiation. Similarly, design B consists of Ag(27 nm)-PMMA (169 nm)-Ag(27 nm) thin-
film to selectively transmit red portion of the visible radiation. These MDM thin-films
can be approximated as a Fabry—Perot cavity where the top and bottom metallic layers
are considered to be lossy metals and the middle dielectric layer acts as a resonator
cavity. The resonance wavelength can be determined using [140]: 2K nptp + 2¢ = 2tm
where, wavevector, K' = 271/ A\jax, Amax: Fesonance wavelength for maximum transmis-
sion, tp and np are the thickness and refractive index of the PMMA layer, respectively,
the order of cavity resonance is given by integer value m, and ¢ denotes the total phase
shift after reflection from the identical top and bottom metallic layers. The incident
sunlight falls on the surface of the top Ag layer, penetrates through it, undergoes back
and forth reflections inside the PMMA layer, and finally transmitted through the bot-
tom Ag layer. When the accumulated phase becomes an integral multiple of 27, the
maximum transmission is allowed at that resonance wavelength [132]. Figure 3.17(c)
shows normalized electric field distribution for design A at 430 nm wavelength show-
ing electric field is mostly confined inside the dielectric layer.

For simulation we use COMSOL Multiphysics®, a finite element method solver, to
obtain transmission spectra over the visible regime i.e. 400-750 nm wavelengths. For
theoretical modelling we use transfer matrix method (TMM) to calculate the overall
transmission through a multilayer structure [141]. Figure 3.18(a) shows transmission
spectra obtained for both designs A and B. It is clearly evident that the wavelength of
peak absorption for chlorophyll pigment A at 430 nm and 662 nm perfectly overlaps
with the wavelength of peak transmission for our designs A and B, respectively. A
close match between simulation and theoretical results validates our findings. Figure
3.18(b) shows numerically obtained transmission spectra for designs A and B for both
TM and TE polarization. A near-perfect match indicates that our design is polarization-

independent and suitable for application in greenhouses that receives unpolarized so-
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Figure 3.18: Transmission spectra for design A (ty = 27 nm, tp = 86 nm) and B (ty = 27 nm,
tp = 169 nm) depicted in Fig. 3.17 showing (a) peak transmission at 430 nm and 662 nm,
exactly matching the wavelengths of the peak absorption for chlorophyll pigment A. (b) shows
numerically obtained transmission spectra for design A and design B, for both TM and TE
polarization. Numerically obtained contour plot by varying angle of incidence ranging over 0—
85 degrees for both TM and TE polarization in design A: (c¢) & (d) and design B: (e) & (f).

lar radiation.

In Figs. 3.18(c) and 3.18(d), we show transmission contour plots for design A over
0-85 degrees of angle of incidence. We observe that the transmission spectra remain
unaltered till 75 degrees of angle of incidence. Moreover, we get over 90% transmission
efficiency up to 80 degrees of angle of incidence, making our design angle-insensitive
to a great extent. Similarly, in Figs. 3.18(e) and 3.18(f), we show transmission con-
tour plot for design B over 0-85 degrees of angle of incidence. Such a good angle-
insensitivity will ensure that our design is suitable for dynamic daylight situations. It
also indicates that glasses coated with these passive color filters are less likely to show

color shift even at a grazing angle of incidence.

3.4.3 Summary

To conclude, we theoretically demonstrated designs of MDM-based blue and red

transmission-mode color filters, where an innovative approach has been adopted to
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design transmission-mode nanophotonic windows as specific color filters, which
could be crucial for applications in greenhouses. The peak transmission of two passive
filters A and B were optimized to perfectly match the wavelength of peak absorption
spectra for chlorophyll A and B at 430 nm and 662 nm, respectively. Our theoretical
results agree well with the simulation findings. Our design is ultra-thin, easy to fab-
ricate, lithography-free, large-area compatible, polarization-independent, and angle-
insensitive up to 80 degrees of angle of incidence. For practical application, designs
of blue and red transmission-mode color filters can be individually coated on the ex-
terior or interior surface of adjacent glasses in a greenhouse. Greenhouses coated with
these spectrally selective passive color filters could reduce the maturation period of
plants by enhancing the rate of photosynthesis [176]. Reduced maturation period will
eventually bring sustainability by reducing the carbon footprint of heating and cooling

systems used in greenhouses.
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Chapter 3 introduced designs of passive windows based on nanoring, nanopar-
ticle, and multilayered nanophotonic thin-films. Among them, only the latter could
provide different solutions for different climate conditions. Moreover, those multilay-
ered designs are large-area compatible and lithography-free—making those the most
promising candidates for fabricating large-area windows or changing weather con-
ditions. However, passive windows once fabricated cannot be tuned to our specific
needs. In this regard, tunable windows are better which can dynamically control the
intensity of transmitted solar radiation.

This chapter introduces a couple of tunable windows based on metal-insulator—
metal multilayer thin-films. Section 4.1 discusses a unique approach to design all-
weather electrotunable windows that can dynamically control the intensity of trans-
mitted solar radiation, depending upon the weather condition. Section 4.2 concludes
this chapter with a discussion on designs of electrotunable, absorption- and transmission-
mode color filters for application as electrochromic windows, with significantly re-

duced voltage requirements.

4.1 All-weather Electrotunable Windows

This section investigates a design of electrotunable windows using noble metals as
well as their relatively-inexpensive alternatives. A lithography-free design approach
is adopted using multilayer metallo-dielectric structure, that can dynamically control
the intensity of transmitted solar radiation, depending upon the weather conditions.
An electro-optic polymer is used as the dielectric layer, which on applying voltage,
changes the effective refractive index by virtue of electro-optic effect, allowing tunable

filtering of visible and infrared radiation over a voltage range of —15V to +15 V.
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411 Background

In literature, tunable filters have been designed by applying either external ther-
mal or electrical energy. For thermal tuning, phase change materials (PCMs), such as
vanadium dioxide (VO;) could be used [177], which changes its state from insulator
to metal at a transition temperature of 68°C. This transition induces an abrupt change
in optical transmittance, particularly in the near-infrared wavelength regime. How-
ever, for smart window applications, the typical transition temperature of VO, is too
high (68°C). Electrically tunable filters can be designed using electro-optic (EO) poly-
mers [165], epsilon-near-zero (ENZ) materials [162], and graphene [178]. Here, the
electro-optic polymers work on the principle of changing refractive index in response
to the applied external electric field [179]. Coming to the ENZ materials such as indium
tin oxide, they can be doped to achieve a transition from dielectric-like to metal-like
properties in the near-infrared regime for optical intensity modulation [180]. How-
ever, such materials have not been explored to date in the context of smart windows
for selectively filtering visible and infrared radiations, to the best of our knowledge.

In the present scenario, both passive and tunable windows are used globally. Among
them, passive windows are suitable only for fixed climate conditions. For example, a
passive window optimized to block the heat and allow the transmission of visible light
could be suitable for places like Chennai in India which has moderate to hot climate
condition. Whereas, places such as Delhi in India experience both extreme hot and
cold weather conditions, where such passive windows would not be a practical choice.
Such places demand a tunable window that can selectively filter visible and infrared
radiations depending upon the dynamically changing weather conditions. To address
this problem, we present a design of electrotunable windows for dynamically control-

ling the transmission of solar radiation as per our convenience.
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4.1.2 Principles behind Controlling the Transmission of Solar and Non-Solar Ra-
diations

An artistic view of our multilayer metallo-dielectric (MLMD) thin-films based smart
window for a hot weather condition is shown in Fig. 4.1(a). These smart windows can
control portions of solar radiation transmitted and reflect the non-solar radiation com-
ing from the heated objects such as streets, vehicles, and nearby buildings [15]. For hot
weather condition, when illumination is desirable inside the room, ideally, a window
should allow transmission of visible radiation and block the transmission of IR radi-
ation [7,155,157]. Whereas, for cold weather, the transmission of both visible and IR
radiation becomes desirable.

As per the dynamic weather condition, our window can either allow or block solar
radiation besides reflecting the non-solar radiation in either case. In section 3.3 of chap-

ter 3, we introduced four possible modes of operation, namely, ‘Bright and Cool” (BC)

Figure 4.1: Artistic outlook depicting a hot weather condition showing (a) 3D side view of
our multilayer metallo-dielectric window glass, capable of selective filtering of visible (VIS) and
infrared (IR) radiation, reflecting non-solar radiations coming from the heated objects (streets,
vehicles, and nearby buildings) in mid-wave and long-wave infrared wavelength regime, and (b)
2D simulation model showing a unit cell. The incident radiation from port 1 is a plane wave
of transverse magnetic (TM) polarization traveling along the z-direction. A couple of perfectly
matched layers (PML) are deployed at the top and bottom of the unit cell to avoid undue
reflections arising due to confinement of the simulation domain. Note that the thickness of
metallic layers at the top and bottom (#y;) and dielectric (¢p) may vary depending upon the
type of materials used.
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mode (allowing visible but blocking IR), ‘Bright and Warm” (BW) mode (allowing both
visible and IR), ‘Dark and Warm” (DW) mode (blocking visible but allowing IR), and
‘Dark and Cool” (DC) mode (blocking both visible and IR). During hot weather, BC and
DC modes are useful when radiative heating of a cold room becomes undesirable. On
the contrary, during cold weather, BW and DW modes are convenient when radiative
heating of a cold room is desirable to maintain ambient room temperature. Moreover,
by filtering visible radiation, these smart windows can also control indoor illumination

to ensure sufficient visible light transmission useful for day-to-day activities [162].

4.1.3 Design and Simulation

To keep our design simple, we use MLMD planar structure, where a dielectric layer
is inserted between the two metallic layers, and the top and bottom metallic layers are
kept identical throughout. A two-dimensional model of unit cell under consideration
is shown in Fig. 4.1(b). We use finite element method (FEM) solver of the COMSOL
Multiphysics®, particularly the wave optics module to simulate absorption, reflection,
and transmission spectra over the solar (400-1800 nm) and non-solar (3-30 um) spec-
tral regime, shown in Figs. 4.2(a) and 4.2(b). The solar regime includes visible (VIS;
400-750 nm), near-infrared (NIR; 750-1000 nm), and a part of short-wave infrared
(SWIR; 1000-1800 nm) wavelengths. The non-solar regime includes mid-wave infrared
(MWIR; 3-8 um), long-wave infrared (LWIR; 8-15 um), and a part of far-infrared (FIR;
15-30 pm) wavelengths.

For the MLMD structure we assumed gold as a material for the top and bottom
metallic layers, each being 5 nm thick, and a dielectric layer with thickness, ¢, = 50 nm,
of a material having a refractive index, np = 2.2. To obtain accurate results, we de-
ployed wavelength domain solver with physics-controlled extra-fine meshing, where
the maximum and the minimum allowed mesh element sizes are 21.4 nm and ~ 0.1 nm,

respectively, to be able to effectively model all structural detail. Each air layer (at the
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Figure 4.2: Numerically calculated absorption, reflection, and transmission spectra for multi-
layer metallo-dielectric glass for both (a) solar and (b) non-solar radiation spectra, taking top
and bottom metallic layers (ty) as gold, each being 5 nm thick, and dielectric with thickness, ¢p
= 50 nm and refractive index, np = 2.2. For our study, the solar radiation spectra span over 400
1800 nm, including visible (VIS; 400-750 nm), near-infrared (NIR; 750-1000 nm), and a part
of short-wave infrared (SWIR; 1000-1800 nm) wavelengths. The non-solar radiation spectra
span over 3-30 um, including mid-wave infrared (MWIR; 3-8 pum), long-wave infrared (LWIR;
8-15 um), and a part of far-infrared (FIR; 15-30 um) wavelengths. The presence of resonance
mode is depicted by magnitude of (c) normalized electric field (E), and (d) normalized magnetic
field (H) distribution, corresponding to the resonance wavelength (A\g = 750 nm).

top and bottom) is considered to be 400 nm thick. To avoid undue reflections, aris-
ing due to confinement of the simulation domain, perfectly matched layers (PML) of
200 nm thickness are used at the top and bottom of the unit cell. Periodicity of the
unit cell along both lateral directions is taken to be 200 nm, implemented using Flo-
quet boundary condition. Note that the optical constants of gold (Au) [161], silver
(Ag) [161], copper (Cu) [161], indium tin oxide (ITO) [162], aluminium-doped zinc ox-
ide (AZO) [163], and aluminium oxynitride (ALON) [164] are taken from the literature.

The normalized electric (E) and magnetic (H) field distribution corresponding to
the resonant wavelength, depicted in Figs. 4.2(c) and 4.2(d), clearly show the exis-

tence of resonant mode confined inside the dielectric layer. As we consider metal layer
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thickness less than the skin depth [133], the enhanced transmission is achieved at res-
onance condition since the supported resonant modes are leaky and can couple with

the incident and transmitted electromagnetic radiation.

4.1.4 Theoretical Analysis

To support our simulation results, we apply transfer matrix method (TMM), trans-
mission line method (TLM), and Fabry-Perot interferometer (FPI) technique. Here, we
take top and bottom metallic layers as silver, each being 5 nm thick, and dielectric with
thickness, tp = 60 nm and refractive index, np = 2.2. For TMM case, we consider five
layers and four interfaces, assuming a plane wave of linear polarization falling on top
of our multilayered glass, as shown in Fig. 4.3(a). Here, n, Y, and t represent the re-
fractive index, admittance, and thickness of the corresponding layer, respectively. We
assume medium to be linear, non-magnetic, and homogeneous [131]. The transmission
spectra obtained using TMM is shown in Fig. 4.3(d).

For TLM, a simplified circuit model is shown in Fig. 4.3(b). Here, Z, k, and ¢ are
characteristic impedance, propagation constant, and the thickness of the transmission
line, respectively, corresponding to the identical (top and bottom) metallic and dielec-
tric layers. The input impedance at interfaces 3 and 2 seen from the top towards the

bottom, can be obtained using [133,165]:

ZO — ]ZMtan(k:MtM)
ZM — jZotan(k:MtM)
Zin,?) — jZDtan(thD)
ZD — jZin,gtaH(thD)

Zing = Zm (4.1a)

Zin,2 = ZD (41b)

where 7, is free space impedance of air. The corresponding reflection coefficients

at metal-dielectric interfaces are:
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Figure 4.3: Detailed schematic of the proposed design shown in Fig. 4.1, analyzed using (a)
transfer matrix method (TMM), (b) transmission line method (TLM), and (b) Fabry—Perot inter-
ferometer (FPI). For all three cases, we take metallic layers at the top and bottom as silver, each
being 5 nm thick (), and dielectric with thickness, tp = 60 nm and refractive index, np = 2.2.
In (a) Y and n represent the admittance and refractive index of the corresponding layer, re-
spectively. In (b) Zi,, Z, k, and ¢ are input impedance, characteristic impedance, propagation
constant, and phase shift upon reflection at the interface of the transmission line, respectively.
(d) shows comparison between transmission spectra of finite element method (FEM) and TMM.
TLM accurately predicts the resonant wavelength (A\g = 750), when the accumulated round trip
phase becomes zero (represented by green square dot cross lines). (e) FPI accurately predicts
the peak transmission (Tiax = 97.2%; represented by green square dot cross lines) corresponding
to the resonant wavelength which occurs in integral multiples of 27, exactly matches with FEM
and TMM transmission peaks. Note that in (d), we have taken 10 nm wavelength step for our
theoretical calculations to match the number of samples taken for the full-wave simulations.

ZiHS_ZD
T = —1 @ = T 4 42a
1= g = Insles (4.20)
Zin2_ZD
rg = ————— = |ry|L 4.2b
2= 7 |ra| L2 (4.2b)

Here, ¢35 and ¢2 denote the phase shift upon reflection at metal-dielectric interfaces

3 and 2, respectively. The accumulated round trip phase (¢3 + ¢2) upon reflection is
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shown in Fig. 4.3(d). When the accumulated round trip phase becomes zero, maximum
transmission (7},.x) is allowed at the resonant wavelength Ay = 750 nm [165].

Next, we use FPI method to determine 71, corresponding to the resonant wave-
length supported by the cavity [see Fig. 4.3(c)]. Here identical top and bottom metallic
layers represent lossy mirrors and the dielectric layer can be considered as a resonator
cavity medium. The condition for maximum transmission occurs in integral multiples
of 27t as shown in Fig. 4.3(e).

A comparison among FEM, TMM, TLM, and FPI is shown in Figs. 4.3(d) and 4.3(e).
An excellent agreement between simulation (FEM) and theory (TMM) is seen for the
entire solar spectral regime. TLM allows us to accurately predict the resonant wave-
length (\g = 750 nm) when the accumulated round trip phase becomes zero. FPI tech-
nique accurately predicts the peak transmission (7},.x = 97.2%) at the resonant wave-
length (Ao = 750 nm), which exactly matches with TMM and FEM transmission peaks.
Hence, a perfect match between simulation and theory, indeed, validates our findings.
From the next subsection, we will use TMM and FEM to compare theoretical and sim-

ulation results.

4.1.5 Parametric Analysis

To obtain a desirable optical response, we optimize the design of our MLMD glass
by studying the effect of change in device dimensions. Figure 4.4 shows the contour
plot for varying refractive index (np) and thickness (¢p) of dielectric layer as well as
varying thickness of metallic layers (t\;). For each of the cases, we consider top and
bottom metallic layers as gold. Figures 4.4(a) and 4.4(b) depict a redshift with increase
in the dielectric refractive index (considering ¢y = 5 nm and ¢p = 50 nm) and dielec-
tric thickness (considering ¢ty = 5 nm and np = 2.2), respectively. The reason can be
attributed to the increases in the effective path length of electromagnetic waves with

increase in refractive index or thickness of the medium, leading to slow propagation
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Figure 4.4: Simulation based parametric study showing contour plot to optimize our MLMD
glass design for varying (a) refractive index of dielectric layer, np (considering ¢ty = 5 nm and
tp = 50 nm), (b) thickness of dielectric layer, tp (considering ftyy = 5 nm and np = 2.2), and
(c) thickness of top and bottom metallic layers, ¢y (considering np = 2.2 and tp = 50 nm). In
each case, top and bottom metallic layers are chosen as gold (Au).

of wave inside, indicating, a mode with a larger resonant wavelength is supported by
the cavity [166]. Figure 4.4(c) depicts a dip in overall transmission spectra with in-
crease in metal thickness (considering np = 2.2 and ¢ = 50 nm). This is because, the
larger the thickness of the metal, the lesser will be the transmission of electromagnetic
waves through it [181]. However, in our case, to cover a larger spectrum of visible
and IR radiation, metallic layers with lower thickness is desirable for a broadband re-
sponse [165]. Therefore, for all our future designs, top and bottom metallic layers are
chosen to be 5 nm thick. Also, to achieve transmission peak exactly at the desired reso-
nance wavelength, the dielectric thickness is adjusted in each case (between 50 and 90

nm).

4.1.6 Electrotunable Glasses for All-weather Conditions

To achieve transmission peak at the desired wavelength, either the the thickness (tp)
or refractive index (np) of dielectric needs to be changed. For example, to achieve max-
imum transmission in both visible and IR spectral regime (BW mode), 750 nm is the
desired resonance wavelength for peak transmission. For this purpose, many different
types of EO materials are mentioned in the literature [182]. The comparison among a

few EO materials that may be considered for our smart window design is shown in
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Table 4.1: Comparison among a few different EO materials that may be considered for our
smart window design [182]

IC

EO Materials Z—Z (nm/V) Compatibility Remarks
high melting point (>900 °C), limited bandwidth,
LiNbO3 0.160 No and good stability.
Doped Polymers  0.125 Yes good bandwidth but temperature sensitive.
high melting point (259 °C), large bandwidth,
DAST 3.410 Yes and good stability.

Note: le—z: electro-optic (EO) coefficient.

Table 4.1. In this work, we choose 4-dimethyl-amino-N-methyl-4-stilbazoliumtosylate
(DAST), an EO polymer having tunability near-visible regime. This polymer possesses
a large EO coefficient (3.41 nm/V) that is desirable to attain maximum tunability with
minimum bias voltage. The refractive index of DAST as a function of the applied volt-

age is given by [165]:

np =Ng + —— (43)

where ng = 2.2 is the refractive index of DAST polymer at zero bias, 2 = 3.41 nm/V
being EO coefficient with u being the applied electric field, V is the applied voltage, and
tp denotes the thickness of the DAST polymer. A two-dimensional schematic diagram
of electrotunable MLMD glass with bias voltage supply is shown in Fig. 4.5(a) (see
Appendix I for more details). The transmission plot for a varying bias voltage is shown
in Fig. 4.5(b) at arbitrarily chosen nine discrete values between —20 V and +20 V in
steps of 5 V. Here, we considered the top and bottom metal layers as gold, each 5 nm
thick and a 50 nm thick dielectric layer of DAST polymer.

In Fig. 4.5(b), it can be seen that between —20 V and +20V, there is a gradual spectral

shift in the transmission peak towards longer wavelengths. This is because of a shift
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Figure 4.5: (a) 2D schematic diagram of electrotunable MLMD glass with bias voltage supply,
and (b) transmission plot showing the effect of change in bias voltage at arbitrarily chosen nine
discrete values between —20 V and +20 V in steps of 5 V, considering top and bottom metal of
gold, each 5 nm thick (fy) and dielectric being DAST polymer, 50 nm thick (tp).

in the resonance frequency due to a change in the refractive index of the electro-optic
polymer, used as an insulator layer (see Appendix I for more details). Here, our idea is
to set BW mode at zero bias (0 V) which allows both visible and IR transmission. Then
we achieve BC and DW modes simply by shifting the transmission peak into either
visible or IR regime, respectively. Ideally, with a larger applied potential, a larger shift
in the transmission peak towards either visible or IR regime is expected. This will
result in a larger transmission in one regime, e.g. either visible (at negative bias) or
IR (at positive bias), along with a stronger blocking in the other regime. For a low-
power design, considering symmetric positive and negative bias voltages, here we
chose —15 V for BC mode and +15 V for DW mode, for demonstrating the proof-of-
the concept. Note that there is a trade-off between a larger operating voltage and a
mode’s performance in selective filtering of radiation.

For our first three MLMD based window glass design, we choose top and bottom
metallic layers both to be either Au or Ag or Cu and DAST polymer as dielectric layer,
for all the three cases [see Figs. 4.6(a), 4.6(b), and 4.6(c)]. These electrotunable glasses
can operate under BC, BW, and DW modes over a voltage range of —15 V to +15 V.

For instance, considering Au-DAST-Au based glasses, when we apply a negative bias
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Figure 4.6: Transmission spectra for our electrotunable glasses choosing top and bottom metal-
lic layers, both made of either (a) gold, (b) silver, or (c) copper, and dielectric layer as DAST
polymer in each case, with an applied bias voltage of —15 V, 0 V, and +15 V working in BC
(Bright and Cool; useful in hot weather with illumination), BW (Bright and Warm; useful in cold
weather with illumination), and DW (Dark and Warm; useful in cold weather without illumina-
tion) modes, respectively. Similarly, design with choice for metallic layers at top and bottom to
be either (d) ITO, (e) AZO, or (f) ALON, and dielectric layer as DAST polymer in each case,
with an applied bias voltage of —15 V, 0 V, and +15 V works in BW, intermediate (useful in
autumn /spring with illumination), and BC modes, respectively.

(—15 V) our smart window works in BC mode, useful during summer when maximum
indoor illumination with minimum radiative heating is desired. Whereas, on applying
a positive bias (+15 V) our window works in DW mode, useful during winter when
minimum indoor illumination with maximum radiative heating is desired. By default
(no bias applied i.e. 0 V) it works in BW mode, which is useful during winter when
maximum indoor illumination with maximum radiative heating is desirable.

For a low-cost design, we further explore the use of transparent conductive oxides
(TCOs) as metallic layers. Among the three TCOs considered, ALON is abundant, low-

cost, toughest, and lightweight material [167], suitable for designing military-grade,
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Table 4.2: Detailed Specifications of Our Electrotunable Window Glasses

Structure (thickness in nm) Mode of Operation Remarks
Au(5)-DAST(50)-Au(5) BC, BW, DW Tpeak = 90.4%, ultra-compact, expensive.
Ag(5)-DAST(60)-Ag(5) BC, BW, DW Tpeak = 97.5%, high tunability, less expensive compared to Au.
Cu(5)-DAST(60)-Cu(5) BC, BW, DW Tpeak ~ 80.0%, relatively inexpensive compared to Au and Ag.
ITO(5)-DAST(90)-ITO(5) BW, IMD, BC Tir,pw = 88.3%, Tir,Bc = 45.6%, relatively inexpensive.
AZO(5)-DAST(90)-AZO(5) BW, IMD, BC Performance same as ITO, relatively inexpensive.

ALON(5)-DAST(90)-ALON(5) BW, IMD, BC Performance same as ITO, cheapest, lightweight, and toughest.

Note: BC: Bright and Cool; BW: Bright and Warm; DW: Dark and Warm; IMD: intermediate; Mode of Operation at
—15V, 0 V, and +15 V power supply.

bulletproof, portable, and blast-resistant windows [168]. On careful investigation, we
observe that glasses based on ITO, AZO, and ALON can provide some unique opti-
cal response by applying a bias voltage across the DAST layer [see Figs. 4.6(d), 4.6(e),
and 4.6(f)]. For example, ITO-DAST-ITO based glass on application of negative bias
(=15 V), works in BW mode, allows over 88% of IR and over 83% visible transmission,
desirable during winter. Whereas, on application of positive bias (+15 V), it works in
BC mode, where ~75% visible and merely 45% IR radiation is transmitted—desirable
during summer. If we can further increase the bias voltage (say up to +45 V), IR trans-
mission falls below 20%. When no bias (0 V) is applied, we get an intermediate solu-
tion, useful during spring / autumn / rainy season when both indoor illumination and
radiative heating are desired to some extent. Such excellent control over IR blocking
capabilities makes MLMD glasses suitable for designing an all-weather smart window.

Detailed specifications of our smart glasses are provided in Table 4.2.

4.1.7 Effect of Different Polarizations and Incident Angles

To ensure that our design is suitable for daytime operation, we study both TM and

TE polarization using Au-DAST-Au based design with a bias voltage of +15 V. Figure
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Figure 4.7: Simulated transmission spectra showing (a) both TM and TE polarization for Au
(5 nm)-DAST (50 nm)-Au (5 nm) structure under three modes of operation at —15 V, 0 V, and
+15 V bias voltage, showing polarization insensitivity. Contour plot for angular transmission
spectrum of the same structure at 0 V bias, showing over 90% transmission efficiency for a wide
angle of incidence (up to 75 degrees) for both (b) TM and (¢) TE polarization.

4.7(a) shows that even after applying voltage over —15V to +15 V, transmission spec-
tra remain unaffected by change in polarization of the incident wave, hence, showing
polarization-insensitivity. To account for the effect of dynamically changing position
of the sun, we also study for varying angle of incidence, ranging over 0-85 degrees
at 0 V bias. Figures 4.7(b) and 4.7(c) show that our design is angle-insensitive up to
75 degrees of angle of incidence for both TM and TE cases, with over 90% transmission

efficiency, hence, making our smart glasses a practical choice for daytime operation.

4.1.8 Figure of Merit of Our Electrotunable Window Glasses

To meet industry standards, we evaluate the performance of our electrotunable
glasses, by calculating their figure of merit [7, 157, 158]. The three most commonly
used parameters: visible transmittance (VT), infrared transmittance (IRT), and solar
heat gain coefficient (SHGC) were introduced in subsection 3.3.8 of chapter 3. An ideal
window designed for hot weather condition should have VT value as high as possi-
ble and IRT value as low as possible. In contrast, for cold weather, both VT and IRT
values should be as high as possible. For SHGC value calculation in BC mode over
400-1800 nm wavelength range, we take Tyisnie(A) = 1, and Tig(A) = 0, which gives
ideal SHGC value as 0.55. Similarly, for BW and DW modes within the same spectral
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Table 4.3: VT, IRT, and SHGC Ideal Values, A € [400 nm, 1800 nm)|

Mode of operation VT IRT SHGC
BC Mode 1 0 0.55
BW Mode 1 1 1
DW Mode 0 1 0.45

Note: BC: Bright and Cool; BW: Bright and Warm; DW: Dark and Warm; VT: Visible Transmittance;
IRT: IR Transmittance; SHGC: Solar Heat Gain Coefficient.

regime, the ideal SHGC value comes out to be 1 and 0.45, respectively. VT, IRT, and
SHGC ideal values are listed in Table 4.3.

Figure of merit calculations for BC, BW, and DW modes, comparing our MLMD
based smart glasses with a few commercial glasses and previously reported infrared-
blocking plasmonic glasses are shown in Fig. 4.8. A comparison of figure of merit for
BC mode among our smart glasses and two double-pane argon low-emissivity coating
commercial windows (CW I, and CW 1I), is shown in Fig. 4.8(a) [7,8,154]. In this
case, our relatively inexpensive metals such as Ag, ITO, AZO, and ALON outperform
industry-standard commercial window glasses.

Recently, Besteiro et al. designed thin-film plasmonic glasses to block IR radiations
over 200-1700 nm spectral range [37]. Out of all the materials considered, their figure
of merit calculation revealed that silver nanoshell based plasmonic glasses produced
the best results. Figure 4.8(b) shows a comparison between our silver based smart
glasses and their silver nanoshell based plasmonic glasses. For a fair comparison, we
take the mean value of their calculated and simulation data and optimize our design
over the same spectral range (200-1700 nm) by considering 8 nm thick top and bottom
silver layers alongside 95 nm thick DAST layer. For their spectral range, the calculated
ideal SHGC value is 0.43. The figure of merit calculations reveals that our silver based

smart glasses can outperform their silver nanoshell based plasmonic glasses in all the
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Figure 4.8: Figure of merit representation for (a) BC mode, comparing our smart glasses with
two commercial double-pane argon low-emissivity coating glasses (CW I and CW 1I) |7,8,154],
(b) BC mode, comparison between our silver based smart glasses and silver nanoshell based
IR-blocking plasmonic glasses [37], (¢) BW mode, comparing our smart glasses with commercial
double-glazed, high-solar-gain low-emissivity glass and double-pane clear glasses (CW IIT and
CW 1IV) [7,8], (d) new DW mode, comparison among our gold, silver, and copper based smart
glasses, and (e) comparison between BW and DC modes of our glasses and the static commercial
windows (CW I and CW III). In each case, DAST polymer is used as dielectric layer. Note that
in (a), (b), and (d) the short dashed horizontal lines represent the corresponding ideal SHGC
value in each case.

three parameters (VT, IRT, and SHGC).
A comparison among our smart glasses, commercial double-glazed high-solar-gain
low-emissivity glass, and double-pane clear glass windows (CW III and CW 1V) is

shown in Fig. 4.8(c) [7,8]. In this case, our smart glasses based on relatively inexpensive
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metals such as ITO, AZO, and ALON outperform the industry-standard commercial
window glasses. For the DW mode, a comparison among our Au-, Ag-, and Cu-based
smart glasses is shown in see Fig. 4.8(d). In this case as well, silver shows overall better
performance compared to gold. Figure 4.8(e) shows a comparison between the BW and
DC modes of our glasses and the static commercial windows (CW I and CW III). Note
that DC mode requires biasing of —30 V for Au, Ag, and Cu based designs and +50 V
for ITO, AZO, and ALON based designs. The figure of merit calculation revealed that
the overall performance of our relatively inexpensive metals (Ag, Cu, ITO, AZO, and
ALON) is better compared to Au and also meets industry standards. Therefore, our
MLMD based glasses could be a suitable choice for large scale commercial production

of all-weather smart windows.

4.1.9 Effect of Substrate

From a practical point-of-view, an ideal implementation of our MLMD film would
be its integration with an insulated glass unit (IGU) used in buildings. This IGU will al-
low us to find out the rate of heat loss through a window, defined as U-value [7,8,154].
Therefore, it will be interesting to compare the performance of our MLMD glass, with
and without an optically transparent silica (SiO,) glass substrate. Figure 4.9(a) shows
a 2D schematic diagram of our electrotunable MLMD film (with bias voltage supply)
coated on a silica glass substrate. Here, the thicknesses of the metallic layer (t\), the
dielectric layer (¢{p), and silica glass substrate ({¢) are considered to be 8 nm, 90 nm,
and 5 mm, respectively. Note that the thicknesses of metal and dielectric layers are
manually optimized for coating on the glass substrate. To evaluate the performance,
we calculate the figure-of-merit parameters in BC mode using Ag-DAST-Ag based
glass. Figure 4.9(b) shows a comparison of the VT, IRT, SHGC parameters obtained
in BC mode among our Ag-DAST-Ag based smart glasses (with and without silica

glass substrate) and a couple of commercial double-pane argon low-emissivity coating
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Figure 4.9: (a) 2D schematic diagram (not to scale) of an electrotunable MLMD thin-film (with
terminals for bias voltage supply) coated on optically-transparent silica (SiO3) glass substrate.
Here, the thicknesses of metal (¢yr), dielectric (p), and silica glass substrate (tg) are considered
to be 8 nm, 90 nm, and 5 mm, respectively. (b) The figure of merit representation for BC mode
showing a comparison among our Ag-DAST-Ag based smart glasses (with and without silica
glass substrate) and a couple of commercial double-pane argon low-emissivity coating glasses

(CW I and CW II) [7,8,154].

glasses (CW Iand CW II) [7,8,154]. We observe that our proposed windows still exhibit
overall better performance than the commercial windows when our MLMD glasses are
coated on a single-pane glass substrate. Therefore, our MLMD based glasses could be
a better and cheaper alternative to commercial double- or triple-pane low-emissivity

glasses.

4.1.10 Prospective Fabrication Method and Fabrication Imperfection Tolerance Study

With the existing state-of-the-art nanoscale fabrication facilities, the fabrication of
our proposed MLMD glass design is feasible. For instance, Ag-DAST-Ag based MLMD
glass can be fabricated by successive electron beam (e-beam) evaporation technique
[169-171,182]. First, a silver metal layer of 5 nm thickness needs to be coated on the
top surface of a two-sided polished silica glass substrate (typically 5 mm thick) using
an e-beam evaporator [41]. Then a 60 nm thick DAST layer may be deposited as a
single crystal over a large-area in a certain orientation on the top surface of the bottom

silver layer. The graphoepitaxy technique may be used to control the orientation and
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Table 4.4: Fabrication tolerance study for Ag-DAST—-Ag based MLMD glass in BC, BW, and
DW modes, showing variation in VT, IRT, and SHGC values over solar radiation spectral regime
i.e. A € [400 nm, 1800 nm|, with £5% variation in thicknesses of top / bottom Ag layer (5 nm
thick) and DAST layer (60 nm thick)

BC M BW M DW M
MLMD Layer C Mode W Mode W Mode

(Thickness) Variation in Thickness

VT IRT SHGC vT IRT SHGC VT IRT SHGC

Upper Limit (+5%) 0.76 0.24 0.52 0.70 0.53 0.62 0.35 0.62 0.47

Top / Bottom
Ag (5 nm) Optimum Dimension 0.77 0.25 0.54 0.69 0.55 0.62 0.35 0.62 0.47

Lower Limit (—5%) 0.79 0.26 0.55 0.69 0.56 0.63 0.35 0.62 0.48

Upper Limit (+5%) 0.80 0.26 0.56 0.67 0.57 0.62 0.36 0.61 0.48

DAST
(60 nm) Optimum Dimension 0.77 0.25 0.54 0.69 0.55 0.62 0.35 0.62 0.47

Lower Limit (—5%) 0.74 0.24 0.51 0.72 0.53 0.63 0.34 0.63 0.47

Note: BC: Bright and Cool; BW: Bright and Warm; DW: Dark and Warm; VT: Visible Transmittance; IRT: IR
Transmittance; SHGC: Solar Heat Gain Coefficient.

solidification of the DAST crystals [182]. Finally, another 5 nm thick silver layer may be
deposited at the top surface of DAST-Ag coating using the e-beam evaporation tech-
nique. For optical characterization, a microscope integrated with a spectrometer or a
Fourier Transform Infrared (FI-IR) microscope and an electron multiplication charge-
coupled device (CCD) camera may be used [169,170]. It is important to note that the
optical response from such MLMD glasses is subjected to controlled environmental
conditions during fabrication. However, fabrication imperfections may arise depend-
ing upon the deposition techniques employed and the surface smoothness of different
materials used. Therefore, it is important to further analyze the effect of such imper-
fections on the design’s performance.

Table 4.4 lists the results of the fabrication-tolerance study conducted for Ag-DAST-
Ag based MLMD glass in BC, BW, and DW modes. Variations in VT, IRT, and SHGC

values are shown over the solar radiation spectral regime with £5% variation in thick-
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nesses of top/bottom Ag layer (5 nm thick) and DAST layer (60 nm thick). We found
that the performance parameters (VT, IRT, and SHGC) vary only marginally with £5%
variation in the thickness of each layer. This finding shows that our proposed MLMD
glass designs are robust and the overall window performance is less prone to fabri-
cation imperfections. Here we like to mention that 4+ 5% tolerance for 5 nm thick Ag
could be too small a tolerance. In practical cases, lumps and islands of Ag will be

formed and an appropriate air filling fraction needs to be considered.

4.1.11 Application in Smart Windows

Smart windows coated with our suggested MDLM based thin-film can be con-
trolled via smart-home systems to provide security and privacy features alongside dy-
namic tuning, with only £15 V supply. However, the major challenge lies in the dura-
bility of such electrotunable windows compared to ordinary windows. In this work,
we have used DAST polymer as an EO material. This polymer possesses one of the
largest EO coefficients among all those organic crystals available today [182]. DAST
also has a large melting point (259 °C), a large electrical bandwidth, and exhibits sta-
bility up to 250 °C. Hence, it is expected that DAST based devices will be durable. As
shown in Table 4.1, alternative EO materials such as lithium niobate (LiNbO3) or doped
polymers may also be used, but they may require a very high voltage because of their
small EO coefficients. Therefore, it is always desirable to look for more such EO mate-
rials that have certain optical absorption in the non-powered state to achieve different
modes as per the requirement of the geographical location.

It is important to note that the temperature in the gap of an insulated glass unit of a
window may exceed (90 °C) or even go below the freezing point in a few geographical
places that face extreme weather conditions [183]. Therefore, it is equally important
that EO material exhibits matched mechanical as well as thermal properties. This will

ensure that its coefficient of thermal expansion closely matches with the metals used
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in the MLMD glasses, therefore, reducing the mechanical strain during expansion or
cooling down. To have longevity and practical value, the EO material should also offer

resistance to ultraviolet radiation, high humidity, exposure to direct sunlight, etc.

4.1.12 Summary

We presented a theoretical design of metal-dielectric-metal based electrotunable
smart glasses, where a unique approach is adopted for dynamically controlling the
amount of transmitted solar radiation depending on weather conditions. We explored
noble metals as well as their relatively inexpensive alternatives as metallic layers. An
electro-optic polymer is used as a dielectric layer to make the system tunable by us-
ing a bias voltage ranging from —15 V to +15 V. The figure-of-merit calculations show
that our relatively inexpensive materials (Ag, Cu, ITO, AZO, and ALON) can outper-
form industry-standard commercial glasses and previously reported infrared-blocking
plasmonic glasses. Our design is robust, low-cost, ultra-compact (60-100 nm thick),
lithography-free, large-area compatible, polarization-independent, and angle-insensitive
(up to 75 degrees). Our theoretical results obtained using transfer matrix method,
transmission line method, and Fabry-Perot interferometer technique agree well with
those of finite element method based full-wave simulations which validate our results.
These ultra-thin smart glasses can be integrated into privacy windows, security panels,
solar control skylight panels, etc. Aluminium oxynitride based glasses can be used in

tighter aircraft, military vehicles, high security buildings, and submarine applications.

4.2 Tunable Color Filters as Electrochromic Windows

In chapter 2, it was discussed that electrochromic window glasses are considered
the best candidate among photochromic, thermochromic, and electrochromic windows.
This section presents low-power electrotunable absorption- and transmission-mode

color filters as electrochromic windows. In line with the previous section, the design
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comprises metal-dielectric-metal multilayer thin-film structure. By applying a volt-
age across an electro-optic polymer, used as a dielectric layer, tunable color filtering is

achieved over a voltage range of —10 V to +10 V.

421 Background

Manipulation of light-matter interactions at the nanoscale enables controlled spec-
tral absorption, reflection, and transmission through an optically engineered material.
In particular, spectrally selective structural color filters based on plasmonic metamate-
rials, photonic crystals, and metasurfaces have attracted substantial attention because
of their potential in achieving easy scalability, excellent sustainability, improved ef-
ticiency, and low-cost design [9-11]. By selective absorption/transmission of a nar-
rowband visible spectrum, such structural color filters can be used for a wide range
of applications, such as biological and chemical sensing [184, 185], color decoration
and printing [186, 187], displays [188], light-emitting diodes (LEDs) [9, 10], and elec-
trochromic windows [189].

Naturally, structural color filters can be seen in the wings of some specific types of
animals and birds, such as beetles, butterflies, moths, etc. [190,191]. Recently, meta-
material was introduced that enabled the realization of compact, high resolution, and
high color-efficiency based artificial color filters [169,192,193]. A few plasmonic nanos-
tructures based on metallic nanorod arrays [194], nanohole arrays on metal film [195],
nanoring arrays of metal on glass substrate [149], and sub-wavelength gratings [196]
have been explored for color filtering application. However, structural color filters
based on symmetric/asymmetric metal-dielectric-metal (MDM) structure gained at-
tention due to simple and compact design, large-area compatibility, design flexibility,
and low-cost thin-film nanofabrication techniques involved [197]. For example, Yoon
et al. demonstrated a transmission-mode color filter based on MDM Fabry—Perot cavity

which can generate blue, green, and red colors by adjusting the thickness of the cav-
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ity [198]. Unfortunately, such MDM based color filters once fabricated, can only filter a
tixed color (either blue or green, or red), which limits their ability to dynamically tune
the color filters for absorption/transmission over a wide spectral range [169,197,199].
If the absorption/transmission can be controlled in real-time, then this may open up
avenues for designing highly-efficient electrochromic windows and high-contrast op-
tical switches [200-203].

Some recently reported absorption- and transmission-mode tunable color filters are
dynamically controllable either by polarization of the incident light [204, 205] or by
electrical power supply [200,201,206]. For electrical tuning, epsilon-near-zero (ENZ)
material [170,201, 207, 208], graphene [209, 210], n-type indium antimonide (n-InSb)
[200], liquid crystals [211,212], Ge2Sb2Te5 (GST225) [213], vanadium oxide (VO,) [214],
and electro-optic (EO) polymer [165,201] can be used. However, most of the proposed
structures either require complex lithography-based fabrication processes due to the
type of nanostructure patterning used or require very high supply voltage to cover a
wide spectral range under consideration. For example, Mirshafieyan et al. proposed
the design of an electrically tunable perfect light absorber, which utilizes 50 V power
supply for 40 nm spectral shift of the resonance wavelength in the visible regime [200].
Similarly, the design proposed by Bibbo et al. [207], used 160 V power supply to achieve
less than 50 nm spectral shift of the resonance wavelength in the visible regime. Also,
the design proposed by Qian et al. [206], used 70 V power supply to achieve less than
100 nm spectral shift in the near-infrared regime. Therefore, a need for power-efficient
design of both absorption- and transmission-mode color filters and optical switches, in
visible and near-infrared regime, respectively, remained largely in demand.

To bridge that gap in the literature, here, we introduce theoretical design of elec-
trotunable absorption- and transmission-mode colour filters based on MDM structure.

Our structure comprises top and bottom metallic layers with a dielectric layer sand-
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wiched in between. Here, we use silver (Ag) as the top and bottom metallic layers,
and 4-dimethyl-amino-Nmethyl-4-stilbazoliumtosylate (DAST), an electro-optic (EO)
polymer, as the dielectric layer. For illustration purpose, we design three distinct

absorption- and transmission-mode color filters (blue, green, and red).

4.2.2 Design Schematic

A 2D schematic side view of our absorption-mode color filter based on MDM struc-
ture is shown in Fig. 4.10(a). It consists of Ag-DAST-Ag based thin-film multilay-
ered structure. The top Ag layer is 40 nm thick, middle DAST layer is 80 nm thick,
and the bottom Ag layer is 125 nm thick. Note that the bottom Ag layer is kept opti-
cally thick to completely block the transmission through the structure, for designing an
absorption-mode color filter. This asymmetric MDM structure can be approximated as
a Fabry—Perot cavity [135], which absorbs the light completely at the resonance wave-
length, hence, forming a "perfect absorber’. The DAST layer forms a resonator cavity
sandwiched between the top and bottom lossy Ag layers. The condition of resonance

wavelength is given by Eq. (2.18) [131]. The normalized electric (E) field distribution

Figure 4.10: An asymmetric metal-dielectric-metal (MDM) based absorption-mode color filter
showing (a) 2D schematic side view with bias voltage supply, (b) normalized electric field (E)
distribution, showing the existence of resonant mode trapped inside the dielectric layer corre-
sponding to the resonance wavelength A\g = 550 nm with 0 V power supply, and (c) absorption
(A), reflection (R), and transmission (7') spectra showing perfect absorption at the resonance
wavelength with 0 V power supply.
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corresponding to the resonant wavelength )\, = 550 nm, shown in Fig. 4.10(b), clearly
depicts the presence of resonant mode trapped inside the DAST layer, which validates

our Fabry—Perot cavity approximation.

4.2.3 Simulation Model

We use finite element method (FEM) solver, COMSOL Multiphysics® wave op-
tics module, to simulate over 400-750 nm visible spectral range for color filters and
1400-1750 nm near-infrared spectral range for optical switches. By considering an inci-
dent plane wave of TM polarization, we study absorption, reflection, and transmission
spectra. The optical constants of Ag are taken from [130]. Perfectly matched layers
are used at the top and bottom of the considered unit cell, each having a thickness of
Amax/4 (Where Ay is the upper limit of wavelength range under consideration), to
avoid unwanted reflections as a result of the confinement of the simulation domain.
The periodicity of the unit cell is considered to be 100 nm. The reflectance (R) and
transmittance (T) are measured from the S parameters. Finally, absorbance (A) can be
calculated using A = 1 — R — 7. For absorption-mode color filter, as we take optically
thick bottom Ag layer, at the resonance wavelength )\, = 550 nm, we see a perfect ab-
sorption of green color at 0 V power supply, while other parts of the visible spectrum
(blue and red) are reflected back through the optically thin top Ag layer, as shown in
Fig. 4.10(c).

4.2.4 Theoretical Framework

To support our simulation results, we apply transfer matrix method (TMM) and
transmission line method (TLM). For TMM case, we consider five layers (Air-Ag-
DAST-Ag-Air) and four interfaces (1, 2, 3, and 4), assuming medium to be linear,
non-magnetic, and homogeneous. We consider a plane wave of linear polarization

incident on the top Ag layer, as shown in Fig. 4.11(a). Here, Y, n, and t represent the

122

TH-2810_176302003



4.2 Tunable Color Filters as Electrochromic Windows

Figure 4.11: Detailed 2D schematic of the proposed absorption-mode color filter using (a)
transfer matrix method (TMM) model, (b) transmission line method (TLM) model, and (c) a
comparison among finite element method (FEM; light blue solid line), TMM (dark blue short
dashed line) and TLM (red solid line). Simulation (FEM) and theory (TMM) show perfect
match for the reflectance spectra over 400-750 nm wavelength range, supported by TLM, which
accurately predicts the resonant wavelength A\g = 550 nm, when the accumulated round trip
phase shift becomes zero (light green square dot cross line).

admittance, refractive index, and thickness of the corresponding layer, respectively.
For Agl-DAST-Ag? (bottom layer) based design, phase shift at each layer can be writ-
ten as [131]:

k?Aglh = ko(QﬁAgltAg10089172)/2 (44&)
kDASTh = k0(2nDASTtDASTCOSHi,3)/2 (44b)
k?Ath = ]{IQ(Q’fLAthAgQCOSQiA)/Q (440)

where, £, represents the propagation wavevector in free space. Solving the bound-

ary condition for E and H field at each of the interface, we obtain:

E, = Escoskagih + Hy(isinkagi h)/Ys (4.5a)

H, = EyY,(isinkagi1h) + Hocoskag h (4.5b)

Ey = Escoskpasth + Hs(isinkpagth)/Ya (4.5¢)

Hy = E3Ys(isinkpasth) + Hscoskpasth (4.5d)
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Es = Eycoskagoh + Hy(isinkagoh)/Ys

H3 = E4Y;3(Z'SinAg2h) + H4COS]€Ag2h

[ €0 -
YAgl = /L—nAglcosﬁi,g
0
€0
Ypast = \/M_nDASTCOSGi,S
0
[€0 -
YAg2 = M_nAg2COSQi,4
0

where,

(4.5e)

(4.5£)

(4.6a)
(4.6b)

(4.6¢)

Here, Yg1, Ypast, and Yy, represent the admittance in top Ag, DAST, and bottom

Ag layers, respectively. The above Eq. (4.6) is valid for the TE polarization case. For

TM case, Eq. (4.6) can be modified to get:

Yiap: = 4 /E—OﬁAgl/COSGLQ (4.7a)
Ho
€
Ypast = w/u_onDAST/ costi 3 (4.7b)
0
€0 -
Yag2 = [ —Naga/cost;a (4.7¢)
Ho
Connecting Eq. (4.5) in matrix form we obtain:
E E.
H=p | (4.82)
H, Hy
E E.
? = P2 ’ (48b)
Hy Hs
E E
N =ps | (4.8¢)
Hs Hy
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where,

coskagih (isinkagih)/Yag

P, = (4.9a)
Yagiisinkagih coskagih

P2 _ COS]{ZDASTh (iSinl{ZDASTh)/YDAST (49b)
Ypasrisinkpagrh coskpasth

p gl coskagoh  (isinkageh)/Yag (4.9¢)

Yagoisinkagoh coskagah

Here the characteristics matrices denote by P, P, ,and Pj relate the fields at the
interface across each layer. So, for our five layers (Air-Ag-DAST-Ag-Air) thin-film
system, the relation between E and H field of the first and the last interface can be

written as:

E E
| =PiPoPs | (4.10)

Hy H,

The final characteristics matrix P, incorporating P, P, ,and Pj is the resultant of

2 x 2 matrices:

P—P,P,Py— | " (4.11)

P21 D22

For the top and bottom air media, using Eq. (4.6) and considering the TE case, we

Yairn = 4/ E_OnAirICOSQi,l (4.12a)
Ho
€0

Yairz = |/ —NAir2€080 4 (4.12b)
Ho
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By rewriting Egs. (4.8) and (4.12) in terms of boundary conditions:

B+ B, E
S R N e (4.13)

(Ei,1 - Er,1)YAir1 Hi oY airo

To obtain reflection (r) and transmission (t) coefficients, we expand the matrices in

Eq. (4.13) as:
= (Yaimpur + Yain Yaizpi1) — (P21 + Yai2poo) (4.14)
(Yairipir + Yain Yauzpi1) + (P21 + Yai2poo)
2Y air
t= Al (4.15)

(Yaimpir + Yai Yaizpi1) + (P21 + Yaiopo2)

Finally, the reflection (R) and transmission (T) can be obtained using R = |r|* and
T = %ﬁigt |t|* respectively. The absorption (A) can be obtained by using A =1— R—T.
The reflectance spectra obtained using TMM is shown in Fig. 4.11(c).

For the case of TLM, Ag-DAST-Ag based MDM design can be approximated as a
transmission line. A simplistic circuit model is shown in Fig. 4.11(b). Here, k, Z, and
t are propagation constant, characteristic impedance, and the thickness of the trans-
mission line, respectively, corresponding to the (top and bottom) Ag and the DAST
layers. The input impedance at interfaces 3 and 2 looking downward, can be obtained

using [133,165]:

Zaiz — jZagatan(kagatags)

Zin = ZA :
R &2 Zng2 — JZanatan(kagatage)

(4.16a)

Zins — JZpasrtan(kpasttpasr)
Zpast — JZinstan(kpasttpasr)

Zin2 = ZDAST (4.16b)

where Z,;, is free space impedance of air. The corresponding reflection coefficients
at Ag-DAST interfaces are:

Zin3 — ZDAST

/,n — = ’]" 4 < 4.17&
’ Zing + ZpasT Iraf 295 ( )
Zin2 — ZDAST
? Zino + ZpAsT ral 262 ( )
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4.2 Tunable Color Filters as Electrochromic Windows

Here, ¢35 and ¢, denote the phase shift upon reflection from the bottom and top Ag
layers. The accumulated round trip phase (¢3 + ¢2) upon reflection from the bottom
and top Ag layers is shown in Fig. 4.11(c). When the accumulated round trip phase
becomes zero, maximum transmission (71,.x) is allowed at the resonant wavelength
Ao = 550 nm [165].

A comparison among FEM, TMM, and TLM is shown in Fig. 4.11(c). An excel-
lent agreement between simulation (FEM) and theory (TMM) is seen for the entire
visible spectral regime. TLM allows us to accurately predict the resonant wavelength
Ao = 550 nm when the accumulated round trip phase becomes zero. Hence, a perfect
match between simulation and theory, indeed, validates our findings. Note that the
theoretical derivations shown in this paper can be modified to find the optical response
across any thin-film multilayered system for normal as well as the oblique angle of in-
cidence. From the next subsection, we will use TMM and FEM to compare theoretical

and simulation results.

4.2.5 Parametric Analysis

In order to achieve perfect absorption/transmission at the desired wavelength, ide-
ally, the thicknesses of all three layers (top Ag, DAST, and bottom Ag) need to be
optimized. Figure 4.12 shows the contour color plot for parameter optimization of
absorption-mode color filter for varying thickness of top Ag, DAST, and bottom Ag
layers. To find the minimum optimized thickness of the top Ag layer, a parametric
sweep over 5-60 nm thickness is carried out, as shown in Fig. 4.12(a). With an increase
in top Ag layer thickness, we observe a slight blueshift and a gradually increasing dip
in the reflectance spectrum at the resonance wavelength. The reflectance reaches zero
for 40 nm Ag layer thickness, shown by dotted light green cross line in Fig. 4.12(a), and
then gradually increases. The reason can be attributed to an increase in Ag layer thick-

ness, making it difficult for light to penetrate through the optically thick structure [129].
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Additionally, a gradual decrease in the reflection bandwidth is also observed with an
increase in top Ag layer thickness. This can be explained using Fabry—Perot cavity the-
ory, where an increase in lossy Ag layer thickness increases the quality factor of the
reflection spectra and hence, makes the spectral bandwidth narrower [131]. For color
filtering application, a narrowband design is considered more suitable for precise color
filtering capability, and hence, 40 nm thickness is taken as the optimum value for the
top Ag layer thickness to achieve perfect absorption with a very narrow bandwidth of
12 nm.

Next, we vary the thickness of the DAST layer from 40 nm to 120 nm, in steps
of 10 nm, as shown in Fig. 4.12(b). We observe a linear trend in the redshift of the
resonance wavelength with an increase in DAST layer thickness. The reason can be

explained by considering a thicker dielectric cavity, where a longer wavelength mode

Figure 4.12: Contour colour plot for parameter optimization of absorption-mode color filter
for varying thickness of (a) top silver (Ag), (b) DAST, and (c) bottom Ag layers; (d) Effect of
applied voltage across the DAST layer, and reflectance spectra obtained using (e) gold (Au) /
Ag as the top metal, and (f) aluminium (Al) / platinum (Pt) / molybdenum (Mo) / Ag as the
bottom metal.
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is supported by the medium [166]. We can see that by varying the thickness of DAST
layer from 40 nm to 120 nm, the entire visible spectral range can be covered, and hence,
any color filter can be designed as per demand. For example, for the design of a green
color filter at 550 nm wavelength, 80 nm DAST layer thickness is the optimum value,
shown by dotted light green cross line in Fig. 4.12(b).

Thereafter we vary the bottom Ag layer thickness from 10 nm to 100 nm. Similar
to the case for top Ag layer, we observe a slight blueshift and a gradually increasing
dip in the reflectance spectra at the resonance wavelength, with an increase in the bot-
tom Ag layer thickness. The reflectance reaches near-zero value at 60 nm thickness,
shown by dotted light green cross line in Fig. 4.12(c), and then the reflectance gradu-
ally becomes constant. Hence, for designing an absorption-mode color filter, minimum
recommended bottom Ag layer thickness is 60 nm. For completely blocking the trans-
mission, we consider bottom Ag layer thickness as 125 nm.

We then study the effect of the applied voltage across the DAST layer, as shown
in Fig. 4.12(d). DAST, an EO polymer, having tunability near-visible regime and pos-
sessing a large EO coefficient (3.41 nm/V), is desirable to attain maximum tunability
with minimum bias voltage. The refractive index of DAST as a function of the applied
voltage is given by Eq. (4.3) [165]. By varying the applied potential, over a range of
voltage, from —15 V to +15V, in steps of 3 V, we observe a prominent redshift with a
linear trend, as shown in Fig. 4.12(d). We found that by using just 10 V power supply,
all types of color filters (blue/green/red) can be realized. When no power is supplied,
by default the device acts as a green filter, shown by dotted light green cross line in
Fig. 4.12(d).

Finally, we explored different materials to find a suitable choice for the top and the
bottom metallic layers. For the case of top metallic layer, we found that only gold (Au)

can be used as a possible alternative for Ag. However, the reflectance spectra obtained
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using Au is poor compared to Ag, as shown in Fig. 4.12(e). Moreover, Au is much more
expensive and gives a very broad bandwidth, hence, not a suitable choice for low-cost
and high quality-factor absorption-mode color filter design. For the case of bottom
metallic layer, we found many cheaper alternatives to Ag, such as aluminium (Al),
platinum (Pt), and molybdenum (Mo). As can be seen in Fig. 4.12(f), Ag outperforms
all the metals, in terms of high-quality factor obtained, followed by Mo, Pt, and Al.
Nevertheless, such materials can still be used as a cheaper alternative to Ag to reduce
the overall cost of our design, since a relatively thick bottom metallic layer is used for

the design of absorption-mode color filter.

4.2.6 Absorption-mode Color Filters

To achieve perfect absorption at the desired wavelength, either the thickness or
the refractive index of DAST needs to be changed. As seen in the parametric analysis
section, a variation in DAST thickness between 40 and 120 nm can cover the entire
visible range. However, such MDM based color filters once fabricated can filter only a
tixed color (either blue or green, or red), which limit their ability to dynamically tune
the color filtering characteristics over a broad spectral range.

In order to control the light absorption dynamically, the refractive index of DAST
can be changed by providing sufficient power supply. For illustration purposes, shown
in Fig. 4.13(a), we design three distinct absorption-mode color filters (blue, green, and
red), and show that only 10 V power supply should be sufficient to realize any inter-
mittent color filter in the visible regime. A near-perfect absorbance is achieved with a
very narrow bandwidth (12 nm) for each of the absorption-mode color filters. To ob-
tain near-perfect absorption for all three color filters shown, the thickness of each layer
is optimized. The top Ag layer is 45 nm thick, middle DAST layer is 80 nm thick, and
the bottom Ag layer is 125 nm thick.

Further, to ensure that our design is suitable for dynamic daylight situation, we
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Figure 4.13: Ag-DAST-Ag based absorption-mode color filter showing reflection spectra for
(a) realization of blue, green, and red color filters over a voltage range of —10 V to +10 V,
(b) both TM and TE polarization, and (c) contour plot over 0-60 degrees of oblique angle of
incidence at 0 V bias, showing angle-insensitivity considering TE polarization.

study both TM and TE polarization using Ag-DAST-Ag based design with a bias volt-
age of £10 V. Figure 4.13(b) shows that even after applying voltage over —10 V to +10V,
transmission spectra remain unaffected by the change in polarization of the incident
wave, hence, showing polarization insensitivity. To account for the effect of dynami-
cally changing position of the sun, we also study for varying angles of incidence, rang-
ing over 0-60 degrees at 0 V bias, considering TE case. Figure 4.13(c) shows that the
reflection spectra are not affected for varying angles of incidence, hence, making our
color filter design angle insensitive to a great extent. A comparative overview of a few
recently reported absorption-mode color filters in the visible spectral regime is shown
in Table 4.5, showing that our design is much more power-efficient compared to some

of the recently reported works in literature.

4.2.7 Transmission-mode Color Filters as Electrochromic Windows

Similar to the case of absorption-mode color filters, transmission-mode color fil-
ters can also be designed by tweaking the bottom Ag layer thickness enough to allow
the passage of light through the MDM structure. A 2D schematic side view of our
transmission-mode color filter is shown in Fig. 4.14(a). The top and bottom Ag layers,

each 32 nm thick and middle DAST layer, 77 nm thick are considered for this design.
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Table 4.5: A comparative overview of a few recently reported absorption-mode color filters in
the visible spectral regime

References Structural Design Spectral Shift Applied Potential
Mirshafieyan et al. [200] Ag-InSb(n)-TiO2-Ag 20/40 nm 50 V
Guo et al. [201] ITO-DAST-ITO 85 nm 120V
Bibbo et al. [207] Au-LiNbO3-ITO 50 nm 160 V
Park et al. [170] ITO-HfOs—-Au 40 nm 50 V
Yi et al. [208] ITO-SigNs—Au 10 nm 20V
This Work Ag-DAST-Ag 190 nm +10V

In contrast to the case of absorption-mode color filter, for the design of transmission-
mode color filter, the bottom Ag layer thickness is kept optically thin to allow a nar-
rowband transmission through the structure, when the Fabry—Perot resonance condi-
tion is satisfied at the resonance wavelength. The normalized electric (E) field distri-
bution corresponding to the resonant wavelength, shown in Fig. 4.14(b), clearly de-
picts the presence of resonant mode trapped inside the DAST cavity. Similar to the

case of absorption-mode color filter, we demonstrate three distinct transmission-mode

Figure 4.14: (a) A symmetric Ag-DAST-Ag based transmission-mode color filter showing (a)
2D schematic side view with bias voltage supply, (b) normalized electric field (E) distribution,
showing the existence of resonant mode trapped inside the DAST layer corresponding to the
resonance wavelength (Ao = 550 nm), and (c) realization of blue, green, and red color filters over
a voltage range of —10 V to +10 V.
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color filters (blue, green, and red), and show that only +10 V power supply should
be sufficient to realize any intermittent transmission-mode color filter in the visible
regime. As shown in Fig. 4.14(c), a transmission peak of over 60% is achieved with
moderate bandwidth (approx. 32 nm) for each of the transmission-mode color filters.
The transmission peak can be further enhanced by sacrificing the quality factor of the

transmission spectra.

4.2.8 Prospective Fabrication Method and Characterization Technique

A typical fabrication flow for the realization of our theoretically proposed design is
rather straightforward. MDM based devices, composed of multilayer thin films of Ag—
DAST-Ag can be fabricated by successive electron beam (e-beam) evaporation tech-
nique [169-171]. For the realization of an absorption-mode color filter, first, a 125 nm
thick Ag layer needs to be coated on a smooth silicon (Si) wafer [170]. Thereafter, 80
nm thick DAST layer needs to be deposited on top of Ag-Si layer. Finally, 45 nm thick
Ag layer can be deposited on top of DAST-Ag-Si layer. For the case of a transmission-
mode color filter, top and bottom Ag layers, each 32 nm thick, need to be coated on top
and bottom surfaces of a two-sided polished DAST layer of 77 nm thickness [169,171].
For optical characterization, Fourier Transform infrared (FI-IR) microscope or a micro-
scope integrated with a spectrometer and an electron multiplication charge-coupled

device (CCD) camera of prescribed specifications given in [169,170] may be used.

4.2.9 Summary

We presented a theoretical design of electrotunable absorption- and transmission-
mode nanophotonic windows as specific color filter based on metal-dielectric-metal
(MDM) structure with significantly reduced voltage requirements. We illustrated the
design of three color filters (blue, green, and red) to show that only +10 V power sup-

ply should be sufficient to realize any intermittent color filter in the visible regime.
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Our theoretical results obtained using transfer matrix method and transmission line
method agree well with those of finite-element-method based full-wave simulations,
which validates our results. For practical realization, our design is power-efficient,
large-area compatible, lithography-free, angle-insensitive, polarization-independent,

and has extremely narrow-bandwidth.
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In chapters 3 and 4, we mainly focused on the designs of passive and electrotun-
able windows, respectively, based on metal-insulator-metal multilayer thin-films. We
showed that the optimal performances of those windows were obtained using metallic
layers which were 5 nm in thickness. Today, with the existing nanofabrication tech-
nology, it is still very challenging to deposit uniform 5 nm thin top and bottom metal-
lic layers in a metal-insulator-metal structure. However, with rapid advancement in
nanofabrication technology we believe that soon it may be possible in the near future.
So, keeping in mind the current state-of-the-art nanofabrication technology, we ex-
plored alternative designs of passive and electrotunable windows based on insulator—
metal-insulator (IMI) multilayer thin-films, which would allow the use of a thicker
metal film that would be easier to fabricate.

This chapter presents the designs of static and electrotunable ‘smart” windows, fol-
lowed by a comparative study between those. A unique approach is adopted to design
insulator-metal-insulator thin-films, deposited over a silica glass substrate to filter vis-
ible and infrared solar radiation selectively. For static windows, we optimize our de-
sign to operate in diverse climatic conditions by choosing different combinations and
thicknesses of metal and insulator layers. Whereas for electrotunable windows, we
use an electro—optic polymer as the insulator layers to dynamically control portions of

transmitted solar radiation over a voltage range of —12 V to +12 V.

5.0.1 Background

In literature, many visible or infrared filters based on metal-insulator-metal (MIM)
thin-films have been reported [197-199]. However, there is a lack of work on insulator—
metal-insulator (IMI) thin-films based filters. Moreover, such thin-films have not been
explored in the context of smart windows that simultaneously require filtering of visi-
ble and infrared radiations. Here, it is important to highlight that the MIM structures

significantly block the transmission of electromagnetic radiation through it due to the
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use of two metallic layers at the top and bottom. Since smart window applications
demand transmission-mode filters with high visible transmittance, the metallic layer
thickness should be minimal in MIM structures to achieve desired visible light trans-
mission. Unfortunately, such ultra-thin layers of metals are very challenging to realize
even with the existing state-of-the-art nanofabrication facilities. In this context, IMI
thin-films could be a more practical choice due to the use of a single metallic layer
(that could be comparatively thicker than those used in MIM structures), sandwiched
between two insulator layers.

Here we present a comparative study on insulator-metal-insulator (IMI) thin-films
based static and electrotunable windows. We use noble metals [gold (Au), silver (Ag),
and copper (Cu)] as well as their relatively inexpensive alternatives [lithium (Li), ti-
tanium nitride (TiN), and aluminium oxynitride (ALON)] as a choice for the metallic
layer. For static windows, we make use of different dielectrics [such as, silica (SiO,),
titanium oxide (Ti0O,), and silicon (Si)] as a choice for both the top and bottom insula-
tor layers. For electrotunable windows, we use an electro—optic polymer: 4-dimethyl-
amino-N-methyl-4-stilbazoliumtosylate (DAST), as the insulator layers, which would
allow to dynamically control the portions of transmitted solar radiation over a voltage

range of —12 V to +12 V [132].

5.0.2 Design and Working Principles

A three-dimensional (3D) schematic of our smart window coated with IMI thin-film
is depicted in Fig. 5.1(a). This nanocoated thin-film consists of a metallic layer sand-
wiched between two insulator layers. Smart windows based on this IMI thin-film can
control portions of solar radiation transmitted and reflect the non-solar radiation com-
ing from the heated objects nearby. Figure 5.1(b) depicts an artistic view of our smart
window, which can ideally work in four possible configurations, discussed in detail in

section 3.3 of chapter 3. Configuration I refers to ‘Bright-Cool” (BC) mode, which es-
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Figure 5.1: A three-dimensional (3D) visual demonstration of our smart window coated with
insulator-metal-insulator thin-film depicting (a) a hot climatic condition, where these windows
allow transmission of the visible (VIS) radiation, block infrared (IR), and reflect the non-solar
radiation (NSR) coming from the blackbody radiation of the nearby objects. (b) Graphical
representation depicting four possible modes of operation by transmitting or blocking visible /IR
radiation.

sentially allows visible but blocks IR transmission—useful in warm climate conditions
with high illumination. Configuration II refers to ‘Bright-Warm” (BW) mode, which
essentially allows both visible and IR transmission—useful in cool climate conditions
with high illumination. Configuration III refers to ‘Dark-Warm” (DW) mode, which
essentially blocks visible but allows IR transmission—useful in cool climate conditions
with low illumination. Lastly, configuration IV refers to ‘Dark—Cool” (DC) mode, which
essentially blocks both visible and IR transmission—useful in warm climate conditions
with low illumination. Note that DC mode is suitable for application in cold storage

facilities, skylight panels, and radiative cooling [217,218], which we have addressed in

chapters 6 and 7 of this thesis.
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5.0.3 Simulation Methods

A 2D schematic view of IMI thin-films is depicted in Fig. 5.2(a). Figures 5.2(b) and
5.2(c) show numerically obtained absorption, reflection, and transmission spectra over
solar and non-solar radiation. This figure illustrates that these IMI thin-films can se-
lectively filter the solar radiation and completely reflect the non-solar radiation. Here,
we consider identical top and bottom insulators layers made of TiO,, each 53 nm thick
and having a fixed refractive index (np = 2.2). The metallic layer is composed of 17 nm
thick silver.

We use wave optics module of a commercial finite element method solver, COM-
SOL Multiphysics®, to simulate over solar and non-solar spectral ranges. To capture
all the structural details effectively, we prefer extra-fine mesh elements with the max-
imum and minimum mesh element sizes of 22.2 nm and ~ 0.1 nm, respectively. We
consider the period to be 200 nm and apply Floquet boundary conditions along x and
y directions to emulate a large-area thin-film. Note that the optical constants for metal
and metal oxides such as Au [161], Ag [161], Cu [161], Li [219], TiN [220], ALON [164]

are taken from the literature.

Figure 5.2: Insulator-metal-insulator thin-film in (a) a 2D schematic side view that can se-
lectively transmit solar radiation (VIS+IR) and reflect non-solar radiation (NSR). Here, the
incident light is a plane wave of TM polarization (electric field parallel to xz plane) travelling
along z-direction. Numerically calculated absorption (A), reflection (R), and transmission (7')
spectra over (b) solar radiation (400-1800 nm) and (b) non-solar radiation ( 3-30 pm). Note
that in (b) and (c), the top and bottom insulators layers are made of TiO2, each 65 nm thick
and having fixed refractive index (np = 2.2). The metallic layer is made of 17 nm thick silver.

139

TH-2810_176302003



5. Static and Electrotunable Windows Based on Insulator—Metal-Insulator
Multilayer Thin-films

5.0.4 Theoretical validation

A comparison between simulation (FEM) and theory (TMM and TLM) is shown in
Fig. 5.3. We observe a near-perfect match between FEM and TMM transmission spectra
over the entire solar radiation spectral regime. The phase response obtained using
TLM helps us to find the wavelength of maximum transmission (Ayax = 750 nm). For
instance, when the accumulated round trip phase goes to zero, TMM and FEM predict
the maximum transmission, which further consolidates our findings. Note that for
above studies, we consider 17 nm thick Ag as the metallic layer. The top and bottom
insulator layers have fixed thickness and refractive index (tp = 65 nm, np = 2.2). In
the subsequent sections, FEM and TMM are used to compare between simulation and

theoretical results.

Figure 5.3: Analytical modelling of insulator-metal-insulator thin-film using (a) transfer ma-
trix method (TMM) and (b) transmission line method (TLM). (c¢) Spectral and phase response
comparison among finite element method (FEM; solid cyan line), TMM (dashed blue line), and
TLM (solid red line) methods. Here, we consider 17 nm thick Ag as the metallic layer, and
the top and bottom insulator layers have fixed thickness and refractive index (¢tp = 65 nm,
np = 2.2).In (a) ¢, Y, and n represent the thickness, admittance, and refractive index of each
layer, respectively. In (b) Z and k denote impedance and propagation wavevector at each layer;
¢ denotes phase shift upon reflection at each metal-insulator interface.

5.0.5 Parametric Analysis

To optimize our design, we study the effect of change in each layer’s material thick-

ness and refractive index in IMI thin-film. First, we vary the thickness of the metallic
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layer between 5 and 50 nm. Here, for reference, we take Ag as the metallic layer keep-
ing top and bottom insulator layers thicknesses and refractive indices fixed (¢, t3 = 42
nm, ny, ng = 2.2). The color contour plot in Fig. 5.4(a) shows that with an increase
in metal thickness, the amplitude of the transmission spectra decreases, becomes nar-
rower, and finally, transmission becomes negligible after 50 nm thickness. This is be-
cause at optical frequencies, metals are highly reflective and do not allow the penetra-
tion of electromagnetic waves through it beyond a particular thickness [18]. Therefore,
for application such as colour filters or sensors which require high quality factor, a rel-
atively thick metal is desirable [132,221]. Whereas for smart windows, which require
high transmission over a broad spectral regime, relatively thin metal is desired. In gen-
eral, a metal thickness between 15 and 30 nm could be suitable depending upon the
choice of metal used.

Next, we vary the thickness of the identical top and bottom insulator layers be-
tween 10 and 60 nm, keeping their refractive index as 2.2 and metallic layer thickness
as 20 nm. Figure 5.4(b) shows a shift in the peak transmission towards IR regime with

an increase in dielectric layer thickness shown by the dotted white line. Lastly, we vary

Figure 5.4: Numerically calculated parametric analysis for insulator-metal-insulator thin-film
showing transmission over solar radiation spectra using colour contour plot for varying (a) thick-
ness of metallic layer (t2), (b) thickness of dielectric layer (¢; and t3), and (c) refractive index
of dielectric layer (ny and ns). Here, the white dotted lines show the trends for the maximum
transmission with change in thickness and refractive index of different layers. Note that in each
case silver is chosen as the metallic layer.
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the dielectric refractive index between 1 and 5, choosing insulator and metallic layer
thicknesses as 42 nm and 20 nm, respectively. Figure 5.4(c) clearly shows that with
an increase in insulator refractive index, the peak transmission broadens and shifts to-
wards the IR regime. The reason can be attributed to an increase in the path length as
the medium becomes denser. Now, if we want to optimize our design for BC, BW, and
DW modes, the key idea is to have peak transmission in the visible, interface of visible—
IR, and IR regimes, respectively. To achieve this objective, either the thickness or the
refractive index of the dielectric need to be altered. We found that for BC, BW, and DW
modes, silicon dioxide (SiO), titanium dioxide (TiO,), and silicon (5Si), respectively,

could be a suitable choice as the top and bottom insulator layers.

5.1 Insulator—Metal-Insulator Thin-films Based Static Windows

A comprehensive idea about all the design parameters, discussed under paramet-
ric analysis section, allows us to design customized passive windows based on site
requirement. In Figs. 5.5(a)-5.5(f), we demonstrate six different designs of thin-film
based passive windows, by choosing different combinations of metal and insulator
layers. Figure 5.5(a) shows design of thin-film based passive windows using SiO,-Ag-
Si0, for BC mode (useful in summer season with high illumination), TiO;—Ag-TiO,
for BW mode (useful in winter season with high illumination), and Si-Ag-Si for DW
mode (useful in summer season with low illumination). The basic idea is to keep peak
transmission in the middle of the visible regime for BC mode, at the transition inter-
face of visible-IR regime for BW mode, and in the middle of IR regime for BW mode.
A similar approach has been adopted using alternative materials such as Cu, Li, and
TiN, for providing a low-cost passive window.

Comparing the transmission spectra in Figs. 5.5(a) and 5.5(e), it is evident that Ag

based thin-films windows outperform Au based thin-film windows. For Ag based
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5.1 Insulator—Metal-Insulator Thin-films Based Static Windows

Figure 5.5: Design of insulator—metal-insulator thin-film based passive window glasses using
metal as silver (Ag), lithium (Li), titanium nitride (TiN), aluminium oxynitride (ALON), gold
(Au), and copper (Cu). In (a), (b), (c), (), and (f), passive windows could operate in BC mode—
choosing dielectric as silicon dioxide (SiO2); useful in summer season with high illumination,
BW mode—choosing dielectric as titanium dioxide (TiOg); useful in winter season with high
illumination, and DW mode—choosing dielectric as silicon (Si); useful in winter season with
low illumination. Whereas in (d), these passive windows with metal as ALON could operate in
BC mode—choosing dielectric as Si, BW mode—choosing dielectric as SiO9, and intermediate
mode—choosing dielectric as TiOg9; useful in spring/autumn with high illumination. Thicknesses
of metal (ty) and insulator (¢p) layers in nm: (a) tp = 15, tp = 53, (b) tym = 24, tp = 49, (¢)
tM — 18, tD — 54,((1) tM - 5, tD — 35, (e) tM - 18, tD — 53, (f) tM — 18, tD = 53.
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Table 5.1: Specifications for insulator—-metal-insulator thin-films based static windows.

Metal Insulator IMI Structure (thickness in nm) Mode Apax (nm) Tax (%) Omax (degree)

Si0, Si0, (53)-Au (18)-SiO, (53)  BC 570 75.0 80

Au TiO,  TiOy (53)-Au (18)-TiO, (53)  BW 690 96.6 82
Si Si (53)-Au (18)-Si (53) DW 920 97.2 83

Si0, Si0, (53)-Ag (15)-SiO, (53)  BC 400 92.0 81

Ag TiO,  TiO, (53)-Ag (15)-TiO, (53) BW 700 99.1 82
Si Si (53)-Ag (15)-Si (53) DW 900 99.7 83

Si0, Si0, (53)-Cu (18)-SiO5 (53)  BC 610 68.6 80

Cu TiO;  TiOy (53)-Cu (18)-TiOy (53)  BW 690 94.2 82
Si Si (53)-Cu (18)-Si (53) DW 920 95.1 84

Si0, Si0, (49)-Li (24)-Si0y (49)  BC 440 74.5 81

Li TiO, TiO, (49) Li (24) TiO, (49)  BW 680 93.4 82
Si Si (49)-Li (24)-Si (49) DW 900 96.0 84

Si0,  SiO, (54)-TiN (18)-SiO, (54)  BC 440 65.0 82

TiN' Ti0,  TiO, (54)-TiN (18)-TiO, (54) BW 650 77.5 84
Si Si (54)-TiN (18)-Si (54) DW 910 81.4 84

Si0,  SiO, (35)-ALON (5)-SiO, (35) BW 1800 98.1 85

ALON  T1i0,  TiO, (35)-ALON (5)-TiOs (35) IMD 400 98.5 84
Si Si (35)-ALON (5)-Si (35) BC 540 99.9 83

Note that all above parameter values are evaluated over solar spectral range i.e. 400-1800 nm
wavelengths. Here, A\, .x: wavelength of the peak transmission, Tiax: peak transmission, O ,x: the
maximum angle of incidence for unpolarized light—having average transmittance > 90% over
400-1800 nm wavelengths, BC: Bright—Cool, BW: Bright—Warm, DW: Dark—Warm, and IMD:

intermediate.
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thin-films, a peak transmission up to 92.0%, 99.1%, and 99.7% is achieved in BC, BW,
and DW modes, respectively. Apart from silver, Cu, Li, and TiN performed reasonably
well and can be considered a reasonable, cost-effective alternative for a large-scale win-
dow design. Unlike the five metals, ALON based thin-film windows [shown in Fig.
5.5(d)] could work in BW mode using SiO;—ALON-SiO,, intermediate mode using
TiO;—ALON-TiO; (useful in spring/autumn season with high illumination), and BC
mode using Si—ALON-Si. Therefore, precise control over IR transmission gives a cus-
tomizable solution to design a climate-specific window. Note that ALON is abundant,
low-cost, toughest, and lightweight poly-crystalline transparent glass [167] suitable for
bulletproof, portable, and blast-resistant windows that can be used for fighter aircraft,
military vehicles, and submarines [168]. A detailed specification of our thin-film based

passive windows is provided in Table 5.1.

5.2 Insulator—-Metal-Insulator Thin-films Based Electrotunable Win-
dows

While thin-film based static window glasses could provide low-cost windows cus-
tomizable for different climate conditions, static windows cannot be tuned once fabri-
cated. Therefore, we looked for an electro—optic material that can be used as top and
bottom insulator layers and can match the refractive indices of SiO,, TiO,, and Si by
tuning voltage supply. In literature, various electro-optic materials have been reported,
but most of them have a small value of electro-optic coefficient [141]. A low value of
electro-optic coefficient will result in significantly less tunability of peak transmission,
and consequently, very high voltage will be required to cover the entire solar radia-
tion spectral regime. DAST, an EO polymer having tunability near-visible regime and
possessing a very large EO coefficient (3.41 nm/V) was reported by Geis et al. [182].

Figure 5.6(a) shows a 2D schematic view of IMI thin-film with an applied bias volt-

age (V). It consists of 65 nm thick top and bottom DAST layers, used as the electro—optic
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Figure 5.6: (a) 2D schematic side view of insulator-metal-insulator thin-film with bias voltage
supply. (b) Colour contour transmission spectra for varying bias voltage between —20 V and
+20 V. Here, 17 nm thick Ag is used as the metallic layer and 65 nm thick DAST polymer is
used as the top and bottom dielectric layers.

polymer, and a 17 nm thick middle metallic layer made of gold. During the experiment,
metal contacts can be placed on the outer surfaces of the top and bottom electro-optic
(EO) polymer layers, as also demonstrated in the literature for other EO polymers such
as lithium niobate (LiNbO3) [222-224]. Figure 5.6(b) shows the effect of change in bias
voltage between —20 V and +20 V. We see that the peak transmission shifts towards
IR, and also the transmission spectrum gets broader. We choose the thickness of metal
and insulator layers such that at no bias condition (0 V), the peak transmission lies pre-
cisely at the transition interface of the visible and IR regime. When we apply positive
bias (e.g. +12 V), the peak transmission shifts towards IR. Whereas, with negative bias
(e.g. —12V), the peak transmission shifts towards visible. For a low-power design, we
estimate that —12 V, 0 V, and +12 V, could be suitable for windows operating in BC,
BW, and DW modes, respectively.

Based on the above understanding, in Figs. 5.7(a)-5.7(f), we show six different de-
signs of thin-film based electrotunable windows using different choices of metals. In
each case, DAST is used as the top and bottom insulator layers. For the case of Au, Ag,
Cu, Li, and TiN, when we apply —12V, 0V, and +12 V power supply, these windows

can work in BC, BW, and DW modes, respectively. Ag gives the best results like the
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Figure 5.7: Design of insulator-metal-insulator thin-film based electrotunable window glasses in
using metal as silver (Ag), lithium (Li), titanium nitride (TiN), aluminium oxynitride (ALON),
gold (Au), and copper (Cu). Here, an electro—optic polymer: 4-dimethyl-amino-N-methyl-4-
stilbazoliumtosylate (DAST) is used as the top and bottom insulator layers. In (a), (b), (c), (e),
and (f), these tunable windows could operate in BC, BW, and DW modes by choosing —12 V|
0V, and +12 V power supply, respectively. Whereas in (d), ALON based tunable windows could
operate in BC, intermediate, and BW modes by choosing +12 V, 0 V, and —12 V power supply,
respectively. Thicknesses of metal (ty1) and insulator (¢p) layers in nm: (a) ¢y = 17, tp = 65,
(b) tm = 26, tp = 62, (¢) tm = 20, tp = 70, (d) tpm = 5, tp = 40, (e) tm = 20, tp = 65, (f) tum
= 20, tp = 65.
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Table 5.2: Specifications for insulator—-metal-insulator thin-film based electrotunable windows.

Metal IMI Structure (thickness in nm) Mode Potential (Volts) Amax (nm) Thax (%) Omax (degree)

BC —12 580 76.2 83

Au DAST (65)-Au (20)-DAST (65) BW 0 750 91.0 {3
DW +12 950 94.1 84

BC —12 490 80.0 83

Ag DAST (65)-Ag (17)-DAST (65) BW 0 760 94.5 33
DW +12 980 99.5 84

BC —12 610 70.9 83

Cu DAST (65)*011 (20)*DAST (65) BW 0 720 86.6 83
DW +12 950 90.7 84

BC —12 520 70.7 83

Li DAST (62)-Li (26)-DAST (62) BW 0 760 88.0 84
DW +12 940 93.4 84

BC —12 470 65.0 81

TiN DAST (70)*TiN (20)7DAST (70) BW 0 720 66.2 83
DW +12 940 72.3 84

BW —12 1800 99.9 84

ALON DAST (40)*ALON (5)7DAST (40) IMD 0 400 97.8 {4
BC +12 550 99.9 83

Note that all above parameter values are evaluated over solar spectral range i.e. 400-1800 nm
wavelengths. Here, A\, .x: wavelength of the peak transmission, Tiax: peak transmission, O ,x: the
maximum angle of incidence for unpolarized light—having average transmittance > 90% over
400-1800 nm wavelengths, BC: Bright—Cool, BW: Bright—Warm, DW: Dark—Warm, and IMD:

intermediate.
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case of a static window, followed by Au, Li, Cu, and TiN. For Ag based thin-films,
a peak transmission up to 80.0%, 94.5%, and 99.5% is achieved in BC, BW, and DW
modes, respectively. Unlike these five metals, when we apply —12V, 0V, and +12V,
ALON based designs work in BW, intermediate, and BC modes. Although for proof of
the concept, we have demonstrated three instants i.e. =12V, 0V, and +12V, these elec-
trotunable glasses give an extra degree of freedom to tune the spectral response using
any voltage between —12 V and +12 V. Therefore, we believe that these smart win-
dows could be a suitable all-weather solution. The dimension of each layer concerning

electrotunable window is provided in Table 5.2.

5.2.1 Effect of Different Polarizations and Incident Angles

In a practical scenario, these static and electrotunable windows may face sunlight
at a diverse angle of incident depending upon day time. Therefore, to have practical
utility, the design should be polarization and angle insensitive to some extent. The
structure we considered is azimuthally symmetric, and hence, it is polarization inde-
pendent. When light of arbitrary polarization is incident from the top, it encounters
a planar multilayer structure that is symmetrical along both x and y orthogonal direc-
tions [225]. Figure 5.8(a) shows spectral response obtained for silver thin-film based
static windows, considering both TM and TE polarizations. A perfect match between
both the polarizations proves that our design is polarization insensitive.

Physically, light impinging on a multilayer system at an oblique angle of incidence
has two orthogonal electric field vector components: parallel and perpendicular to
the top surface of the multilayer stack, for any arbitrary polarization. For the angle
study shown in Figs. 5.8(b) and 5.8(c), we consider TiO,-Ag-TiO, thin-film based
static windows. We see that these static windows are angle insensitive up to 80 de-
grees of angle of incidence. However, the overall transmission through our multilayer

design drops significantly at a grazing angle of incidence (80 degrees and beyond).
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Figure 5.8: (a) Numerically calculated transmission spectra for insulator-metal-insulator thin-
film based passive windows: (a) depicts transmission spectra for both TM and TE polarization
at normal angle of incidence, (b) and (¢) show transmission colour contour plot for TM and TE
polarization, respectively, for varying angle of incidence between 0 and 85 degrees. Here, the
metal and insulator layers are considered to be 15 nm and 53 nm thick, respectively.

This is because the perpendicular component of the electric field tends to penetrate the
multilayer structure, leading to scattering of incident radiation at those angles, hence
reducing the overall transmission through a multilayer system. Nevertheless, such a
good angle insensitivity suggests that our design could be robust against color shift
even at a grazing angle of incident solar radiation.

For electrotunable windows, we show spectral response obtained for gold based
thin-films. Figure 5.9(a) shows transmission spectra for both TM and TE polarizations.
We see a perfect match between both polarizations at —12 V, 0 V, and 12 V power
supply. This indicates that change in polarization does not affect tunability, making
our thin-film-based electrotunable windows polarization independent. For studying
angle insensitivity, we vary the angle of incidence between 0 and 85 degrees at 0 V
power supply. In Figs. 5.9(b) and 5.9(c), we see that the transmission peak remains
above 90% even at 80 degrees of angle of incidence, hence, making our electrotunable
window angle insensitive to a great extent. For the rest of the static and electrotunable

window designs, the angle studies are listed in Tables 5.1 and 5.2, respectively.
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Figure 5.9: (a) Numerically calculated transmission spectra for insulator—metal-insulator thin-
film based electrotunable windows (DAST-Au-DAST): (d) depicts transmission spectra for both
TM and TE polarization at normal angle of incidence, (b) and (¢) show transmission colour
contour plot for TM and TE polarization, respectively, for varying angle of incidence between
0 and 85 degrees. Here, the metal and insulator layers are considered 20 nm and 65 nm thick,
respectively.

5.3 Static versus Electrotunable Windows

We now compare the performance of our static and electrotunable windows with
commercial windows used in the industry [7,8,154]. The three most widely used figure
of merit (FOM) in the industry are visible transmittance (VT), infrared transmittance
(IRT), and solar heat gain coefficient (SHGC), introduced in section 3.3 of chapter 3. In
practice, an ideal window for hot climate conditions should have high VT and low IRT
values. Whereas, for cold climate conditions, both values should be high. The ideal
VT, IRT, and SHGC values are given in Table 4.3 of chapter 4. Apart from VT, IRT,
and SHGC, contrast ratio (CR) is also an important optical parameter that gives the
spectral transmission modulation [4]. We express CR using VT and IRT as: CRyr =
VTgc/VTpw and CRigr = IRTsc/IRThw, respectively.

Figures 5.10(a) and 5.10(d) show FOM comparison among our different designs of
static and electrotunable windows, respectively, based on the choices of metal and a
couple of commercial windows. We notice that the FOM obtained using our relatively
inexpensive metals (Ag, Li, TiN, Cu, and ALON) fair well against two double-pane

argon low-emissivity coating commercial windows (CW I, and CW 1I) [7,8,154]. In
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Figure 5.10: Theoretically calculated figure of merit for passive window glasses in (a)—(c)
and electrotunable window glasses in (d)—(f), showing VT, IRT, and SHGC values. In (a) BC
mode, comparing our insulator-metal-insulator thin-film based glasses with two commercial
glasses (CW I and CW II) having double-pane argon low-emissivity coating [7,8,154], (b) BC
mode, comparing our silver based insulator-metal-insulator thin-film glasses with silver nanoshell
based IR blocking plasmonic glasses [37], (c) BW mode, comparing our insulator-metal-insulator
thin-film based glasses with commercial glasses (CW III: double-glazed with high-solar-gain low-
emissivity coating, and CW IV: double-pane clear glass) [7,8], and (d) new DW mode, comparison
among our five insulator-metal-insulator thin-film based glasses. In (a), (b), and (c¢), SiOg, TiO9,
and Si, are used as the top and bottom dielectric layers, respectively. In (d), (e), and (f), DAST
polymer is used as top and bottom dielectric layers.

fact, our design based on Ag as a choice of metal could outperform commercial win-
dows. Figures 5.10(b) and 5.10(e) show a comparison of FOMs for static and electro-
tunable windows and two commercial double-glazed, high-solar-gain low-emissivity

glass and double pane clear glass windows (CW III and CW 1V) [7, 8] in BW mode.

In this case, ALON based static and electrotunable windows could outperform com-
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Table 5.3: Contrast ratio (CR) for VT and IRT values between BC and DW modes, for gold,
silver, and copper based electrotunable windows, A € [400 nm, 1800 nm]|

This Work Ref. Work [141]
FOM

DAST-Au-DAST DAST-Ag-DAST DAST-Cu-DAST Au-DAST-Au Ag-DAST-Ag Cu-DAST-Cu

VTgc 0.64 0.70 0.54 0.63 0.77 0.55
VTpw 0.21 0.22 0.19 0.32 0.35 0.32
CRvyT 3.03 3.18 2.81 1.97 2.20 1.71
IRTBG 0.22 0.22 0.20 0.29 0.25 0.30
IRTbw 0.72 0.80 0.69 0.57 0.62 0.52
CRirT 3.20 3.58 3.38 1.97 2.50 1.75

Note: CRyT = VIgc/VTbw; CRirr = IRTEc/IRTpw; VT: Visible Transmittance; IRT: IR Transmittance; BC: Bright
and Cool; DW: Dark and Warm; FOM: Figure of Merit.

mercial windows. Figures 5.10(c) and 5.10(f) show a comparison of FOMs among our
static and electrotunable windows in DW mode. Here, Ag gives the best performance
followed by Li, Au, Cu, and TiN. Hence, the FOM obtained for both static and elec-
trotunable windows indicate that these thin-film smart windows based on relatively
inexpensive materials (Ag, Li, TiN, Cu, and ALON) could be a suitable low-cost alter-
native to existing expensive commercial windows.

For electrotunable windows, we examine the contrast ratio (CR) for VT and IRT
values between BC and DW modes. Table 5.3 shows a comparison of FOM for our
IMI electrotunable glasses with MIM electrotunable glasses recently reported in the
literature [141]. The calculated CR values for this work are nearly 1.5 to 2 times better
than the previous works. Practically it signifies that our IMI based thin-film windows

could operate efficiently under diverse weather conditions.
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5.3.1 Effect of Size-dependent Metallic Losses

Until now, the spectral response for our IMI thin-films was calculated by consid-
ering bulk lossy metal. However, when the thickness of the metallic-layer is less than
the mean free path of electrons, size-dependent metallic losses need to be taken into ac-
count, in order to accurately predict the spectral response [226]. The permittivity of the
middle metallic layer can be expressed using the following Drude-Lorentz dispersion

relation [226-228]:

2 A 2
e(w) g wp €Wy,

S Wt iw(y+up/d)  w? —w? 4wl

(5.1)

where high-frequency permittivity, e, = 3.7180; plasma frequency, wp =2.1059 x 105
rad/s; plasma frequency associated with intraband transition, wy, = 1.0359 x 10'° rad/s;
oscillator strength, Ae = 0.4242; optical frequency of incident radiation, w = 2mc/);
bulk collision frequency, v = 1.05 x 10 rad/s; damping coefficient associated with
Lorentz model, T';, = 8.2937 x 10'® rad/s; Fermi velocity, v = 1.4 x 10° m/s; size-
dependent parameter, §, represents effective mean free path of electron.

Figure 5.11 depicts the numerically calculated spectral response and respective FOM
calculated with and without size-dependent metallic losses consideration for both static
and electrotunable windows. Figures 5.11(a) and 5.11(b) show the transmission spec-
tra for passive and electrotunable windows, respectively, in BC, BW, and DW modes,
with and without size-dependent metallic losses using Ag based IMI thin-film. As ex-
pected, the inclusion of size-dependent metallic losses leads to a slight broadening in
the transmission spectra [229]. The corresponding FOM are depicted in Figs. 5.11(c)
and 5.11(d), respectively. It is evident from the calculated FOM that there is only a
marginal variation in VT, IRT, and SHGC values. In fact, the VT values improved be-
cause of an increase in transmission in the visible regime. Therefore, through this size-
dependence analysis, we conclude that the performance of smart windows is unlikely

to degrade during experimental realization.

154

TH-2810_176302003



5.3 Static versus Electrotunable Windows

Figure 5.11: Numerically studied effect of size-dependent metallic losses on spectral response
and their corresonding FOM for silver-based insulator—-metal-insulator thin-film passive windows
in (a), (c) and electrotunable windows in (b), (d). In (a) and (c), SiO2, TiO3, and Si are used
as the top and bottom dielectric layers in BC, BW, and DW modes, respectively. In (b) and
(d), DAST polymer is used as top and bottom dielectric layers. Thicknesses of metal (¢y) and
insulator (tp) layers in nm: (a) ¢ty = 15, tp = 53, (b) ty = 17, tp = 65.

5.3.2 Substrate Effect on Transmission Spectra

In practice, our IMI thin-films need to be integrated with a single-pane clear glass
or an insulated glass unit (IGU)—used in buildings for designing thin and lightweight
windows with desired visible and infrared transmission/blocking capability. There-
fore, it is imperative to study the effect of an optically transparent glass substrate. A
2D schematic diagram of our IMI thin-film coated on the inside of a transparent glass
made of silica (SiO,) is shown in Fig. 5.12(a). For this study, we consider 17 nm thick
Ag metallic layer, 65 nm thick top SiO; layer, and 5 mm thick bottom SiO, layer. Figure

5.12(b) shows transmission spectra for SiO,—Ag-SiO, based window glass over solar
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Figure 5.12: (a) 2D schematic side view of insulator-metal-insulator thin-film coated on the
inside of silica glass substrate, (b) transmission spectra for SiO2—Ag—SiO2 based window glass in
BC mode, and (¢) figure of merit in BC mode showing UVT, VT, IRT, and SHGC values, compar-
ing our insulator-metal-insulator thin-film based glasses (with and without silica glass substrate)
with a commercial glass (double pane argon with low-E coating) |7]. Here, ¢; = t3 = 65 nm,
to = 17 nm, and tg = 5 mm.

spectral regime. We observe that the transmission spectra profile remained similar to
without substrate case. In fact, coating over glass substrate blocks the harmful UV ra-
diation completely. We also found that the optical response remained unaltered even
when the IMI thin-film was coated outside the silica glass substrate. However, coating
thin-film towards the inside will protect these films from external heat and moisture
from rains, thereby increasing the lifetime of these smart glasses. In Fig. 5.12(c), we
compute the FOM in BC mode for IMI thin-films with and without glass substrate
and show comparison with a commercial double-pane argon low-emissivity coating
glasses [7,8,154]. It is evident that these IMI thin-films coated on glass substrate still
preserve an excellent FOM. Here, we introduce UV transmittance (UVT), which de-
notes the portion of UV radiation transmitted through a glass window over a 200-
400 nm wavelength range. We found the UVT values to be 0.10 and 0.09, with and
without a glass pane, respectively. Such low UVT values indicate that these window
glasses can block ~90% of the incident UV radiation. Therefore, we believe that such

a glass category could provide a better and cost-effective alternative than the existing

commercial double-pane or triple-pane low-emissivity glass windows.
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5.3.3 Thin-film Coating for Blocking UV Radiations

We optimise our thin-film glasses for applications that exclusively require thin-film
glasses with good UV blocking abilities by adding additional UV blocking coating lay-
ers. Figure 5.13(a) shows a new 2D schematic design of our IMI thin-films. Here,
the top and bottom insulator layers consist of three dielectrics—5 nm thick SiO, layer,
15 nm thick TiO, layer, and 5 nm thick Si layer. The idea here is to choose the refractive
indices of top and bottom insulator layers to act as an anti-reflective coating that will
enhance transmission in the visible and block harmful UV radiations completely. Fig-
ure 5.13(b) shows the corresponding transmission spectra for BC mode over the solar
spectral regime. We see an excellent UV and IR blocking with a very high visible trans-
mission. We believe that this design can be customized for any mode with different
choices of metal and dielectrics proposed in this work. Recently Besteiro et al. re-
ported various designs of IR blocking plasmonic glasses out of which silver nanoshell
based glasses produced the best result [37]. We took the mean value of their manually

and computationally obtained data. For a fair comparison, we optimised our design

Figure 5.13: (a) 2D schematic side view of insulator-metal-insulator thin-film coated with
UV blocking thin-film layers, (b) transmission spectra in BC mode using SiO2—TiO2—Si-Ag—
Si02-Ti0O2-Si multilayered design, and (c) figure of merit comparison in BC mode between
our Ag-based insulator-metal-insulator thin-film with Ag nanoshell based plasmonic glasses [37]
over 200-1700 nm wavelength regime. Dimensions (nm): tsio, = 5, tyio, — 15, tsi = 5, and
tag = 28 nm.
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over 200-1700 nm wavelength regime by considering metal thickness as 28 nm. In
Fig. 5.13(c) we compare the FOM of our silver based IMI thin-films glasses with Ag
nanoshell based glass. It is evident that our Ag based glasses outperform their Ag

nanoshell based glasses in terms of VT, IRT, SHGC values obtained.

5.3.4 Prospective Fabrication Technique

With the continuous advancement in nanoscale fabrication technology, we believe
that the experimental realization of our proposed thin-film based smart windows is
indeed feasible. For fabricating SiO,—Ag-SiO, based static window design, first, we
need to take a one-side polished glass substrate made of silica typically 5 mm thick.
Then silver metal needs to be deposited on top of silica using electron beam (e-beam)
evaporation technique [132,169-171]. Again 65 nm thick silica needs to be deposited
on the top of Ag—SiO, stack using spin coating or e-beam evaporation technique. For
fabricating an electrotunable window, DAST needs to be deposited over a large-area
as a single crystal in a certain orientation, in place of SiO,. To control the solidification
and orientation, the graphoepitaxy technique can be used [182]. For optical charac-
terization, UV-VIS or IR spectroscopy may be used to cover the entire solar radiation

regime [169,170].
5.3.5 Summary

We presented insulator-metal-insulator multilayer thin-films based designs of static
and electrotunable ‘smart” windows, which are uniquely designed to filter visible
and infrared solar radiation selectively. Our design is robust, lithography-free, large-
area compatible, polarization-independent, and angle-insensitive up to 80 degrees of
oblique incidence. Our theoretical results are in close agreement with simulation find-
ings. The theoretically calculated figure of merit indicates that our static and electro-

tunable smart windows could be a better value proposition than industry-standard
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commercial windows. In addition, we obtained a better contrast ratio for diverse cli-
matic conditions that significantly improved for smart window’s efficiency. Our size-
dependence analysis revealed that the performance of our smart windows is unlikely
to degrade during practical realization. We found that the optical response remained
unaltered when the IMI thin-film was coated on the inside or outside the silica glass
substrate. We have also shown that a multilayer coating may be used to block the
harmful ultraviolet radiation completely. A detailed fabrication technique is provided

to show the experimental feasibility.
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6. Broadband Metamaterial Absorbers for Solar Energy Harvesting

Chapters 3, 4, and 5 presented different designs of windows for selective filtering of
solar light and heat from the solar radiation. This chapter is dedicated to investigating
different designs for harvesting heat from the solar radiation. These absorbers have
implications in solar cells, thermophotovoltaics, efc. Section 6.1 introduces a new de-
sign of plasmonics based broadband metamaterial absorber in a 400-1100 nm spec-
tral window that could be used to improve the efficiency of silicon solar cells. Since
plasmonic metals such as gold and silver exhibit plasmon resonance in ultraviolet—
visible regimes, it is challenging to achieve ultrabroadband absorption over the entire
solar radiation regime. To overcome this problem, refractory metals (such as molybde-
num or tungsten) may be used. Utilizing these metals, sections 6.2 presents the design
of a one-dimensional grating-based wide-angle and ultrabroadband metamaterial ab-
sorber which has been optimized to provide an unprecedented ~99% average absorp-
tion in a 400-2500 nm spectral range for solar energy harvesting. Here, one should
note that a design of ‘perfect” absorber must be polarization- and angle-insensitive
besides having near-perfect absorption over a broad spectral range. Unfortunately,
one-dimensional grating-based structures are polarization-sensitive due to a lack of
symmetry from the top. To overcome this limitation, section 6.3 focuses on a new
design of two-dimensional grating based ultrabroadband ‘perfect’ metamaterial ab-
sorber over a wider spectral regime of 3004500 nm, which may have considerable

implications in the thermophotovoltaics application.

6.1 Plasmonics Based Broadband Metamaterial Absorbers

In this section, we present a wide-angle and polarization-independent design of
broadband plasmonic metamaterial absorbers. We report 96.9% average absorption
over 400-1100 nm wavelengths. Improving solar cell efficiency is crucial for moving

towards green energy while meeting the ever-growing global energy demand. An in-
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tegrated design of broadband absorbers into photovoltaic-modules could significantly

enhance solar cell efficiency.

6.1.1 Background

It is well known that photovoltaic (PV) cells absorb only those photons which have
energy greater than the bandgap of the semiconductor materials used [230]. Therefore,
a typical PV cell can utilize only a portion of the solar radiation received on the earth’s
surface. For example, silicon and organic solar cells absorb photons over 400-1100 nm
and 400-650 nm wavelengths, respectively [147]. A design of a spectrally selective
broadband absorber could remarkably improve solar cell efficiency.

Here, we present a design of broadband plasmonic metamaterial absorber, consist-
ing of a two-dimensional array of cross-ring shaped metallic layers embedded inside
dielectric layer, followed by ground metallic layer, and silicon (Si) substrate. We use
titanium nitride (TiN) as the metallic layer and polymethyl methacrylate (PMMA) as

the dielectric layer.

6.1.2 Design, Results and Discussion

Figure 6.1(a) depicts a unit cell in a two-dimensional schematic side- and top views
of cross—ring based broadband plasmonic metamaterial absorber. Here, both cross and
ring are made of TiN, each 50 nm thick, embedded at the center of 130 nm thick PMMA
dielectric layer. The width (w) and length (L) of the cross are 60 nm and 120 nm, re-
spectively. The inner () and outer radii () of the ring are 110 nm and 160 nm, re-
spectively. The ground metal is made of TiN having 150 nm thickness. Note that 300
nm thick Si substrate is used for demonstration only and has no role in broadband
absorption. The periodicity of the unit cell is 400 nm. The full-wave simulations are
performed using commercial three-dimensional (3D) FDTD solver, Lumerical FDTD®.

The refractive index of PMMA is taken as 1.49, and optical constants of TiN are taken
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from the literature [220].

Figure 6.1: Our design of broadband plasmonic metamaterial absorber depicting a unit cell
in (a) two-dimensional schematic side and top views. (b) Numerically calculated [using FDTD
solver| spectral response over 400-1100 nm wavelengths. (c) Normalized electric (E) field distri-
bution shown for top and side view at the wavelength of peak absorption i.e. A = 750 nm. (d)
A comparison between spectral response obtained using FDTD and FEM solvers. Dimensions
(nm): ¢t1 = 130, to = 50, t3 = 150, t4 = 300, w = 60, L = 120, r; = 110, ro = 160, and p = 400.

The numerically calculated spectral response for our cross-ring based absorber de-
sign is shown in Fig. 6.1(b). We could achieve an average absorption of 96.9% over
400-1100 nm wavelengths. We optimized our design to achieve a maximum of 99.9%
absorption at 750 nm wavelength that corresponds to the wavelength of peak absorp-
tion of silicon solar cells. The electric (E) field distribution at the wavelength of peak
absorption is depicted in Fig. 6.1(c). The strong localization of E field indicates excita-
tion of surface plasmons [147]. Unlike noble metals (such as gold, silver, and copper)
that exhibit plasmon resonance in ultraviolet-visible regimes, TiN has plasmon res-

onance located in visible-near infrared regimes—resulting in continuous broadband
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absorption over a wide spectral range [141]. Since TiN is less metallic compared to
noble metals, the field confinement due to plasmon resonance is weaker [231]. There-
fore, a ground metal of TiN is used to enhance the absorption over a broad wavelength
regime. Between 400 nm and 550 nm wavelengths, TiN acts as a lossy dielectric al-
lowing more light to penetrate through it [220,231]. At those wavelengths, PMMA
dielectric layer encapsulated over TiN acts as an anti-reflection layer—allowing high
absorption without any plasmonic resonance. To verify our findings, we simulate over
the same spectral range (400-1100 nm wavelengths) using a FEM solver, COMSOL
Multiphysics® [132,140]. Figure 6.1(d) shows a close agreement in spectral response
obtained using FDTD and FEM-based solvers.

For thermophotovoltaics application, the design of broadband absorber should be
polarization-independent and angle insensitive to a large extent [142]. Figure 6.2(a) de-
picts simulated spectral response for both TM and TE polarization at a normal angle of
incidence. A perfect match between TM and TE polarization spectra indicates that our
design is polarization-independent. To check angle dependency, we study absorption
spectra by varying angle of incidence between 0 and 85 degrees, as depicted in Figs.
6.2(b) and 6.2(c), showing both TM and TE polarization, respectively. The average ab-
sorption obtained for TM, TE, and unpolarized radiation, is shown in Fig. 6.2(d). We
obtain over 90% average absorption up to 75 degrees of oblique incidence angle. Such
a wide-angle insensitivity could practically lead to efficient absorption of solar radi-
ation for dynamically changing sun’s position, even at a grazing angle of incidence.
We believe that our design can be easily fabricated using the current state-of-the-art
nanofabrication technology [25,132,142]. To obtain sharp edges around cross-ring-
shaped structures, electron beam lithography and DC magnetron sputtering may be

used [231].

165

TH-2810_176302003



6. Broadband Metamaterial Absorbers for Solar Energy Harvesting

Figure 6.2: Simulated transmission (7), reflection (R), and absorption (A) spectra (using
FDTD solver), over 400-1100 nm wavelengths at normal angle of incidence for (a) both TM
and TE polarization. Color contour absorption spectra for varying angle of incidence between
0 and 85 degrees for both TM and TE polarization in (b) and (c), respectively. (d) Average
absorption obtained for TM, TE, and unpolarized radiation, showing 90% average absorption up
to 75 degrees of oblique incidence angle.

6.1.3 Summary

We investigated a new design of cross-ring based broadband plasmonic metama-
terial absorber. An average absorption of 96.9% is achieved over 400-1100 nm wave-
lengths with a peak absorption of 99.9% at 750 nm wavelength—perfectly matching the
wavelength of peak absorption by silicon solar cell [147]. A close agreement between
absorption spectra obtained using finite difference time domain solver and finite ele-
ment method solver validates our findings. Our design is polarization-independent
and provides 90% average absorption up to 75 degrees of oblique incidence angle.
Practically, these thin-film broadband absorbers can be integrated into photovoltaics

modules for enhancing efficiency of silicon as well as organic solar cells [137,142].
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6.2 1D-Grating Based Ultrabroadband Metamaterial Absorbers

The previous section discussed plasmonics based broadband metamaterial absorbers
which could be very useful for enhancing the efficiency of silicon or organic solar cells.
Since the absorption band only covers 400-1100 nm spectral window, it may not be that
useful for solar energy harvesting as it doesn’t cover the entire solar irradiance regime.
In this section, we introduce an ultrabroadband metallo-dielectric grating-based meta-
material absorber. It consists of a one-dimensional periodic grating of multilayered, al-
ternating molybdenum (metal)-germanium (dielectric) layers. This design offers over
99% absorption over 400-2500 nm spectral window at normal angle of incidence using

64 pairs of metallo-dielectric layer.

6.2.1 Design, Simulation, and Theory

Our simulation model, shown in Fig. 6.3, consists of 20 pairs of alternating metallo-
dielectric layers, terminated by a bottom metallic plate supported by a silicon sub-
strate. Metal layers are made of molybdenum (Mo), each 13 nm thick. The dielectric

layers are made of germanium (Ge), each with a thickness of 7 nm. The thickness of

Figure 6.3: Design geometry and unit cell of the ultrabroadband tapered metallo-dielectric
grating-based metamaterial absorber. The dimensions are specified within parenthesis.
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the bottom molybdenum plate is 20 nm. The width of the top and bottom metallo-
dielectric pair is 30 nm and 120 nm, respectively. A periodicity (P) of 120 nm is consid-
ered along the x-axis. The number of metallo-dielectric pairs is denoted by L, varied
from 1 to 64. Port 1 acts as the source of light propagating along z-axis. Port 2 acts
as a detector to allow calculation of transmittance and reflectance from S parameters,
from which absorbance can be obtained. The simulation is carried out using a finite el-
ement method solver, COMSOL Multiphysics®, over a spectral range of 400-2500 nm.
The spectral response shown in Fig. 6.4(a) depicts a near-perfect absorption (A > 98%)
considering L = 20.

We deploy effective medium theory (EMT) where each metallo-dielectric pair can
be considered as a homogeneous material with an effective permittivity given by the

following set of complementary equations [136]:

1/e; =f/em(w) + (1 —f)/ea (6.1a)

€| = fem(w) + (1 — e (6.1D)

where €, and ¢4 stand for metal and dielectric permittivity, respectively; €, repre-
sents effective permittivity along the perpendicular direction and ¢| represents effec-
tive permittivity along the parallel direction of metallo-dielectric interfaces; f repre-
sents the filling ratio of the metal given by: f = t.,/(tm + ta), where t,, and t4 denote
the thickness of metal and dielectric layers, respectively. Here, we considered molyb-
denum and germanium to form alternating metallo-dielectric pair with filling ratio of
f =0.65 (t,, = 13 nm and ¢4 = 7 nm). Our analysis shows that the EMT model has an
absorption spectrum [Fig. 6.4(b), dashed line] very similar to the one obtained from
numerical simulations [Fig. 6.4(b), solid line]. An excellent agreement is seen up to
1200 nm, beyond which the approximations of EMT tend to become inaccurate [84].

Nevertheless, such a good agreement, indeed, validates our simulation results.
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Figure 6.4: (a) Absorbance, reflectance, and transmittance spectra with 98.2% average ab-
sorbance between 400-2500 nm using L = 20 pairs of alternating molybdenum—germanium with
bottom molybdenum layer on top of Si substrate, (¢) Comparison between simulation model and
effective medium theory (EMT) for L = 20.

6.2.2 Physical Mechanism

In order to understand how light is getting absorbed by our structure at such a
wide range of wavelength, we have studied normalized magnetic field distributions
(colour maps) and energy flow (arrow maps) at the plane of y = 0 at different incident
wavelengths [see Fig. 6.5]. We observed that most of the incident wave first propagates
downwards along the z-axis through the air gap and whirls into the structure (Fig. 6.5
arrow map). The vortex created due to magnetic field concentration (Fig. 6.5 colour
maps) can be explained with the concept of slow light. It is defined as light propagating
at very low group velocity compared to the speed of the light in vacuum. Hence, the
modes propagate very slowly and get absorbed at different layer thickness [84].

Figure 6.5 clearly shows the presence of a fundamental order slow-light mode at
longer wavelengths of A = 1.5 pm, 1.75 um, 2 um, 2.25 pm, and 2.5 pm. As we reduce
the wavelength, the bright colour spot goes up to the middle part of the structure (at
A =2 um) and finally goes to the top (at A = 1.5 um). This is called the ‘trapped rainbow’
effect as reported in the gold-based broadband absorber [76]. The bottom metallic layer

plays a key role as reflector, forcing the long-wavelength waves to travel back into the
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Figure 6.5: Distributions of normalized magnetic field (colour maps) and energy flow (arrow
maps) in tapered metallo-dielectric grating-based metamaterial absorber at different incident
wavelengths: (a) A = 1.5 um, (b) A = 1.75 pm, (¢) A = 2 pm, (d) A = 2.25 pum, and (e)
A = 2.5 um for a model with L = 20.

metallo-dielectric multilayer waveguide instead of getting transmitted through. The
reflected wave then gets fully absorbed, allowing us to further extend the absorbance
spectra into mid-IR regime, up to 3 um.

Since at shorter wavelength (less than 1 um), there is no such excitation of slow-
light waveguide modes, the mechanism of the observed high-efficiency absorption
may be attributed to the anti-reflection effect. For shorter wavelengths, the real part
of the relative permittivity of molybdenum is positive, allowing it to act as a lossy di-
electric. This property accounts for the natural anti-reflection of light due to its tapered
profile [84]. However, at longer wavelengths, the real part of the relative permittiv-
ity of molybdenum is highly negative. This accounts for the severe light reflection
attributed to its metallic property. It is the combination of the trapped rainbow effect
and the anti-reflection effect that creates the presented ultrabroadband absorber with

high efficiency.
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6.2.3 Parametric Analysis and Tolerance Study

Here, we emphasize that the design of such an ultrabroadband absorber is non-
trivial and requires careful choice of device dimension and materials. For our design,
the contour plot of parametric analysis is shown in Fig. 6.6. Ideally, the thickness of
each material needs to be minimized for reducing the overall cost and time of fabrica-
tion, eventually, making the structure ultra-thin. In order to find the minimum thick-
ness of the top metal, a parametric sweep from 5 to 20 nm thickness is carried out. It
is observed that with an increase in top metal thickness (#\1), the absorption efficiency
tirst increases and then gradually decreases after ¢\;; = 13 nm (see white dashed line in
Fig. 6.6(a). Hence, an intermediate size of 13 nm is the optimum thickness to achieve
maximum absorbance efficiency.

For the case of dielectric thickness (¢p), the absorption efficiency first increases and

Figure 6.6: Parametric analysis showing contour plot for varying thickness of (a) top metal
(tnm), (b) dielectric (tp), (c) ground metal (ty2), (d) top width (wq), and (e) bottom width
(wg). The white dashed lines show the optimized parameter value in each case. (f) Variation of
average absorption efficiency with number of metallo-dielectric pairs (L).
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Table 6.1: Optical fabrication tolerance limit obtained using L = 20 pair with +0.5% maxi-
mum allowable variance in average absorption efficiency (in %) considering five parameters (all
dimensions are in nm)

Fabrication tolerance tM1 tp tMo w1 wWo
Upper limit 16 9 No limit 30 125
Lower limit 10 5 25 No limit 100

Optimum dimension 13 7 100 15 120

Note: ta1: Top metal thickness, tp: Dielectric thickness, ty2: Ground metal thickness, wq: Top
width, and ws: Bottom width.

then becomes nearly constant after ¢, = 7 nm, making it a suitable thickness for di-
electric layer [see Fig. 6.6(b)]. Similarly, the optimum ground metal thickness (ty2) is
chosen as 100 nm [see Fig. 6.6(c)]. To account for the role of tapered grating structure,
we optimize the top and bottom width, w; and w,, respectively, of the structure [see
Figs. 6.6(d) and 6.6(e)]. We find that a ratio of 1:8 between the top and bottom width
(w; =15 nm and w, = 120 nm) is the right choice to achieve efficient broadband absorp-
tion. The field coupling can be improved (minimized) by reducing (increasing) the gap
between the grating columns. Another way could be by changing the gradient of the
columnar structure. Further, changing the dielectric layer thickness can also change
the field coupling between grating columns.

To account for fabrication errors, we also study optical fabrication tolerance limit
for Design I obtained using L = 20 pair with +0.5% maximum allowable variance in av-
erage absorption efficiency, shown in Table 6.1. The upper and lower limits obtained
for device dimension reveal that our design is robust and deviation in absorbance effi-

ciency is less prone to fabrication imperfections.
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6.2.4 Role of Metallo-Dielectric Pairs in the Ultrabroadband Absorption

Ideally, with increasing number of metallo-dielectric pairs, average absorbance must
saturate to a certain level. We further evaluated average absorbance as a function of
L, as shown in Fig. 6.6(f), for optimizing the absorber film'’s thickness, fabrication cost
and performance. We observe a gradual rise in absorbance with an increase in L till
16, beyond which there is a trend of saturation in average absorbance. Our design
with L = 16 offers 96.7% average absorbance, whereas the design in [76] could achieve
95% average absorbance with L = 20. Moreover, we could achieve an unprecedented
99.13% average absorbance with L = 64, the highest absorption reported till date in
400-2500 nm range, to the best of our knowledge. So, there is a clear tradeoff between
the thickness of an absorber and its maximum absorbance. With L = 20, the structure is
470 nm thick and it offers 98.2% absorbance; whereas for L = 64, 99.13% absorbance can
be achieved but the structure needs to be roughly three times thicker. Thicker struc-
ture adds to the cost and time for fabrication. Hence, we chose L = 20 for our analyses

presented in this work.

6.2.5 Choices of Different Materials as Metal and Dielectric Layers

We started our work with noble metals like gold (Au) and silver (Ag) and found that
the absorber made of gold—germanium or silver—germanium tapered metallo-dielectric
pairs showed excellent absorption in near IR regime but performed fairly at the visi-
ble regime. The real part of the germanium is very dispersive, whereas the imaginary
part is large, implying high absorbing capability. A series of investigations with high

Table 6.2: Average absorbance (%) for various metals calculated in 400-2500 nm range using a
simulation model with number of stack pairs, L = 20.
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lossy refractory metals were performed. These metals outperformed the noble metals
in terms of average absorbance over a wide band region (see Table 6.2). It was found
that aluminium-germanium and molybdenum-germanium based absorbers showed
over 98% absorbance in entire visible and near IR regime using a model with L = 20.
High lossy metals or low bandgap semiconductors are key to realizing a good ab-
sorber [21]. We choose molybdenum, a high loss metal instead of noble metal to form
the tapered metallo-dielectric grating, because of its mechanical and thermal stability.
Firstly, its coefficient of thermal expansion is the lowest of the engineering materi-
als [232]. Secondly, it provides mechanical stability to our metamaterial absorber be-
cause of its strength and hardness. Also, it has a high melting point of 2623°C and thus,

proving itself to be a right choice of material for solar energy harvesting application.

6.2.6 Effect of Different Incident Angles

To evaluate the angle sensitivity of the proposed structure we simulated over a
range of incident angles, from 0 to 85 degrees. We achieved an efficiency of over 90%
for up to 60 degrees of incident angle [see Fig. 6.7], making it an excellent candidate for

absorbing solar spectrum throughout the daytime. With the help of today’s state-of-

Figure 6.7: Contour plot for the angular absorption spectrum with L = 20, where L denotes
number of metallo-dielectric pairs in the model, showing over 90% absorption efficiency for a
wide angle of incidence, up to 60 degrees.
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the-art nano-fabrication technologies, such structures can be easily fabricated. In the
simulation, we have ignored minor surface roughness which may arise due to fabrica-
tion imperfections, resulting in slight variance in the measured values of absorbance

to those obtained from simulations [65].

6.2.7 Summary

We designed and simulated an ultrabroadband absorber based on a one-dimensional
periodic array of metallo-dielectric alternating multilayered tapered structure. It can
absorb radiation over the whole visible and near-infrared spectrum, ranging from 400-
2500 nm, i.e., over entire solar spectrum. The average absorption of 98.2% was achieved
by 20 pairs of alternating molybdenum—germanium based tapered structure. The ab-
sorbance was further enhanced to over 99% using more number of metallo-dielectric
layers (64 pairs). The broadband absorption is attributed to multiple slow-wave modes
getting absorbed at different layers. The trapped rainbow effect and the anti-reflection
effect together give broadband absorbance with high efficiency. Additionally, our sim-
ulation model shows angle insensitivity up to 60 degrees. Absorbance spectra, ob-
tained from effective medium theory, agree well with our simulation results. Our pre-
sented work can be utilized in a wide range of applications such as solar energy har-

vesting, thermophotovoltaics, stealth technology, camouflage, and thermal emitters.

6.3 2D-Grating Based Ultrabroadband Metamaterial Perfect Absorbers

The previous section discussed a one-dimensional array of grating based ultra-
broadband metamaterial absorber with a fundamental limitation of polarization- sen-
sitivity due to lack of symmetry from the top of the structure. To overcome this lim-
itation, in this section, we present a polarization-independent ultrabroadband perfect
metamaterial absorber comprising a two-dimensional array of hemi-ellipsoid shaped

metallo-dielectric multilayered structure. An unprecedented average absorbance of
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~99% is theoretically demonstrated over a spectral range between 300 nm and 4500 nm
at normal incidence. The proposed design has potential application in thermophoto-

voltaics for solar energy harvesting.

6.3.1 Design Schematic and Simulation Model

A three-dimensional (3D) schematic representation of our design is shown in Fig.
6.8(a). Our design comprises 20 pairs of alternating metallo-dielectric layer, with metal
being molybdenum (each 78 nm thick), and dielectric being germanium (each 42 nm
thick). This metallo-dielectric stack is terminated by a ground metal tungsten (300 nm
thick), supported by a silicon (Si) substrate (200 nm thick). Note that the Si substrate
is shown for demonstration purposes only. This substrate has no role in simulation as
the ground metal is thick enough to block the penetration of electromagnetic waves

through it. The length of each minor axis (d) of a prolate hemi-ellipsoid is 400 nm. A 20

Figure 6.8: Design of an infinite two-dimensional array of hemi-ellipsoid shaped metallo-
dielectric multilayered structure showing (a) 3D schematic representation along with (b) side-
and (c) top view of its unit cell considered for 3D numerical simulation. We consider TM po-
larization, where, H field is aligned along y-axis. Plane wave propagates along the z-axis from
port 1 and optical response is measured using S parameters. This design consists of 20 pairs (L)
of metallo-dielectric layer [made of molybdenum (Mo)-germanium (Ge)|, with tungsten (W) as
the ground metal, standing over a silicon substrate. A perfectly matched layer (PML) is applied
at the top and the bottom of the unit cell. In (a) and (c), d (400 nm): length of each minor axis
of a prolate hemi-ellipsoid, g (20 nm): the gap between the base of two adjacent hemi-ellipsoids,
and p (420 nm): the period of the unit cell. In (b), the thickness of each layer of the simulation
model is mentioned within the parentheses.
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nm gap (g) is considered between the base of two adjacent hemi-ellipsoids to account
for any error arising due to their misalignment during fabrication. The unit cell has
a periodicity (p) of 420 nm along both x-axis and y-axis, implementing the Floquet
boundary conditions to simulate a 2D array.

Figure 6.8(b) and 6.8(c) show the side- and top view, respectively, of the unit cell
considered for 3D numerical simulation. We simulate the unit cell using the RF mod-
ule of the commercially available finite element method (FEM) based solver, COMSOL
Multiphysics®, over 300-5000 nm spectral window. The optical constants for molybde-
num [144,233], germanium [234,235], and tungsten [144,233] are taken from the liter-
ature. A wavelength-domain solver is deployed with fine physics-controlled meshing,
where the maximum and the minimum allowed mesh element sizes are \,., /20 (where
Amax 1S the maximum wavelength of the considered range in vacuum) and ~18 nm, re-
spectively, which could accurately model the structural details. To minimize the effect
of undue reflections arising due to confinement of the simulation domain, perfectly
matched layers (PML), each 600 nm thick, were introduced above Port 1 and below
Port 2. For TM case, perfect electric conductor boundary condition is applied along
the x-direction and periodic boundary condition is applied along the y- boundaries.
Whereas for TE case, periodic boundary condition is applied along the x-direction and

perfect electric conductor is applied along the y- boundaries.

6.3.2 Spectral Response Analysis

The numerically calculated spectra for absorbance, reflectance, and transmittance
for our design are shown in Fig. 6.9(a). For 20 pairs (L) of metallo-dielectric layer, we
obtain an unprecedented average absorbance of ~99% at normal incidence, the highest
average absorbance reported so far between 300 nm and 4500 nm spectral range, to the
best of our knowledge. A small wobbling seen in the middle of the absorption spectra

arises due to imperfect overlap of the fundamental order slow-light modes (discussed
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Figure 6.9: Numerically calculated spectral response for our design showing (a) absorbance
(A), reflectance (R), and transmittance (7') for design with 20 pairs (L) of metallo-dielectric
layer between 300 nm and 5000 nm spectral window at normal incidence, and (b) trend for
gradually increasing average absorbance with increasing number of metallo-dielectric pair (L) at
five discrete values between 2 and 40. Note that the average absorbance is calculated between
300 nm and 4500 nm spectral range at normal incidence.

in detail under working principle subsection) [84]. For optimizing the absorber’s cost,
performance, and overall thickness, we also study the average absorbance of our de-
sign at five discrete values of L between 2 and 40, as shown in Fig. 6.9(b). With an in-
creasing number of metallo-dielectric pair, ideally, average absorption should increase
and eventually, must saturate. Till L = 20, a gradual rise in average absorption can be
seen, beyond which there is a trend towards saturation. Hence, a design with L = 20 is

chosen as the optimized model for our work.

6.3.3 Working Principle

To understand the physical principle behind ultrabroadband absorption, we study
normalized magnetic and electric field distribution (colour plot) with corresponding
energy flow (arrow plot), over ten discrete incident frequencies, f (wavelengths, \)
between 67 THz and 750 THz (between 400 nm and 4500 nm), using 20 pairs (L)
of metallo-dielectric layer, as shown in Fig. 6.10. For longer wavelengths (between
2000 nm and 4500 nm), it is evident from the arrow plot that before entering the struc-

ture, the incident light propagates along the z-direction (downwards) via air gaps,
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swivels, and then enters the structure. As shown in Fig. 6.10(a), the confinement of
magnetic field creates a vortex (shown using colour plot), which can be described using
slow-light concept. It is defined as the propagation of light at very low group velocity,
leading to the generation of fundamental order modes, as the slow-waves get trapped
across different locations of the structure [25]. While the magnetic field is confined in-
side the structure, the electric field at the corresponding wavelength is mostly confined
in the air gap between the adjacent hemi-ellipsoids, as shown by dotted white circles in
Fig. 6.10(b). The confinement of electric field in the air gap indicates mode interaction
between the adjacent hemi-ellipsoids, similar to the findings reported in [236].

For longer wavelengths, the existence of slow-light mode of fundamental order can
be seen in Fig. 6.10(a). At 4500 nm wavelength, magnetic resonance mode formation
is supported at the lowest part of the structure. This mode moves upward towards
the center of the structure at 3500 nm wavelength and finally reaches the topmost part
at 2000 nm wavelength. Thereafter, the presence of higher-order magnetic resonance
modes is observed between 1500 nm and 2000 nm spectral range, of which one in-
stance is shown at A = 1600 nm. The pattern of electric modes, shown in Fig. 6.10(b),
originating from near-field interaction between the adjacent hemi-ellipsoids, follow
a similar trend with change in incident wavelength, as seen for the magnetic modes
in Fig. 6.10(a). As previously reported, the underlying principle can be understood
using trapped rainbow effect [237,238]. For longer wavelengths, molybdenum pos-
sesses highly negative real part of the relative permittivity, making it behave more like
metal—causing severe light reflection. However, no excitation of slow-wave mode is
observed at shorter wavelengths (A < 1500 nm).

At shorter wavelengths, the mechanism behind efficient absorption can be ascribed
to anti-reflection effect [239]. This effect can be seen as enhanced light transmission

inside the structure due to the gradual change of effective indexes, attributed to gra-
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Figure 6.10: Normalized (a) magnetic- and (b) electric field distribution (colour plots) with
corresponding energy flow (arrow plot) at arbitrarily chosen incident frequencies, f (wavelengths,
A) between 67 THz and 750 THz (between 400 nm and 4500 nm), simulated for 20 pairs (L) of
metallo-dielectric layer. In (a), for the incident wavelengths between 2000 nm and 4500 nm, the
presence of fundamental order magnetic resonance modes is clearly shown at different locations
of the structure using horizontal white arrows (pointing towards right). At A\ = 1600 nm, higher-
order resonance modes can be seen in the magnetic field plot. In (b), dotted white circles
highlight the electric modes, corresponding to the magnetic resonance modes in (a), which depict
the pattern of near-field interaction between adjacent hemi-ellipsoids with incident wavelength.

dient in design from the top to bottom [25]. It is observed that at shorter wave-
lengths, molybdenum behaves as a lossy dielectric, as its real part of relative permittiv-
ity is positive [233], leading to anti-reflection effect. Thus, the anti-reflection effect (for
A < 1500 nm) and the trapped rainbow effect (for A > 1500 nm) together give efficient
absorption over the entire solar spectral regime.

Since the hemi-ellipsoid shaped absorber has a higher gradient in design in the up-
per half compared to the lower half, the fundamental order magnetic mode resonances

for the upper half is not perfectly overlapping. This is because of the considerable
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change in the width of each metallo-dielectric pair as we move from the top towards
the middle section of the absorber, creating enough gap between each resonance peak
to become non-overlapping. This is the cause of wobble arising in the middle of the
absorbance spectra between 2000 nm and 3500 nm wavelengths [see Fig. 6.9(a)]. These
wobbles can be completely removed by sacrificing the absorption bandwidth [84].

For the lower half of the absorber, the gradient in design becomes lesser and lesser
as we go down from middle section towards the bottom. This causes a gradual re-
duction in the wobble size due to overlapping fundamental order magnetic mode res-
onances, resulting in near-perfect absorption between 3500 nm and 4500 nm wave-
lengths [see Fig. 6.9(a)]. Note that the metallo-dielectric layers are followed by ground
metal, which acts as a reflector for the longer wavelengths, forcing them to travel back
and get fully absorbed inside the metallo-dielectric multilayer structure, hence, further

increasing our range of absorption up to 5000 nm.

6.3.4 Theoretical Modelling and Verification

To validate our simulation results, we use effective medium theory (EMT) approxi-
mation, where each metallo-dielectric pair is assumed to be a homogeneous layer with
effective permittivity given by Eq. (6.1). For our design, we consider a filling ratio
of f = 0.65 (tm = 78 nm and t4 = 42 nm), with molybdenum and germanium forming
the alternating metallo-dielectric pair. A comparison between numerically calculated
absorbance spectra for L = 20 (solid line) and EMT approximation (dashed line) over
300-5000 nm spectral range at normal incidence, is shown in Fig. 6.11(a). Between
400 nm and 1900 nm spectral range, shown by the shaded region, the absorbance spec-
tra obtained using EMT approximation are in close agreement with L = 20, beyond
which EMT approximation gradually becomes inaccurate.

To understand the underlying cause, we study normalized magnetic field distribu-

tion (colour plot) and energy flow (arrow plot) using EMT approximation at arbitrarily
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Figure 6.11: (a) Comparison of numerically calculated absorbance spectra between 20 pairs (L)
of metallo-dielectric layer (solid line) and effective medium theory (EMT) approximation (dashed
line) over 300-5000 nm spectral range at normal incidence, and (b) normalized magnetic field (H)
distribution (colour plot) and energy flow (arrow plot) using EMT approximation at arbitrarily
chosen incident frequencies, f (wavelengths, A) between 150 THz and 750 THz (between 400 nm
and 2000 nm). Note that in (a), the EMT approximation is valid between 400 nm and 1900 nm
spectral range, shown by the shaded region.

chosen incident frequencies, f (wavelengths, \) between 150 THz and 750 THz (be-
tween 400 nm and 2000 nm), as shown in Fig. 6.11(b). We observe that the magnetic
field distributions at A = 400 nm, 800 nm, and 1200 nm are similar for both L = 20
and EMT approximation, as shown in Figs. 6.10 and 6.11(b), respectively. However, at
A =1600 nm (and beyond), the formation of magnetic resonance modes can be seen for
L =20 due to the presence of discrete metallo-dielectric pair, which is otherwise missing
in our EMT approximation. Since no such formation of magnetic resonance modes is
seen in the EMT approximation, therefore, this approximation is only applicable up to
1900 nm wavelength, beyond which the effect of magnetic resonance modes becomes
increasingly significant.

In the UV region i.e. 300400 nm wavelength range, we observe slightly more dip
in the absorbance spectra for L = 20 compared to EMT approximation, as shown in
Fig. 6.11(a). The reason may be attributed to enhanced reflections inside the hemi-

ellipsoid absorber due to the presence of discrete metallo-dielectric pair in L = 20 [see
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Fig. 6.9(a) for reference], leading to a larger dip in the absorbance spectra. Never-
theless, a close agreement between L = 20 and EMT approximation over 400-1900 nm
spectral range, indeed validates our results. A close agreement between them also sug-
gests that our proposed design is robust and will have little impact due to deformity

arising out of fabrication imperfections.

6.3.5 Parametric Analysis and Tolerance Study

For designing an ideal broadband absorber, the key aspect is to choose such mate-
rial which has large real and imaginary parts of frequency-dependent refractive index
(n and k). A high value of n ensures that the incident light travels slowly inside a
medium, hence allowing more time for light to get absorbed. The imaginary part k
accounts for the loss in a medium. Having a high value of k will ensure more loss over
the same optical path.

For our design, the contour plot of parametric analysis is shown in Fig. 6.12. Ide-
ally, the thickness of each material needs to be minimized for reducing the overall cost
and time of fabrication, eventually, making the structure ultra-thin. In order to find
the minimum thickness of the metal (t\11), @ parametric sweep from 10 nm to 100 nm
thickness is carried out, keeping all other parameters constant. We observe that with an
increase in metal thickness, the absorption bandwidth keeps on increasing, as shown
in Fig. 6.12(a). Hence, t\; = 78 nm is chosen as the optimum thickness to achieve max-
imum average absorbance between 300 nm and 4500 nm, shown using white dashed
line in Fig. 6.12(a). On the contrary, with an increase in the dielectric thickness (tp),
the absorption bandwidth goes on decreasing. Therefore, tp = 42 nm is the suitable
thickness for dielectric layer, as shown in Fig. 6.12(b).

To account for the role of gradient in design of the hemi-ellipsoid absorber, we vary
the length of each minor axis (d) between 100 nm and 800 nm, as shown in Fig. 6.12(c).

It is observed that with an increase in the length of each minor axis, the absorption
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Figure 6.12: Simulation based parametric analysis of our design showing colour contour plot
for varying (a) metal thickness, ty, (b) dielectric thickness, tp, and (c) length of each minor
axis, d, while keeping all other parameters constant for each case. The white dashed lines show
the optimized parameter value between 300 nm and 4500 nm spectral range in each case.

bandwidth keeps on increasing. This indicates that absorption bandwidth can be fur-
ther extended beyond 4500 nm wavelength. However, for designs with larger band-
width, a dip in the middle of the absorbance spectrum can be seen with an increase in
the length of each minor axis [see Fig. 6.12(c)], arising due to the increasingly imperfect
overlap of the fundamental order resonance modes. This may result in a decrease in
the overall average absorbance much below 99%. Hence, d = 400 nm is the right choice
for our design to achieve maximum average absorbance between 300 nm and 4500 nm,
suitable for application in thermophotovoltaics.

To account for fabrication errors, we also study optical fabrication tolerance limit
for our design obtained using L = 20 pair with £0.5% maximum allowable variance on
average absorbance, as shown in Fig. 6.13. The ends of the shadowed region depict
the upper and lower limit of tolerance for varying thickness of metallic layer (tu1),
dielectric layer (¢p), and length of each minor axis (d). The values obtained for upper
limit, lower limit, and optimized dimension of the absorber are listed in Table 6.3.
The upper and lower limits for device dimension reveal that our design is robust and

deviation in average absorbance is less prone to fabrication imperfections.
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Figure 6.13: Numerically calculated optical fabrication tolerance of our design showing average
absorbance between 300 nm and 4500 nm spectral range at normal incidence for varying (a)
metal thickness, tyr1, (b) dielectric thickness, tp, and (c¢) length of each minor axis, d, while
keeping other parameters constant in each case. The shadowed regions show the tolerance limit
for our design with +0.5% maximum allowable variance on average absorbance.

Table 6.3: Fabrication tolerance limit for our design shown in Fig. 6.8 with +0.5% maximum
allowable variance on average absorbance (all dimensions are in nm)

Fabrication Metal Dielectric Length of
tolerance thickness (ty1) thickness (ip) each minor axis (d)
Upper limit 100 47 430
Lower limit 60 35 370

Optimum dimension 78 42 400

6.3.6 Effect of Different Incident Angles and Polarizations

A broadband absorber for solar energy harvesting is only useful if the design is
polarization-insensitive and can offer high average absorbance even at a wide angle of
incidence considering dynamic daylight situations. Our design is symmetrical along
both x and y directions. This provides a perfect match between TM and TE polarization
spectra at normal incidence, making the structure polarization-insensitive, as shown in
Fig. 6.14(a). To check angle-sensitivity, we study colour contour plot (for both TM and
TE polarization) between 300 nm and 4500 nm spectral regime over a wide range of
incident angles, between 0 and 60 degrees, as shown in see Figs. 6.14(b) and 6.14(c).

Figure 6.14(d) shows the average absorbance (between 300 nm and 4500 nm spec-

tral range) for TM, TE, and unpolarized waves at a varying angle of incidence. A close
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Figure 6.14: Simulation results for our design showing (a) absorbance spectra (between 300 nm
and 4500 nm) for both TM and TE polarizations at normal incidence; contour plot of absorbance
spectrum for (b) TM and (¢) TE polarization as a function of incident angle, ranging from 0
to 60 degrees, and (d) average absorbance (between 300 nm and 4500 nm) for TM, TE, and
unpolarized waves incident at different angles, showing over 90% average absorbance efficiency
(n) for the oblique angle of incidence up to 50 degrees and nearly 80% absorption efficiency for
the oblique angle of incidence up to 60 degrees.

match among their average absorbance values indicates that the performance for TE,
TM, and unpolarized waves are expected to be very similar for the oblique angle of
incidence, up to 60 degrees. It also shows that over 90% absorption efficiency (1) can
be achieved for the oblique angle of incidence up to 50 degrees and nearly 80% absorp-
tion efficiency for the oblique angle of incidence up to 60 degrees, over 300-4500 nm
wavelength range. This drop in the absorption efficiency becomes more significant at
the grazing angles, primarily due to the enhanced reflections from the surfaces. From
the fabrication point of view, we choose the gap (g) between the base of two adjacent
hemi-ellipsoids to be 20 nm. However, if we can reduce the gap below 20 nm, ab-
sorbance efficiency can be further improved. Nevertheless, such a good absorption

efficiency over a wide-angle makes our design angle-insensitive to a great extent. The
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Table 6.4: Comparative overview of a few recently reported broadband absorbers for solar
energy harvesting

References Structural Design Range (nm) Avg. A (%) P.I. A.L (up to) n
Liu et al. [64] (Ti/V/W)-SiO2—(Ti/V/W) 280-4000 91 Yes NA NA
Hoa et al. [65] Au-Si-Au 400-1600 ~90 Yes Yes (60°) 0.9
Soydan et al. [66] TMC/TMN-Al;O3 (multilayer) 300-2500 90 No Yes (60°) 0.8
Aalizadeh et al. [67] Ti-Mn-Al,O3-Ti 480-3280 90 Yes Yes (40°) 0.9
Lin et al. [68] Graphene—SiO2 (multilayer) —Ag 3002500 85 Yes Yes (60°) 0.7
Gao et al. [69] Si02-TiN-SiO2-TiN 200-1200 90 Yes Yes (40°) 0.9
This Work Mo-Ge (20 pairs) -W 300-4500 ~99 Yes Yes (60°) 0.8

Note: A: Absorbance (%); P.I.: Polarization-Insensitive; A.I.: Angle-Insensitive; n: Absorption Efficiency; NA: Not
Available.

above studies predict that our design is an excellent choice for solar energy harvesting
throughout the daytime. A comparative overview of a few recently reported broad-

band absorbers for solar energy harvesting is listed in Table 6.4.

6.3.7 Prospective Fabrication Methodology and Future Scope

Today, with the fast advancement in nano-scale fabrication facilities, it is indeed
feasible to fabricate our proposed design. First, a base needs to be prepared by de-
positing 100 nm thick molybdenum film using RF magnetron sputtering over a flat Si
substrate [236]. In the next step, 20 pairs of alternating molybdenum and germanium
layers should be deposited on top of bottom metallic layer (molybdenum) using sput-
tering. The one-dimensional tapered-grating array (typically 10 pum x 10 pm dimen-
sion) can be obtained by milling alternating molybdenum and germanium layers with
Focused Ion Beam (FIB) technology. For precise control over tapered angle, grayscale

bitmaps can be used to pattern the nano-design by controlling beam dose [236].
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For making a two-dimensional tapered array, the one-dimensional tapered array
needs to be milled orthogonally, to realize a polarization-insensitive absorber [240].
The non-uniform gradient in design can be obtained by precisely-controlled grayscale
bitmaps and proper beam doses adjustments during the milling process. Note that dur-
ing this fabrication process, defects may arise due to imperfect quality of the materials
used, leading to surface roughness. Also, the fabrication error of patterns may arise
due to the deposition of milled away particles in the fabricated grooves. Such errors
cannot be completely avoided and hence a dimension tolerance study is important to
compensate for the fabrication errors without affecting the final absorbance efficiency
beyond the acceptable limit. Hence, the information provided in Table 6.3 is very use-
ful for designing a robust absorber. Besides, we also introduced a 20 nm gap between
two hemi-ellipsoid shaped structures, to account for any error arising due to their
misalignment during fabrication. Another technique for fabricating molybdenum-
germanium multilayer structure is nano-imprint lithography using an electron beam
physical vapour deposition technique [241]. Compared to FIB technology, the nano-
imprint and lift-off approach are parallel processes, and large-area design (typically in
cm dimension) can be easily realized. Moreover, the nano-imprint and lift-off methods
can produce nano-tapered array (period ~200 nm), suitable for fabricating absorbers
for solar energy harvesting.

Here it is important to note that the metals used in grating columns of the broad-
band absorbers introduce joule heating during absorption of incident radiation, which
causes a photothermal effect on geometric configuration [242]. The high absorption
happens due to a large imaginary part of the dielectric constant [243,244]. Conven-
tional metals used in broadband absorbers have weak stability at high operating tem-
peratures, which may alter the dielectric constant and hence may not produce the de-

sired optical response. In this work, we have used refractory metals (such as tungsten
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and molybdenum) and germanium as the dielectric material, which have very high
melting points, good mechanical and thermal stability, and large imaginary part of the
dielectric constant [144,233-235]. Although actual performance can be evaluated after
fabrication and testing of the prototype, but we may expect our design to be robust

and operate efficiently at high temperatures.

6.3.8 Summary

In this work, we presented a new design of ultrabroadband ‘perfect’ absorber
consisting of a 2D array of hemi-ellipsoid shaped metallo-dielectric (MD) multilayered
structure, due to lateral symmetry this design is polarization-insensitive, which was
not achieved in the previous design using 1D array. An unprecedented average ab-
sorbance of ~99% is achieved at normal incidence between 300 nm and 4500 nm
spectral range. We used 20 pairs of molybdenum-germanium metallo-dielectric layer,
with tungsten as ground metal. The ultrabroadband absorption is attributed to the
anti-reflection effect (for A < 1500 nm) and the trapped rainbow effect (for A > 1500
nm). Our design is polarization-independent as well as angle-insensitive (up to 60
degrees). Our theoretical calculations agree well with those of full-wave simulation re-
sults. A perspective prospective fabrication methodology and fabrication-imperfection
tolerance study are also discussed for the practical realization of our proposed design.
The figure-of-merit calculations show that our “perfect” absorber can outperform some
of the broadband absorbers, recently reported in the literature. A potential applica-
tion of our presented broadband metamaterial absorber includes integration into solar

devices for solar energy harvesting using thermophotovoltaics.
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Chapter 6 discussed trapping of the solar heat using broadband absorbers. This
chapter investigates multilayer thin-films based designs of spectrally selective solar
absorbers and passive radiative coolers for utilizing the waste heat. Section 7.1 in-
vestigates a generic multilayer design of selective solar absorbers that has been specifi-
cally optimized by choosing appropriate materials, number of layers required and their
thicknesses to obtain an exceptional solar-to-thermal energy conversion efficiency of
87% with a total absorbed power of 889.4 Wm 2. Section 7.2 further investigates an-
other multilayer design of a passive radiative cooler, which has been optimized to pro-
vide an unprecedented cooling capacity of 115 Wm 2 with a temperature reduction

up to 60K below ambient temperature.

7.1 Selective Solar Absorbers for Waste Heat Management

Selective solar absorbers harnessing solar energy as heat and converting it into ther-
mal energy have gained much attention, specifically in solar thermophotovoltaic and
solar thermoelectric generator systems. However, most of these solar absorbers suffer
from low solar-to-heat conversion efficiency at moderately-high temperatures (100-
400°C) and require complex nanofabrication techniques such as focused ion beam
milling or electron beam lithography, hindering large-scale production. This section
presents a lithography-free and large-area compatible design of selective solar absorber

for waste heat management.

7.1.1 Design and Simulation

A three-dimensional (3D) schematic of our proposed solar absorber is shown in
Fig. 7.1. Our multilayer design comprises a stack of five layers: 125 nm thick silica
(5i03), 50 nm thick titanium dioxide (TiO2), 10 nm thick silicon (Si), 25 nm thick ger-
manium (Ge), and 200 nm thick chromium (Cr) layers placed on top of a Si substrate.

Note that the Si substrate has no role in broadband absorption. The full-wave simu-
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Figure 7.1: Proposed multilayer selective solar absorber in a 3D schematic view of geometry
(not to scale). Here, the incident radiation is a plane wave of TM polarization travelling along
z-direction. Note that all the dimensions are specified within parenthesis.

lations are performed using a FEM solver, COMSOL Multiphysics® over 0.3-14 pm
wavelength range. To effectively capture all the structural details, we use extra fine
mesh elements with the maximum and minimum mesh element sizes being 38 nm and
0.2 nm, respectively. The periodicity (p) of the unit cell is 400 nm. Floquet boundary
conditions are applied along x and y directions to emulate a large-area thin film. The

optical constants for SiO, [145,245], TiO, [245], Si [235], Ge [234,235], and Cr [246] are

taken from the literature.

7.1.2 Analytical Modelling

We use transfer matrix method (TMM) to verify our simulation results. While ap-
plying TMM, we assume the medium to be linear, non-magnetic, and homogeneous
[132]. We consider a TM polarized plane wave incident normally on a five-layer thin
film stack of the solar absorber. We approximate our design to consist of six interfaces,
represented by g varying between 1 and 6, and seven layers: air(0)-SiO5(1)-TiO2(2)-
Si(3)-Ge(4)—Cr(5)-Si Substrate(6), represented by j. The incident radiation falling on
top of this multilayer stack undergoes multiple reflection, transmission, and absorp-

tion inside each layer. Note that E and H fields must be continuous across all the
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boundaries to satisfy the boundary conditions. The phase shift at each layer is given
by [131]: k;A = ko(2n,tcosb,; ,)/2 where, j value between 1 and 5 represents SiO, TiO,,
Si, Ge, and Cr layers, and ¢ value between 2 and 6 represents interfaces between j thand
(j + 1)®™ layers, respectively; A is the optical path length difference between the first
two reflected beams from each layer; ¢, k, and n are the thickness, propagation constant,
and refractive index of each layer, respectively, and 6; is the angle of incidence. After
solving the boundary conditions at each interface, the electric and magnetic fields can

be written as:

E, = E icosk;A + H,iq(isink;A) /Y (7.1a)

Hq = Eq+1}/}(i8inij) = Hq+1COSij (71b)

Here, Y; = \/€o/ 1o (njcosb;,), where Y; represents the admittance for TE polariza-
tion in each layer, 1,y and ¢, are the permeability and permittivity in free space, respec-
tively. For TM case Y; = y/€o/ o (nj/cosb; ). In matrix form, the relationship between

j™and (j + 1)™ layer can be written as:

E E cosk.\ isink;AN) /Y
q _ Pj q+1 ’ P]' _ J ( J )/ J (7‘2)
H, H, Yjisink; A cosk; A

Here P; denotes the characteristics matrix that relates the electric and magnetic
tields at the interface across each layer. Therefore, for a seven-layer stack, the relation
between electric and magnetic fields at interfaces 1 and 6 is given by:

E E E P11 P E
6 _ P,P,P,P,P, 1 _p 1 11 P12 1

Hg H, H, D21 D22 H,

(7.3)

Considering TE case, the impedances for top air medium and bottom Si substrate

are: Yy = \/egfto (nocostsr) and Ys = /€sifio (nsuncosb ¢), respectively, where 6, is the
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transmission angle, which gives:

Eii+ FEpq Ei -
=P, (7.4)
(Eii — E1)Yo H »Y5s

Here E;, E,, and E; denote incident, reflected, and transmitted electric fields, respec-
tively. Similarly, H; denotes transmitted magnetic field. Now, we expand the matrices

to find out transmission (t) and reflection (r) coefficients, given by:

/ 2% (7.53)

— ba

(Yopir + YoYepi1) + (pa1 + Yepao)

(Yopi1 + YoYepi1) — (o1 + Yepaz)
)

(Yop11 + YoYep11) + (p21 + Yepoo)

(7.5b)

Then, the transmission (T) and reflection (R) in percentage can be obtained using
T = 100 x |t|*(nicosby)/(nicosh;) and R = 100 x |r|?, respectively. The absorption (A)
can be calculated using A = 100 - R — 7.

7.1.3 Spectral Characteristics

Figure 7.2(a) shows spectral irradiance of solar energy at sea level and thermal ra-

diation of a surface at 300°C. Ideally, selective solar absorbers are designed to have

Figure 7.2: (a) Spectral irradiance of solar energy and thermal radiation of the solar absorber’s
surface at 300°C, (b) numerically calculated spectral characteristics of our proposed selective
solar absorber showing absorption (A), transmission (7), and reflection (R) spectra over 0.3—
14 pm wavelength range.
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high absorption in ultraviolet (UV), visible (VIS), and near-IR ranges (0.3-2.5 um) and
low emission in the mid-IR regime (4-13 um) [91]. Figure 7.2(b) shows the absorption,
transmission, and reflection spectra from 0.3 to 14 um. We achieve 93.6% average ab-
sorption between 0.4 pm and 1.8 pm wavelengths, where more than 90% of the total
solar energy is received on the earth’s surface [141]. In contrast, the average emissivity
between 4 pm and 13 um wavelengths is only 4.5%. The above results indicate that
our proposed selective solar absorber exhibits near-perfect spectral characteristics in

the solar and thermal radiation regimes.

7.1.4 Verification using Theoretical Analysis

Figure 7.3(a) shows a six-layer 2D stack depicting theoretical design of our pro-
posed selective solar absorber. As shown in Fig. 7.3(b), a perfect match between the
numerically (FEM) and theoretically (TMM) calculated absorption spectra over the en-

tire 0.3-14 pum spectral range indeed validates our simulation findings.

Figure 7.3: Theoretical modelling of our selective solar absorber design using transfer matrix
method (TMM): (a) 2D stack of air-SiO2-Ti02-Si-Ge-Cr-Si substrate, and (b) simulated versus
theoretical absorption plot in 0.3-14 um wavelength range. In (a), ¢, Y, and n are each layer’s
thickness, admittance, and refractive index, respectively. Here, t; = 125 nm, to = 50 nm,
t3 = 10 nm, t4 = 25 nm, t5 = 200 nm.
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7.1.5 Physical Mechanism

To explain the physical mechanism, we show normalized power loss density at
arbitrarily chosen wavelengths in UV, visible, and IR ranges, as shown in Fig. 7.4. It is
clearly evident that Si and Ge layers play a major role in absorption in UV (A = 0.3 um)
and visible (A = 0.6 um) spectral regimes, respectively. At the same time, Cr metallic
layer with high 7 and k values in the IR regime helps in broadband absorption in near-
IR and reflection in the thermal radiation regime [142]. Note that the top SiO; and TiO,
layers act as anti-reflection coatings to enhance the absorption in the visible spectrum

of solar radiation.

Figure 7.4: Numerically calculated normalized power loss density at arbitrarily chosen wave-
lengths in UV, visible and IR regimes: A = 0.3 um (UV), 0.6 pwm (visible), 2 um (short wave-IR),
and 8 um (long wave-IR).

7.1.6 Fundamental Theory of Energy Conversion

The solar-to-thermal energy conversion efficiency (), considering no losses due to

conduction and convection, is calculated using the following equation [90]:

al sCF — €abs Ty, —oT,
= Qlah Q €ab (0 abs o amb) (76)
CF.QQ
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fooo O/)\,absIAMlﬁ()\)d)\ €abs = f()oo El)\,absIBB(Tabsa )‘)d)\
I Iaas(A)dx 7 Jo” TeB(Tabs; A)dA

(7.7)

here s =

CF is the concentration factor which is the ratio of solar collector area and absorber
surface area, Q is solar radiative heat flux i.e. AM 1.5 Global tilt spectrum, ¢ is Stefan—
Boltzmann constant, o//\,abs and 5;7abs are wavelength-dependent absorption and emis-
sion coefficients, respectively, T, is the operational temperature of the absorber, T,
is the ambient temperature, /sy 5(A) is spectral irradiance of solar radiation at AM 1.5,
and Ipp(Taps, A) is spectral blackbody radiation at the operational temperature [141].
For simple theoretical calculations, the spectral range considered for integral limit is
0.3—4 um for a;7abs and 4-13 pm for 5;7abs. When non-radiative heat component is ig-
nored, the net absorbing power per unit area by the solar absorber under the direct

influence of solar radiation is calculated by [247]:

Qnet (Tab57 Tamb) — Qsolar (Tabs) + Qatm(Tamb) - Qrad (Tabs) (78)

Here, Q)solar is the solar power absorbed per unit area by the absorber, given by:

Qsolar(Tabs) = CF/ aabs(Tabsa )\)[AMIE)()\)d)\ (79>
0

Qatm 1s the power absorber per unit area by the solar absorber due to the thermal
radiation of the atmosphere which is characterized by the ambient temperature of the

atmosphere:

Qatm(Tamb) = / Qabs (Tabsa )\)Eatm<>\>[BB (Tamba )\)d>\ (710)
0
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Finally, Q,.qa(Taps) is the power radiated per unit area by the absorber i.e the thermal

energy lost due to radiative heat transfer, and it is calculated by:

Qrad(Tabs) - / Eabs(TabS7 /\)]BB (Tabsa )\>d>\ (71]‘)
0

The thermal performance calculations for our selective solar absorber will be dis-

cussed next subsection.

7.1.7 Efficiency Calculations

The solar-to-thermal conversion efficiency of our selective solar absorber can be
evaluated using Eq. (7.6). On solving, we obtain 87% solar-to-thermal conversion ef-
ticiency when the surface temperature of selective solar absorber is at 100°C, and the
concentration factor is one sun. Further, the thickness of each layer is manually opti-
mized based on two parameters: absorption and emission coefficients. A multilayer
structure is deemed to be temperature-independent below 600°C [91]. The absorption
coefficient achieved is 0.9 and the emission coefficient is reported to be 0.04 at 100°C.
The efficiency can be increased by placing a solar concentrator on top of the multilayer
structure [89].

Figure 7.5 shows that as the temperature of the structure increases, the conversion
efficiency decreases because of the blue shift of thermal radiation as per Wien’s dis-
placement law [141]. The temperature at which the system reaches equilibrium i.e. the
solar absorption is equal to the absorber’s thermal radiation, is called stagnation tem-
perature. The designed solar absorber exhibits a stagnation temperature of 378°C when
the concentration factor is one sun. Table 7.1 shows that a net power of 889.4 Wm™?

can be achieved by the solar absorber when its surface temperature is at 100°C.
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Figure 7.5: Calculated solar-to-thermal energy conversion efficiency as a function of the surface
temperature of the selective solar absorber.

Table 7.1: Heat components of designed selective solar absorber considering temperature of
absorber as 100°C and ambient temperature of 24°C.

Radiative Component Qsolar Qatm Qrad Qnet
Power per unit area (Wm™2) 899.0 0.5 10.1 889.4

7.1.8 Effect of Different Polarizations and Incident Angles

As the incident radiation from the sun may fall at oblique angles and can be of any
polarization, a solar absorber design should be polarization- and angle-insensitive to
a great extent. Figure 7.6(a) depicts a close match between TE and TM polarized ab-
sorption spectra for a normal angle of incidence, thus making our design polarization-

independent. Figures 7.6(b) and 7.6(c) depict absorption contour plots for varying inci-

Figure 7.6: Numerically calculated absorption spectra for (a) TE and TM polarization at a
normal angle of incidence, and contour plot of absorption spectra for a varying angle of incidence
from 0 to 85 degrees of angle of incidence for (b) TE and (c) TM modes.
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dence angles. We can see that the absorption remains reasonably high till 60 degrees of
oblique incidence angle for both TM and TE polarization. For further analysis, we plot
average absorption with varying angle of incidence over the solar and mid-IR regimes
for TM, TE, and unpolarized incident radiation. From Fig. 7.7(a), it is clearly evident
that the average absorption over the solar regime remains more than 90% till 40 degrees
of angle of incidence and nearly 80% at 60 degrees of angle of incidence. In contrast,
the average absorption remains below 4% over the mid-IR region. The above findings
indicate that our design could be suitable for solar absorber applications which require
high angle-insensitivity [68,142]. In Fig. 7.7(b) we examine the relationship between
the angle of incidence and the converted thermal energy. Initially, with an increase in
the angle of incidence, the solar-to-thermal conversion efficiency increases marginally
and then gradually drops to nearly 80% at 60 degrees of angle of incidence considering
the unpolarized incident radiation. The thermal energy conversion efficiency is di-
rectly linked with the absorption and emission coefficients, which is directly related to
average absorption over a given spectral range. Therefore, as we gradually increase the
oblique angle of incidence, the average absorption slowly decreases [see Fig. 7.7(a)],

owing to a gradual increase in reflection at glazing angles, thereby reducing the solar-

Figure 7.7: (a) Average absorbance over solar (0.3-2.5 pm) and mid-infrared (4-13 pm) regimes
and (b) solar-to-thermal energy conversion efficiency (1), calculated numerically with increasing
angle of incidence for TM, TE, and unpolarized incident radiation.
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to-thermal conversion efficiency.

7.1.9 Prospective Fabrication Technique and Tolerance Study

With the continuous advancement in nanofabrication technology, the practical real-
ization of our thin film multilayer solar absorber should be relatively simple. To begin,
a Si wafer of suitable thickness can be taken to form the substrate. Next, an e-beam
evaporator may be used to deposit Cr metallic layer under controlled pressure (typi-
cally 2x10~% Pa) and deposition rate (0.5 nm/s) [248]. Other common materials such as
Ge, Si, TiO,, and SiO, can also be deposited in order via e-beam evaporator by control-
ling the deposition rate between 0.03 nm/s and 0.5 nm/s, depending on the thickness
of each layer [248]. Alternatively, keeping in view the cost of manufacturing for end-
use application, these materials can be deposited over a large area via chemical and
physical vapor deposition techniques such as plasma enhanced chemical vapor de-
position and magnetron sputtering, respectively [249,250]. These types of equipment
are fully compatible with the industrial-scale glass manufacturing processes. Optical
characterization can be performed using UV-VIS-NIR and Fourier Transform-IR spec-
trometers for measuring spectral characteristics over 0.3-14 um spectral range [112].

Note that our primary objective is to improve the optical performance of these solar
absorbers for solar thermal engineering applications. However, under practical scenar-
ios, the net absorbed power and solar-to-thermal conversion efficiency are expected to
alter depending upon several challenging factors such as geographical location, cloudi-
ness, humidity, and so on [251]. In addition, a solar absorber has to withstand elevated
temperatures and humidity inside the collector. So, for long-term durability, the stack
layers of solar absorbers should offer protection from exposure to direct sunlight, high
humidity, ultraviolet radiation, etc. Keeping technological challenges in mind, we have
meticulously chosen chemically inert and stable materials such as SiO, and Si having

matched thermal and mechanical properties for reduced mechanical strain during ther-
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mal expansion or cooling [252,253]. These materials are widely used in semiconductor
fabrication processes as passivation layers. Our proposed selective solar absorbers
could essentially manifest superior mechanical robustness, which in turn may protect
the device from harsh external environmental conditions for a relatively longer lifes-
pan outdoors [112].

With the continuous advancement in nanofabrication technology, the practical re-

alization of our thin film multilayer solar absorber is relatively simple. To begin, a Si

Table 7.2: Study of fabrication tolerance of the proposed selective solar absorber design with
+10% change in thickness of each layer.

Layer (thickness) Oabs €abs Qnet (Wm™—2) 7
t1 + 10% 0.89 0.04 880.9 86.6
SiO (t; = 125 nm) 0.90 0.04 889.4 87.0
t; — 10% 0.91 0.04 896.3 88.3
ta + 10% 0.90 0.04 887.5 87.3
TiOs (t2 = 50 nm) 0.90 0.04 889.4 87.0
to — 10% 0.90 0.04 888.1 87.4
ts + 10% 0.90 0.04 888.9 87.4
Si (t3 = 10 nm) 0.90 0.04 889.4 87.0
ts — 10% 0.90 0.04 889.1 87.5
ty + 10% 0.89 0.04 882.5 86.8
Ge (t4 = 25 nm) 0.90 0.04 889.4 87.0
ty — 10% 0.90 0.04 894.3 88.0
ts + 10% 0.90 0.04 889.2 87.5
Cr (t5 = 200 nm) 0.90 0.04 889.4 87.0
ts — 10% 0.90 0.04 888.9 87.4

Note: aups: absorption coefficient, €,,5: emission coefficient, Qet: net absorbed power,
7: solar-to-thermal conversion efficiency.
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wafer of suitable thickness can be taken to form the substrate. Next, an e-beam evapo-
rator may be used to deposit Cr metallic layer [248]. Then Ge, Si, TiO4, and SiO, layers
can be deposited in order via chemical vapour deposition [250]. Optical characteriza-
tion can be performed using UV-VIS-NIR and Fourier Transform-IR spectrometers for
measuring spectral characteristics over 0.3-14 um wavelength range [112].

Obtaining a smooth coating could be challenging during fabrication. Minor sur-
face roughness may lead to some alteration in the estimated net absorbing power and
solar-to-thermal conversion efficiency of our device. In this regard, the tolerance study
shown in Table 7.2 reveals that the net absorbing power and solar-to-thermal con-
version efficiency of these solar absorbers experience marginal variation with +£10%
change in each layer thickness. Hence, one can safely assume that our proposed solar

absorber design is robust to fabrication imperfections.

7110 Summary

We theoretically presented a design of multilayer thin film based selective solar
absorbers for solar thermal engineering applications. Our polarization- and angle-
insensitive design offers 87% solar-to-thermal energy conversion efficiency with a
total absorbed power of 889.4 Wm 2 when the temperature of the solar absorber is
at 100°C. The absorption coefficient achieved is 0.90 and the emission coefficient is
reported to be 0.04. Our proposed solar absorber manifests a stagnation temperature
of 378°C. A perfect match between our theoretical and simulation results validates
our findings. A detailed prospective fabrication technique is discussed to show the
feasibility of the proposed design. Our proposed solar absorber could be useful in
larger-scale engineering applications such as electricity generation, water desalination,

air conditioning, industrial heating, just to name a few.
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7.2 Thermal Emitters for Passive Daytime Radiative Cooling

Passive radiative coolers, which pump excess heat to cold exterior space via thermal
radiation, have emerged as a promising energy-free technology in cooling buildings,
thermal power plants, and photovoltaics. However, designing a ‘daytime’ passive ra-
diative cooler is challenging due to the simultaneous requirement of high reflectance
in the solar spectral regime (0.3-2.5 pm) and high emissivity in the atmospheric trans-
mittance window (8-13 um). In this section, we present a large-area compatible and

lithography-free nanoscale multilayer design of daytime passive radiative cooler.

7.2.1 Design and Simulation

Figure 7.8(a) depicts a two-dimensional (2D) graphical representation of a typi-
cal daytime passive radiative cooler. A 3D schematic view of our multilayered thin-
film based passive radiative cooler is shown in Figure 7.8(b). Our design comprises
four alternating dielectric layers of silicon dioxide (5i02;355 nm), aluminium nitride
(AIN;850 nm), SiO, (1550 nm), and AIN (10 nm), followed by 125 nm thick silver (Ag)
metallic layer placed on top of 750 nm thick silicon (Si) substrate. Note that the Si
substrate is shown for demonstration only.

Figure 7.8(c) depicts a side view of the unit cell considered for 2D numerical sim-
ulation. For full-wave simulations, we use wave optics module of a commercial finite
element method solver, COMSOL Multiphysics®, to simulate over 0.3-13 um spectral
range. To effectively capture all the structural details, we apply extra-fine mesh el-
ements with the maximum and minimum sizes of 138 nm and 0.5 nm, respectively.
We consider the period to be 1000 nm and apply Floquet boundary conditions along x
and y directions to emulate a large-area thin-film. Perfectly matched layers (PMLs) are
introduced to minimize scattering due to the confinement of the simulation domain.

The thickness of each PML layer is taken as A,ax/4, where ).y is the maximum wave-
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Figure 7.8: Our design of multilayered thin-film based passive radiative cooler in (a) a two-
dimensional (2D) graphical representation, (b) 3D schematic view, and (c) side view of the unit
cell considered for 2D numerical simulation. In (b) and (c), the incident radiation is a TM
polarized plane wave traveling along the z-direction. Perfectly matched layers (PMLs) at the
top and bottom of the unit cell minimize scattering due to the confinement of the simulation
domain. Note that all the dimensions are specified within parenthesis.

length in the considered spectral range. The air cavity is considered 3000 nm thick. The

frequency-dependent optical parameters of SiO, [145,245], AIN [245], and Ag [130] are

obtained from the literature.

7.2.2 Spectral Characteristics Analysis

Ideal spectral characteristics of daytime passive radiative coolers require zero ab-
sorbance in the solar and atmospheric radiation spectral regimes and unity absorbance
in the atmospheric transmittance window, as shown in Fig. 7.9(a). The spectral char-
acteristics of our proposed design are shown in Figs. 7.9(b) and 7.9(c). We achieve
an average absorbance of 2.7% over solar regime (0.3-2.5 pm), 2.3% over atmospheric
radiation region (2.5-8 um), and 80% in the atmospheric transparency window (8-
13 um). It is evident from the spectral characteristics that the optical response obtained

from our passive radiative cooler is close to the ideal spectral characteristics.
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Figure 7.9: (a) Ideal spectral characteristics of passive radiative coolers over solar radiation
spectral regime (0.3-2.5 um), atmospheric radiation region (2.5-8 um), and atmospheric trans-
mittance window (8-13 pm). Numerically obtained spectral response for our proposed design
in Fig. 7.8 showing absorbance (A), reflectance (R), and transmittance (7) spectra over (b)
0.3-2.5 pm and (c) 2.5-13 pm wavelength ranges.

7.2.3 Theoretical Verification

The numerical results are verified theoretically using transfer matrix method (TMM)
implemented using MATLAB R2020b. While applying TMM, we assume the medium
to be homogeneous, linear, and non-magnetic [132]. We consider a TM polarized plane
wave incident normally on multilayered thin-film based passive radiative cooler. In
Fig. 7.10(a), we approximate our design to consist of six interfaces and seven layers
[air—Si0,-AIN-SiO,—-AIN-Ag-Si]. Here, n, Y, and t are each layer’s refractive index,
admittance, and thickness, respectively. The incident radiation from air medium to
IMI thin-film undergoes multiple reflection, transmission, and absorption, inside each
layer. Note that E and H fields must be continuous across all the boundaries to satisfy

the boundary conditions [131]. The numerically (FEM) and theoretically (TMM) cal-
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Figure 7.10: Analytical modeling of our passive radiative cooler design using transfer matrix
method (TMM) showing (a) a 2D stack of our passive radiative cooler design for theoretical cal-
culations and (b) comparison between numerically and theoretically obtained absorption spectra
over 0.3-13 pm wavelength range. Note that n, t, and Y are refractive index, thickness, and
admittance of each layer, respectively.

culated absorbance spectra are shown in Fig. 7.10(b). A perfect match over the entire

0.3-13 um spectral range indeed validates our simulation findings.

7.2.4 Physical Mechanism

To design a passive radiative cooler with spectral characteristics close to an ideal
cooler, the key idea is to select materials with high real and imaginary parts of refrac-
tive index (n and k). The electromagnetic waves travel slower through a medium when
n is high. While a high k value ensures more loss as the wave propagates through a
medium. Therefore, having high n and k values of wavelength-dependent refractive
index is crucial for achieving high absorption within a medium [142]. The refractive
indices of SiO; and AIN are shown in Figs. 7.11(a) and 7.11(b), respectively. It can
be seen that both SiO, and AIN have negligible k values over solar (0.3-2.5 um) and
atmospheric radiation (2.5-8 um) regimes. However, in the atmospheric transmittance
window (8-13 um), SiO, and AIN have relatively high values of n and k over 8-10 pm
and 11-13 pm, respectively.

Figure 7.11(c) shows the normalized power loss density in each layer at three ar-

bitrarily selected wavelengths: 8.8 um, 10 um, and 11.6 um, in the atmospheric trans-
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Figure 7.11: Wavelength-dependent real (n) and imaginary (k) parts of refractive indices of
(a) SiO2 and (b) AIN. Numerically obtained normalized power loss density at arbitrarily chosen
wavelengths: 8.8 um, 10 pum, and 11.6 um in the atmospheric transmittance window.

mittance window where absorption peaks are seen in Fig. 7.9(c). It is evident from
Fig. 7.11(c) that the maximum power loss or absorption happens inside SiO, layer be-
low 10 pm wavelength. Whereas, above 11 um wavelength, AIN is predominantly
responsible for high absorption. Between 10 um and 11 um, relatively low n and k

values of SiO, and AIN lead to a dip in the absorbance spectrum, shown in Fig. 7.9(c).

7.2.5 Parametric sweep of geometrical parameters

We manually optimized the thickness of each layer to maximize the cooling per-
formance. Figure 7.12 shows the parametric analysis contour plots for varying thick-
nesses of each layer. The estimated optimal thickness of each layer is depicted using
dotted horizontal white lines. In Figs. 7.12(a)-7.12(c), with an increase in the thickness
of the top SiO, layer, top AIN layer, and bottom SiO, layer, we observe a significant
variation of absorption in the atmospheric transmittance window. Therefore, for an
ultra-compact design, we carefully chose the minimum possible thickness of the top
SiOq layer as 355 nm, top AIN layer as 850 nm, and bottom SiO, layer as 1550 nm. As
shown in Fig. 7.12(d), the bottom AIN layer does not play any role in absorption in the
atmospheric window, but this 10 nm thick layer is crucial to reflect the UV and visible

portions of solar radiation. In Fig. 7.12(e), a 125 nm ‘optically thick” Ag metallic layer
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Figure 7.12: Simulated parametric analysis contour plots for varying thicknesses of each layer:
(a) top SiOg, (b) top AIN, (c) bottom SiOg, (d) bottom AIN, and (e) Ag. Note that the optimal
thickness of each layer is show using dotted horizontal white line.

is chosen as the back reflector to completely block the transmission of electromagnetic

waves and enhance the absorption in the atmospheric transmittance window.

7.2.6 Physical Principles of Radiative Cooling

To achieve daytime radiative cooling, the thermal radiation from the object (F;aq)
must exceed the cumulative sum of incoming thermal radiation of the atmosphere
(Patm), incident solar irradiation (Piar), and the parasitic heat gain (F.,,) due to con-
vection and conductive heat transfer. Therefore, the net cooling power (F1) is defined

as [254]:
Pcool - Prad - Psol - Patm - Pcon (712)

where the radiated power emitted from the cooler is given by:

P.oqg = Aprc/dQco.SQ/ Igg(Tpre, N)e(N)dA (7.13)
0
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where A, is the sky facing surface area of the cooler and it is assumed to be 1,
dQ} = 27 foﬂ/ ? dfsind represents the angular interval over a hemisphere with ¢ being
the angle of incident radiation, A is the wavelength, and e(\) is wavelength-dependent
emissivity of the cooler. Igp is defined as the wavelength-dependent spectral radiance

of a blackbody at a temperature 7., expressed as:

27hc?
A5 (ehe/XKT _ 1)

]BB(TprCa )\) = (714)

where h is Planck’s constant, K is Boltzmann's constant, ¢ is the speed of light in free
space, and 7' is temperature at the surface of the blackbody. As per Wien’s displace-
ment law equation: A\, = 2900/7" [3], the peak emission shifts towards shorter wave-
lengths when the blackbody temperature increases. For an ambient room temperature
around 300K, the peak blackbody emission lies in long-wave infrared (~10 pm), lo-
cated within the atmospheric transmittance window. Hence, through this atmospheric
window, heat radiated by the cooler can exit to outer space. The solar power absorbed

by the cooler can be mathematically expressed as:

Psol = Aprc IAM15()\)€(/\)d)\ (715)
0

where Ixn15()) is the standardized wavelength-dependent sun’s solar irradiance
at mid-altitude widely used in the photovoltaics industry [3]. As per AM 1.5 solar
spectral irradiance, solar energy received on the earth’s surface lies between 0.3 pm and
2.5 um, comprising mostly ultraviolet, visible, near-infrared, and short-wave infrared
radiations [255]. The power absorbed by the cooler from the surrounding atmosphere

is given by:

Pim :Aprc/dQCOSQ/ IsB(Tamb, A)€atm (A, €)dA (7.16)
0
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where T, is the ambient atmospheric temperature, €, is the emissivity of the
atmosphere. As per Kirchhoff’s law of thermal radiation, under thermal equilibrium,
the absorbance (A) is same as emissivity [e())] for every wavelength [126]. Therefore,
substituting absorbance with emissivity, the atmospheric emissivity can be written as:
€atm(\, 0) = 1—t(A)/? Here t()\) denotes the atmospheric transmittance in the zenith
direction and 6 represents the zenith angle. Finally, the power loss caused due to par-

asitic thermal conduction and convection is given by [112]:

Pcon — Aprch'c(Tamb - Tprc) (717)

where h, is parasitic heat load coefficient taking the combined effect of conduction

and convection.

7.2.7 Cooling Power

For cooling power calculations, we consider the ambient temperature (7,.,,) as
297K, surface temperature of the cooler (Tpgrc) as 300K, and parasitic heat load coef-
ficient (h.) as 5. Substituting these values in Egs. (7.12)—(7.17), the net cooling power of
our proposed daytime passive radiative cooler comes out to be 115 Wm™2. Note that
our work essentially focuses on improving the optical performance of the daytime pas-
sive radiative cooler for near-ambient temperature. During cooling power calculations,
we have taken simplifying assumptions. Under practical scenarios, the net cooling
power is expected to vary depending upon several factors such as humidity, cloudi-
ness, geographical location, and so on [251]. Although we have not primarily focused
on the thermodynamic aspect, we have carefully chosen stack materials with matched
thermal and mechanical properties. This will ensure reduced mechanical strain during
expansion or cooling down. Moreover, to have longevity and practical value, the stack

layers should also offer resistance to ultraviolet radiation, high humidity, exposure to
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Figure 7.13: Net cooling power calculations for our passive radiative cooler with surface temper-
ature (Tprc) of the cooler for varying (a) number of layers and (b) parasitic heat load coefficient
(he). In (a), 1: bottom AIN layer , 2: bottom SiO9 layer, 3: top AIN layer, and 4: top SiOq
layer.

direct sunlight, efc. In our multilayer design, we have chosen stable and chemically
inert materials such as SiO, and AIN as the top alternating layers [252,253]. These ma-
terials are usually used as passivation layers in semiconductor fabrication processes.
Therefore, the daytime passive radiative cooler proposed in this work could inherently
exhibit superior mechanical robustness, thus assuring a long lifespan outdoors when
exposed to exterior environment conditions [112].

Figure 7.13(a) shows the importance of each layer in enhancing the cooling power of
our passive radiative cooler. With increase in the number of layers, the cooling power
increases and reaches 115 Wm ™2 for k. = 5. The equilibrium surface temperature (Tprc)
of the radiative cooler is calculated by equating the cooling power to zero. It can be
inferred from Fig. 7.13(b) that the equilibrium surface temperature can decline up to
15K below the ambient temperature (7,,,) of 297K when £, is set to 5. Moreover, the
surface temperature of our passive radiative cooler can reach 60K below the ambient
temperature when parasitic heat load coefficient is neglected. A comparison among
recently reported daytime passive radiative cooler is shown in Table 7.3. It is evident
that our proposed design offers the highest cooling power and temperature reduction

below the ambient temperature, compared to some of the recently reported daytime
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Table 7.3: Comparison between our proposed design and some of the recently reported daytime

passive radiative coolers.®?
Ref. (Year) Ravg (0.3-2.5 um)  Aag (8-13 pm)  Proor (Wm=2) AT (K)
You et al. (2020) [256] 95 76 62 6.8
Mabchour et al. (2020) [257] 95 85 87 NA
Wang et al. (2021) [254] 98 70 110 7
Dai et al. (2021) [258] NA 80-90 71 12
This Work 97 80 115 15

Note: * Rave = average reflectance (in percentage) over solar spectral regime, A,,, = average
absorbance (in percentage) over atmospheric transmittance window, P, = net cooling power, AT =
temperature reduction below ambient temperature.

b Only simulation results are included in this table.

passive radiative coolers.

7.2.8 Effect of Different Polarizations and Incident Angles

It is important to understand that the incident solar radiation can be of any polar-
ization and can fall at oblique angles due to the dynamically changing position of the
sun with respect to the earth’s surface. Therefore, to have practical utility, a passive ra-
diative cooler design needs to be polarization- and angle-independent to some extent.
Figure 7.14(a) shows absorbance spectra for both TM and TE polarization at a normal
angle of incidence. The overlapping absorbance spectral response for both cases in-
dicates that our passive radiative cooler design is polarization-insensitive. Further, in
Figs. 7.14(b) and 7.14(c), we show colour contour plots for TM and TE case, respec-
tively, for varying angle of incidence between 0 and 85 degrees. Fig. 7.14(d) shows
radar plot for average absorbance (radial axes) in the atmospheric transmittance win-
dow (8-13 um) for TM, TE, and unpolarized waves incident at different incident angles
(circular axes). From Figs. 7.14(b)-7.14(d), it is clear that the absorption spectra show

marginal variation with increase in the angle of incidence up to 70 degrees. The emis-

214

TH-2810_176302003



7.2 Thermal Emitters for Passive Daytime Radiative Cooling

Figure 7.14: (a) Numerically calculated absorbance spectra for both TM and TE polarization
at normal angle of incidence. Colour contour plots for (b) TM and (c) TE case, for the varying
angle of incidence between 0 and 85 degrees. (d) Radar plot showing average absorbance (radially
outward axes) in the atmospheric transmittance window (8-13 um) for TM, TE, and unpolarized
electromagnetic waves incident at different incident angles (clockwise circular axes).

sivity in the atmospheric transmittance window remains around 80% up to 60 degrees
angle of incidence. However, at grazing angles (70 degrees and beyond), the absorp-
tion efficiency drops significantly. Hence, the above studies justify the practical utility
of our choice of multilayer passive radiative cooler design which is polarization- and

angle-independent up to 70 degrees of angle of incidence.

7.2.9 Prospective Fabrication Process and Tolerance Study

With the advancement in nanoscale fabrication technology, fabricating our thin-film
multilayered passive radiative cooler should not be too difficult. First, a p-type (100)
Si wafer of suitable thickness may be used as a substrate. Then an electron beam (e-
beam) evaporation technique may be used depositing bottom Ag and AIN layers [118].
Next, the bottom SiO,, top AIN, and top SiO, layers can be consecutively deposited via

chemical vapour deposition (CVD) [112]. Here we emphasize that setting the right
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Table 7.4: Fabrication tolerance study for our thin-film multilayered passive radiative cooler
with £5% change in the thickness of each layer.

PRC Layer (Thickness) R.vg (0.3-2.5 um) Anvg (813 pm) Peool (Wm™2)
t1 + 5% 96.79 79.64 115.89
Top SiOz (1 = 355 nm) 96.52 79.60 115.68
t1 — 5% 94.77 79.53 115.13
to + 5% 94.61 79.49 111.09
Top AIN (t2 = 850 nm) 96.52 79.60 115.68
to — 5% 96.47 79.63 108.52
ts + 5% 95.96 79.49 106.82
Bottom SiO2 (t3 = 1550 nm) 96.52 79.60 115.68
ts — 5% 96.65 79.48 112.18
ty + 5% 96.46 79.60 114.63
Bottom AIN (¢; = 10 nm) 96.52 79.60 115.68
tys — 5% 96.08 79.60 114.28

Note: Ry = average reflectance (in percentage) over solar spectral regime, A,,, = average absorbance
in percentage) over atmospheric transmittance window, P.,,1 = net cooling power.
p P )

temperature and deposition rate during the CVD deposition process is important to
achieve smooth coating and avoid any damage to the underlying Ag layer. For op-
tical characterization, UV-VIS-NIR spectrometer and Fourier-transform infrared spec-
troscopy (FI-IR) spectroscopy may be used to measure our passive radiative cooler’s
reflectivity over 0.3-2.5 um and 2.5-13 pm spectral ranges, respectively [112,115].
However, during fabrication, we believe that obtaining a smooth coating could be
challenging, and minor surface roughness may arise, which could alter the estimated
cooling power of our device. In Table 7.4, we show the tolerance study for our radiative
cooler design with £5% change in the thickness of each layer. The tolerance study
unveils that the net cooling power of our radiative cooler shows marginal variation
which is well within the acceptable limit, making our radiative cooler robust and less

prone to fabrication imperfections.
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7.2 Thermal Emitters for Passive Daytime Radiative Cooling

7.210 Summary

We presented a design of daytime passive radiative cooler comprising four alternat-
ing dielectric layers of SiO,, AIN, SiO,, and AIN, on top of silver metallic layer placed
on a silicon substrate. We could theoretically achieve 97.3% and 97.7% average reflec-
tion over solar regime (0.3-2.5 um) and atmospheric radiation region (2.5-8 um), re-
spectively, while maintaining 80% emissivity in the atmospheric transparency win-
dow (8-13 um). During the daytime under direct sunlight, the net cooling power
of our proposed daytime passive radiative cooler came out to be 115 Wm 2 with a
temperature reduction up to 15K below the ambient temperature. When convective
and conductive heat transfer contributions are neglected, we achieved temperature re-
duction up 60K below ambient temperature. Our design is polarization-insensitive
and angle-independent up to 70 degrees of angle of incidence. Our theoretical results
perfectly match with full-wave simulations, thus validating our findings. The fabri-
cation tolerance study suggests that our design is robust and less prone to fabrication
imperfections, indicating that cooling performance is unlikely to degrade much dur-
ing practical realization. These passive radiative coolers may find potential applica-
tion in energy-efficient buildings [122,259], smart windows [141, 261], thermoelectric
and thermophotovoltaic systems [260, 262], body thermal management textile [263],

temperature-insensitive optoelectronic devices [264], and much more.
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8. Conclusion and Future Scope

This chapter summarizes the thesis work, highlighting significant findings and con-
tributions concerning modeling of nanophotonics and metamaterials based tunable
optical devices for selectively filtering and harvesting solar radiation. Section 8.1 dis-
cusses a summary of the contributions. Section 8.2 concludes the chapter by jotting

down the potential directions for future research.

8.1 Summary of Contributions

This thesis work aims to utilize nanophotonics and metamaterials based tunable
optical devices for smart window design and solar energy harvesting. Chapter 1 intro-
duced the outline of the thesis discussing the motivation, methodology, scope of this
work, the major contributions of this thesis, and thesis organization. Chapter 2 pre-
sented a literature review relevant to the field of nanophotonics and metamaterials, fol-
lowed by discussion on the theoretical background required for carrying out this work;
and a couple of numerical techniques that would help to solve complex Maxwell equa-
tions and boundary conditions. Chapter 3 discussed the first objective of this thesis, i.e.,
to design climate-specific passive windows capable of selectively filtering visible and
infrared radiations. The designs were mainly based on metal-insulator-metal multi-
layer thin-films as these are lithography-free and hence, large-area compatible. How-
ever, passive windows once fabricated cannot be tuned to different weather-specific
needs. To solve this problem, chapter 4 presented the second objective, i.e., to design
all-weather electrotunable windows. To begin with, a design of metal-insulator-metal
multilayer thin-films based electrotunable window is discussed that can dynamically
control the intensity of transmitted solar radiation, depending upon the weather condi-
tion. Then a low-power design of electrotunable, absorption- and transmission-mode
color filters is presented for application as electrochromic windows.

Keeping in mind the current state-of-the-art nanofabrication technology, we ex-
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plored alternative designs of passive and electrotunable windows presented in chap-
ters 3 and 4, respectively, which would allow the use of a thicker metal film that would
be easier to fabricate. Chapter 5 proposed designs of static and electrotunable ‘smart’
windows based on insulator-metal-insulator multilayer thin-films, followed by a com-
parative study between those. Chapter 6 presented the third objective, i.e., to design
broadband metamaterial absorbers for solar energy harvesting. This chapter investi-
gated a plasmonics based broadband metamaterial absorber in a 400-1100 nm spectral
window—a one-dimensional grating-based wide-angle and ultrabroadband metama-
terial absorber in a 400-2500 nm spectral range and a two-dimensional grating based
ultrabroadband “perfect’ metamaterial absorber over a wider spectral regime of 300-
4500 nm. These absorbers have implications in solar cells and thermophotovoltaics.
Finally, chapter 7 addressed the last objective of this thesis related to utilization of
the waste solar heat, i.e., to design spectrally-selective solar absorbers that can har-
ness solar energy as heat and convert it into thermal energy, and to design passive
radiative coolers which pump excess heat to cold exterior space via thermal radiation.
The whole idea of this thesis revolves around designing transmission- and absorption-
mode spectrally-selective filters for smart windows and solar energy harvesting.

This Ph.D. work is a small step towards fighting a bigger problem of global warm-
ing. The major contributions of this thesis have been accepted/published in presti-
gious international peer-reviewed journals and also were presented in renowned in-
ternational conferences in the emerging field of nanophotonics and metamaterials. A
summary outlining the major contributions towards fulfilling the research objectives is
given below:

e Nanoring Based ‘Meta-glass’ as Passive Windows:

In the first section of chapter 3, we presented a novel plasmonic ‘meta-glass’” as

infrared-blocking nanophotonic windows that could block up to ~87% infrared
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radiation over 750-1800 nm spectral range while maintaining 60% average trans-
mission in the visible regime. We achieved an infrared transmittance as low as
0.16 and a contrast ratio as high as 3.75, indicating that our proposed plasmonic
glasses could outperform recently reported industry-standard window glasses.
By virtue of surface plasmons excitation in the infrared regime, we could achieve
selective suppression in the transmission spectrum, which is tailorable by adjust-
ing the dimension of the nanorings. The simulation results obtained using finite
element method and finite difference time domain solvers are in good agreement.
Our designs are low-cost, easy to fabricate, polarization- and angle-insensitive to
a large extent. These plasmonic meta-glasses based on relatively inexpensive ma-
terial could be useful in places with warm climates. These findings were reported
in ‘Optics Letters’.
e Nanoparticles Based Passive Windows:
In the second section of chapter 3, we presented a design of meta-glasses ca-
pable of blocking ultraviolet and infrared radiations efficiently. By introducing
different choices of metallic nanoparticles inside the dielectric layer of a metal—-
dielectric-metal cavity, we could achieve more than 90% UV and IR blocking
while maintaining 60% visible transmittance. Our thin-film coatings may be ap-
plied on vehicle windows to provide ambient indoor temperature and brightness
and improve the vehicle’s performance. These findings are submitted to ‘IEEE 9th
International Conference on Photonics (ICP) 2022’
e Multilayer Thin-film Based Nanophotonic Passive Windows:

In the third section of chapter 3, we theoretically demonstrated metal-insulator—
metal thin-film based passive windows for controlling the amount of transmitted
visible and infrared radiation, depending upon different specific climate condi-

tions. We explored noble metals (Au, Ag, Cu) alongside alternative materials
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(ITO, AZO, and ALON) to provide a cheaper alternative to commercially avail-
able windows. The figure of merit obtained for our passive glasses using rel-
atively inexpensive materials (such as Ag, Cu, ITO, AZO, and ALON) outper-
form industry-standard commercial windows and previously reported infrared-
blocking plasmonic glasses. The theoretical results obtained using transfer ma-
trix method and Fabry-Perot interferometer technique perfectly match those of
tinite element method based full-wave numerical simulations. Our design is sim-
ple, lithography-free and hence large-area compatible, ultra-thin, polarization-
independent, and angle insensitive (up to 83 degrees). These passive glasses can
be integrated into security panels, privacy windows, advertising screens, room
partitions, electronic curtains, and solar control skylight panels. Aluminium
oxynitride based window glasses are suitable for high performance, portable,
bulletproof, and blast-resistant windows that can be used in high security build-
ings, military vehicles, fighter aircrafts, and submarine applications. The findings
were published in the journal “Applied Optics’.
e Nanophotonic Passive Windows as Color Filters:

In the last section of chapter 3, we theoretically demonstrated designs of metal-
dielectric-metal based blue and red transmission-mode color filters, which could
be crucial for applications in greenhouses. The peak transmission of two passive
tilters A and B were optimized to perfectly match the wavelength of peak absorp-
tion spectra for chlorophyll A and B at 430 nm and 662 nm, respectively. Our the-
oretical results agree well with the simulation findings. Our design is ultra-thin,
easy to fabricate, lithography-free, large-area compatible, polarization-independent,
and angle-insensitive up to 80 degrees of angle of incidence. For practical appli-
cation, designs of blue and red transmission-mode color filters can be individu-

ally coated on the exterior or interior surface of adjacent glasses in a greenhouse.
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Greenhouses coated with these spectrally selective passive color filters could re-
duce the maturation period of plants by enhancing the rate of photosynthesis.
Reduced maturation period will eventually bring sustainability by reducing the
carbon footprint of heating and cooling systems used in greenhouses. The find-

ings were presented in ‘IEEE Photonics Conference (IPC) 2021’

e All-weather Electrotunable Windows:
In the first section of chapter 4, we presented a theoretical design of metal-dielectric—
metal based electrotunable smart glasses for dynamically controlling the amount
of transmitted solar radiation depending on weather conditions. We explored no-
ble metals as well as their relatively inexpensive alternatives as metallic layers.
An electro-optic polymer is used as a dielectric layer to make the system tunable
by using a bias voltage ranging from —15 V to +15 V. The figure-of-merit cal-
culations show that our relatively inexpensive materials (Ag, Cu, ITO, AZO, and
ALON) can outperform industry-standard commercial glasses and previously re-
ported infrared-blocking plasmonic glasses. Our design is robust, low-cost, ultra-
compact (60-100 nm thick), lithography-free, large-area compatible, polarization-
independent, and angle-insensitive (up to 75 degrees). Our theoretical results ob-
tained using transfer matrix method, transmission line method, and Fabry—Perot
interferometer technique agree well with those of finite element method based
tull-wave simulations which validate our results. These ultra-thin smart glasses
can be integrated into privacy windows, security panels, solar control skylight
panels, etc. Aluminium oxynitride based glasses can be used in fighter aircraft,
military vehicles, high security buildings, and submarine applications. The re-
search was published in a top-ranked journal ‘Solar Energy Materials and Solar

Cells’.
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e Tunable Colour Filters as Electrochromic Windows:
We presented a theoretical design of electrotunable absorption- and transmission-
mode colour filter based on metal-dielectric-metal (MDM) structure. We illus-
trated the design of three colour filters (blue, green, and red) to show that only
+10 V power supply should be sufficient to realize any intermittent colour fil-
ter in the visible regime. Our theoretical results obtained using transfer matrix
method and transmission line method agree well with those of finite-element-
method based full-wave simulations, which validates our results. For practical
realization, our design is power-efficient, large-area compatible, lithography-free,
angle-insensitive, polarization-independent, and has extremely narrow-bandwidth.
The results were reported as an article in ‘Journal of the Optical Society of America
B'.
e Alternative designs of Static and Electrotunable Windows:

In chapter 5, we presented insulator-metal-insulator multilayer thin-films based
designs of static and electrotunable ‘smart’ windows, followed by a comparative
study between those. Our design is robust, lithography-free, large-area compati-
ble, polarization-independent, and angle-insensitive up to 80 degrees of oblique
incidence. Our theoretical results are in close agreement with simulation find-
ings. The theoretically calculated figure of merit indicates that our static and
electrotunable smart windows could be a better value proposition than industry-
standard commercial windows. In addition, we obtained a better contrast ratio
for diverse climatic conditions that could significantly improve the efficiency of
smart windows. Our size-dependence analysis revealed that the performance of
our smart windows is unlikely to degrade during practical realization. We found
that the optical response remained unaltered when the insulator-metal-insulator

thin-film was coated on the inside or outside the silica glass substrate. We have
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also shown that a multilayer coating may be used to block the harmful ultraviolet
radiation completely. Detail of the prospective fabrication technique is provided
to show the experimental feasibility. These findings were reported in ‘Journal of
Optics’.
e Plasmonics Based Broadband Metamaterial Absorbers:
In the first section of chapter 6, we investigated the design of cross—ring based
broadband plasmonic metamaterial absorber. An average absorption of 96.9%
is achieved over 400-1100 nm wavelengths with a peak absorption of 99.9% at
750 nm wavelength—perfectly matching the wavelength of peak absorption by
silicon solar cell [147]. A close agreement between absorption spectra obtained
using finite difference time domain solver and finite element method solver val-
idates our findings. Our design is polarization-independent and provides 90%
average absorption up to 75 degrees of oblique incidence angle. Practically, these
thin-film broadband absorbers can be integrated into photovoltaics modules for
enhancing efficiency of silicon as well as organic solar cells [137,142]. These find-
ings were presented in “15th International Congress on Artificial Materials for Novel
Wave Phenomena - Metamaterials 2021°.
e 1D-Grating Based Ultrabroadband Metamaterial Absorbers:

In the second section of chapter 6, we designed and simulated an ultrabroadband
absorber based on a one-dimensional periodic array of metallo-dielectric alter-
nating multilayered tapered structure. It can absorb radiation over the whole
visible and near-infrared spectrum, ranging from 400-2500 nm, i.e., over entire
solar spectrum. The average absorption of 98.2% was achieved by 20 pairs of
alternating molybdenum—germanium based tapered structure. The absorbance
was further enhanced to over 99% using more number of metallo-dielectric lay-

ers (64 pairs). The broadband absorption is attributed to multiple slow-wave
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modes getting absorbed at different layers. The trapped rainbow effect and the
anti-reflection effect together give broadband absorbance with high efficiency.
Additionally, our simulation model shows angle insensitivity up to 60 degrees.
Absorbance spectra, obtained from effective medium theory, agree well with our
simulation results. Our presented work can be utilized in a wide range of appli-
cations such as solar energy harvesting, thermophotovoltaics, stealth technology;,
camouflage, and thermal emitters. The findings were presented in 2019 Workshop
on Recent Advances in Photonics (WRAP)'.

e 2D-Grating Based Ultrabroadband Metamaterial Perfect Absorbers:
In the last section of chapter 6, we presented an ultra-broadband ‘perfect” ab-
sorber consisting of a 2D array of hemi-ellipsoid shaped metallo-dielectric (MD)
multilayered structure, due to lateral symmetry this design is polarization-insensitive,
which was not achieved in the previous design using 1D array. An unprece-
dented average absorbance of ~99% is achieved at normal incidence between
300 nm and 4500 nm spectral range. We used 20 pairs of molybdenum-germanium
MD layer, with tungsten as ground metal. The ultra-broadband absorption is
attributed to the anti-reflection effect (for A < 1500 nm) and the trapped rain-
bow effect (for A > 1500 nm). Our design is polarization-independent as well
as angle-insensitive (up to 60 degrees). Our theoretical calculations agree well
with those of full-wave simulation results. A perspective fabrication methodol-
ogy and fabrication-imperfection tolerance study are also shown for the practical
realization of our proposed design. The figure-of-merit calculations show that
our ‘perfect” absorber can outperform some of the broadband absorbers, recently
reported in the literature. A potential application of our presented broadband
metamaterial absorber includes integration into solar devices for solar energy

harvesting using thermophotovoltaics. The research was published in “Journal of
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the Optical Society of America B’.
e Selective Solar Absorbers for Waste Heat Management:
In the first section of chapter 7, we theoretically presented a design of multilayer
thin film based selective solar absorbers (SSAs) for solar thermal engineering ap-
plications. Our polarization- and angle-insensitive design offers 87% solar-to-
thermal energy conversion efficiency with a total absorbed power of 889.4 Wm 2
when the temperature of the solar absorber is at 100°C. The absorption coeftfi-
cient achieved is 0.90 and the emission coefficient is reported to be 0.04. Our
proposed solar absorber manifests a stagnation temperature of 378°C. A perfect
match between our theoretical and simulation results validates our findings. A
detailed prospective fabrication technique is discussed to show the feasibility of
the proposed design. Our proposed SSA could be useful in larger-scale engineer-
ing applications such as electricity generation, water desalination, air condition-
ing, industrial heating, just to name a few. The obtained results were published
in ‘IEEE Transactions on Nanotechnology’.
e Thermal Emitters for Passive Daytime Radiative Cooling:

In the second section of chapter 7, we presented a design of daytime passive ra-
diative cooler (PRC) comprising four alternating dielectric layers of SiO, AIN,
Si0,, and AIN, on top of silver metallic layer placed on a silicon substrate. We
could theoretically achieve 97.3% and 97.7% average reflection over solar regime
(0.3-2.5 pm) and atmospheric radiation region (2.5-8 pm), respectively, while
maintaining 80% emissivity in the atmospheric transparency window (8-13 um).
During the daytime under direct sunlight, the net cooling power of our pro-
posed daytime PRC came out to be 115 Wm ™2 with a temperature reduction up
to 15 K below the ambient temperature. When convective and conductive heat

transfer contributions are neglected, we achieved temperature reduction up 60K
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below ambient temperature. Our design is polarization-insensitive and angle-
independent up to 70 degrees of angle of incidence. Our theoretical results per-
fectly match with full-wave simulations, thus validating our findings. The fabri-
cation tolerance study suggests that our design is robust and less prone to fabri-
cation imperfections, indicating that cooling performance is unlikely to degrade
much during practical realization. Our PRCs could be useful for applications in
thermal power plants, smart windows, energy-efficient buildings, optoelectronic
devices, to name a few. The results were reported as an article in ‘Journal of Physics

D: Applied Physics’.
8.2 Suggestions for Future Work

So, the question remains: how will smart windows improve in the near future?
Imagine a window that captures some portion of the solar energy falling on them dur-
ing the day and store it in batteries that can power lights inside our home at night, as
depicted in Fig. 8.1. With the help of this unique approach, we will now be able to con-
trol not only the amount of light and heat coming inside our homes and cars but also
store the energy absorbed by the metamaterial absorbers which is otherwise wasted.

To accomplish this, we can integrate our broadband metamaterial absorbers with
the thermoelectric generators. Using the Seebeck effect, we can utilize the absorbed
heat from this highly efficient absorber and convert it into electrical energy. An artistic
representation of the proposed design is shown in Fig. 8.2. Although the efficiency
is relatively low considering the energy conversion using the Seebeck effect, imagine
a bigger picture of a building and storage facility of food grains, where thousands
of glass windows are installed. We may make a significant impact by saving a small
amount of energy absorbed from each window. The harvested energy will be sufficient

to serve our practical day-to-day applications such as lighting a bulb, charging a power
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Figure 8.1: Artistic view of charging a smartphone by absorbing the heat through smart win-
dows and converting heat into useful electrical energy [265,266].

bank or a cell phone etc. Hence, we can take a small step towards a noble cause of
promoting a greener tomorrow. Apart from these, there are many aspects of future
works which are summarized below:

w Concerning passive window designs, there is a need for better optimization of
thin-film structures using multiple metal-dielectric stacks. There is a possibility
to explore some more unconventional alternative plasmonic materials that could
bring down the overall cost while maintaining design aesthetics and durability.
To address the UV part of the solar spectrum, TiOs or ZnO nanoparticles of a
specific dimension may be introduced inside the transparent glass to block the
UV spectrum completely. We may also look for electro— or thermo—optic materi-
als that can provide real-time tunability via electrical or thermal energy supply,

respectively.

w For electrotunable window designs, we have used 4-dimethyl-amino-N-methyl-
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Figure 8.2: Pictorial demonstration of waste heat management by integrating broadband plas-
monic absorber with thermoelectric generator.

4-stilbazoliumtosylate (DAST) polymer as an electro—optic (EO) material. This
polymer possesses one of the largest EO coefficients among all those organic
crystals available today. DAST also has a large melting point (259 °C), a large
electrical bandwidth, and exhibits stability up to 250 °C. However, it is desirable
to look for other alternative EO materials that have certain optical absorption in
the non-powered state to achieve different modes as per the requirement of the
geographical location. It is equally important that EO material exhibits matched
mechanical as well as thermal properties. This will ensure that its thermal ex-
pansion coefficient closely matches the metals used in the metallo-dielectric mul-
tilayered glasses, therefore reducing the mechanical strain during expansion or
cooling down. To have longevity and practical value, the EO material should
also offer resistance to ultraviolet radiation, high humidity, exposure to direct

sunlight, efc.
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m For thermochromic smart window designs, there is a need to explore phase change
materials (PCMs), such as GeSbTe (GST) and vanadium dioxide (VO,), which
could play an important role in dynamically tuning the optical devices [177]. For
smart window applications, the typical transition temperature of VO, is too high
(68°C). However, doping can bring the transition temperature down to room tem-

perature.

w Apart from application in thermophotovoltaics, our broadband absorber may
also be used for photodetection. This may help in detecting photons below the
bandgap of the semiconductor. Besides, enhanced light absorption can be achieved
due to the confinement of the electromagnetic waves inside the metamaterial ab-

sorber.
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A.1 Electrical Engineering of the Voltage Control for Electrotunable
Windows

Figure A.1 depicts a scheme for electrical connections in MIM thin-film based smart
windows. Using this circuit connection, the end-user can manually control smart win-
dow functionality by just switching between —15V, 0V, and +15V. For instance, when
the switch is at +15 V, the window will block the light and allow the heat to pass
through it i.e. dark and warm mode. Whereas when the switch is at —15 V, the win-
dow will allow light to pass through it but block the heat i.e. bright and cool mode. If
we want our smart window to operate as an ordinary window, the switch should be
at OV to allow both light and heat to pass through the window, i.e. bright and warm
mode.

For smart window design, the major challenge lies in the durability of such win-
dows compared to ordinary windows. For long-term durability, the stack layers of

MIM structure should be protected from exposure to direct sunlight, high humidity,
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Figure A.1: A proposed scheme for electrical connections in MIM thin-film based
smart windows. Two 15V batteries connected in series, with the common terminal grounded
and connected to the switch and bottom metallic layer. The smart window can operate in three
possible modes by changing the switch position between —15V, 0V, and +15V.

ultraviolet radiation, etc. To overcome this challenge, MIM thin-film can be coated on
the inside of the window glass, as shown in Fig. A.1. Further, they need to be laminated

with a plastic film to prevent liquid splashes, dust, scratches, electrical short-circuits

and thus increasing the life span of these smart windows.

A.2 Detailed physics of the Electric Field Effects

The electric field distributions inside MIM thin-film based smart window corre-
sponding to the resonance wavelength is shown below in Fig. A.2. One can clearly
see that electric field is mainly concentrated inside the dielectric layer at the reso-
nance wavelength. On applying the bias voltage, the magnitude of the electric field
decreases inside the dielectric layer because of the shift in the resonance frequency due
to a change in the refractive index of the electro-optic polymer, used as an insulator
layer. Therefore, changing the bias voltage makes it possible to tune the peak trans-

mission at the wavelength of interest.
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Figure A.2: Electric field distributions inside MIM thin-film based smart windows: normalized
electric field (E) distributions corresponding to the resonance wavelength (Ao = 420 nm at —15V,
Ao = 750 nm at OV , and \g = 1060 nm at +15V). Here the top and ground metallic layers are
composed of silver of 5 nm thickness, and 60 nm thick electro-optic polymer (DAST) is used as
the dielectric layer.

A.3 Experimental Realization of Passive Windows

For proof of the concept, we first started with fabrication of a passive window of 1
sq. inch area based on glass—metal-insulator-metal configuration. Figure A.3 shows
three architecture designs selected to be fabricated. After successful realization of a lab
scale prototype, we planned to scale up to 1 sq. foot, 1 sq. meter, and so on depending
upon the outcome at each stage. After testing the durability and scalability, we have
plans to go for industry scale production. Once the passive glasses are successfully
realized and tested, we can go ahead to fabricate electrotunable windows depending

upon the availability of the electro-optic polymer material.
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Figure A.3: Three architecture designs to be fabricated: (a) architecture I: passive windows
glasses based on indum tin oxide (ITO), (b) architecture II: passive windows glasses based on
silver (Ag), and (c) architecture III: rollable thin film coatings for ordinary windows. The
dimensions with design tolerance are specified within parenthesis.

Currently, we are working towards depositing metal-insulator-metal thin-films
over a glass substrate (architecture I) using RF magnetron sputtering at the Department
of Physics, IIT Guwahati. In this direction, we performed some preliminary exper-
iments, including UV-VIS spectroscopy, field-emission scanning electron microscopy

(FESEM), profilometry for ITO coated glass. Different steps of the experimental work

are presented in the following sections.

A4 ITO Coated Glass Cleaning & UV-VIS Spectroscopy

A step-by-step procedure of ITO cleaning and UV-VIS spectroscopy measurement
is depicted in Fig. A.4. We first took ITO coated glass (with ITO being 200 nm and
silica glass being 1 mm thick) and cut them into pieces to get two glass slides, each
of four sq. cm area. Then we cleaned those glass slides using detergent, followed by
15 minutes of sonification. The cleaning procedure was repeated using acetone and
isopropanol, then sonification for 10 to 15 minutes. After that, the wet sample glass

was dried using a standard hairdryer. Next, we performed UV-VIS spectroscopy by
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Figure A.4: Procedure for ITO cleaning steps and UV-VIS-Spectroscopy measurement proce-
dure carried out at the Center for Nanotechnology and Department of Physics, IIT Guwahati.

placing the sample and slides in the holder, as shown in step 5 of Fig. A.4. Finally, we
measured the transmittance over 200-800 nm spectral window. These measurements

were carried out at the Center for Nanotechnology and the Department of Physics, IIT

Guwabhati.

A.5 Thickness measurement for Etched ITO coated Glass

A step-by-step procedure adopted for thickness measurement for etched ITO coated
glass using Profilometer is shown in A.5. First, ITO coated glass was etched out using
zinc dust and concentrated hydrocloric acid. Then, a similar cleaning and drying ap-
proach was adopted as mentioned in the previous section. For thickness measurement
of the ITO coating, we used a profilometer at the Department of Physics, IIT Guwa-
hati. This instrument helps to measure the thickness by moving the cantilever over the
placed sample and generating a plot for its thickness profile. Then by finding the dif-

ference between the heights of the places with and witout the ITO coating, we found
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Figure A.5: Procedure for thickness measurement for etched ITO coated glass using profilome-
ter at the Department of Physics and field-emission scanning electron microscopy (FESEM) at
the Central Instrument Facility (CIF), IIT Guwahati.

the thickness to be approximately 104 nm. Further, to verify this thickness, we also
used FESEM at the Central Instrument Facility (CIF), IIT Guwahati, to measure the
thickness by taking cross-sectional images, as shown in Fig. A.5. The approximate
thickness came out to be 110 nm, which is close to the thickness measured by the pro-

filometer.

A.6 Validation of Preliminary Experimental Results using Theoreti-
cal Modeling

We now compare the experimental results obtained for ITO coated glass in section
A2 of the appendix with our theoretical modeling to validate the experimental find-
ings. For theoretical modeling we use transfer matrix method to obtain transmittance
over 400-800 nm spectral window, as shown in Fig. A.6(a). Here, one may notice
oscillations in the transmittance spectrum, which is due to wave interference when a
thin-film of ITO is coated over a thick glass substrate [267]. However, during the ex-
periment, the oscillations produced by interference in a thick substrate are liquidated,
and only the curve close to that obtained using curve fitting will be observed experi-
mentally. Hence, we took a polynomial fit for the theoretical data [see Fig. A.6(a)] and

plotted it against the experimental data, as shown in Fig. A.6(b). The experimentally
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A.6 Validation of Preliminary Experimental Results using Theoretical Modeling

Figure A.6: Transmittance spectrum for ITO (200 nm thick) coated over a silica glass substrate
(1 mm thick): (a) theoretical data with polynomial fit and (b) comparison between experimen-
tally and theoretically obtained transmittance spectra.

and theoretically calculated average transmittance came out to be 88.8% and 87.6%, re-
spectively. A close match between experimental and theoretical findings validates our

initial findings. From these encouraging preliminary results, one may expect all exper-

iments to closely follow our theoretical predictions made for smart window design.
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