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ABSTRACT

PLASMONIC METAMATERIAL BASED STRUCTURES FOR
DESIGNING OF MULTIBAND AND THERMALLY TUNABLE LIGHT
ABSORBERS, MULTIPLE THERMAL INFRARED EMITTER, AND

HIGH-CONTRAST ASYMMETRIC TRANSMISSION OPTICAL DIODE
Ataollah Kalantari Osgouei
M.S. in Physics
Advisor : Ekmel Ozbay
July 2021

Metamaterials with sub-wavelength nanostructures refer to a class of synthetic materials
that possess exotic electromagnetic properties which cannot be observed with natural
materials. Negative refractive index, asymmetric light transmission, invisible cloaking,
and lasing are examples of these attributes. Among these possible applications, the
concept of light confinement and harvesting by subwavelength structures have attracted
considerable attention due to their widespread applications ranging from thermal
emission, optical modulator, sensing, and photodetectors. Here, we propose and design
plasmonic metamaterials with subwavelength structures in four different application
areas, namely 1) Hybrid indium tin oxide-Au metamaterial absorber in the visible and
near-infrared ranges for selective thermal emissions and sensors. 2) Active tuning from
narrowband to broadband absorbers using a sub-wavelength VO, for optical modulator.
3) A spectrally selective nanoantenna emitter compatible with multiple thermal infrared
applications. 4) Diode like high-contrast asymmetric transmission of linearly polarized

waves.

In the first work, we propose a multi-band Metamaterial Perfect absorber (MPA) with two
narrowband absorption responses that are centered on the visible and near-infrared (NIR)
wavelengths [773nm and 900 nm, respectively] and a broadband absorptive

characteristic in another window in the NIR region [ranging from 1,530 nm to 2,700 nm
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with a bandwidth of 1,170 nm]. The MPA comprises a periodic array of self-aligned
hybrid indium tin oxide (ITO)-Au split-ring-resonators that are separated from an
optically thick bottom reflector with a SiO> layer. Based on numerical calculations, which
are accompanied with a semi-analytical examination, we find that the dual narrowband
and broadband responses are attributed to the hybridization of the optical responses of
gold as a plasmonic material with the ones of ITO. Note that ITO acts as a low-loss
dielectric in the visible range and a lossy plasmonic material in the NIR region. Moreover,
due to the applied symmetry in the unit cell of the metamaterial, the proposed MPA
represents polarization insensitive and omnidirectional absorptive features. The proposed
metastructure can find potential applications in selective thermophotovoltaic devices,

thermal emitters, and sensors.

In the second work, we propose an MPA with diverse functionalities enabled by vanadium
dioxide (VOz) embedded in a metal-dielectric plasmonic structure. For the initial design
purpose, a Silicon (Si) nanograting on a Silver (Ag) mirror is proposed to have multiple
resonant responses in the near infrared (NIR) region. Then, the insertion of a thin VO,
layer at the right position enables the design to act as an on/off switch and resonance tuner.
In the insulator phase of VO,, in which the permittivity data of VO, is similar to that of
Si, a double strong resonant behavior is achieved within the NIR region. By increasing
the temperature, the state of VO, transforms from insulator to metallic so that the
absorption bands turn into three distinct resonant peaks with close spectral positions. Upon
this transformation, a new resonance emerges and the existing resonance features
experience blue/red shifts in the spectral domain. The superposition of these peaks makes
the overall absorption bandwidth broad. Although Si has a small thermo-optic coefficient,
owing to strong light confinement in the ultrasmall gaps, a substantial tuning can be
achieved within the Si nanogratings. Therefore, the proposed hybrid design can provide
multi-resonance tunable features to cover a broad range and can be a promising strategy
for the design of linearly thermal-tunable and broadband MPAs. Owing to the proposed
double tuning feature, the resonance wavelengths exhibits great sensitivity to temperature,
covering a broad wavelength range. Overall, the proposed design strategy demonstrates

diverse functionalities enabled by the integration of a thin VO, layer with plasmonic
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absorbers.

In the third work, we design a wavelength-selective nanoantenna emitter based on the
excitation of gap-surface plasmon modes using a metal-insulator—metal configuration
(silicon dioxide (SiO2) sandwiched between silver (Ag) layers) for satisfying multiple
infrared applications. The proposed design, which is called design I, realizes triple
narrowband perfect absorptions at the resonance wavelengths of 1524 nm, 2279 nm, and
6000 nm, which perfectly match the atmospheric absorption bands while maintaining
relatively low emissivity in the atmospheric transparency windows of 3 — 5 yum and 8 —
12 pm. Later, the functionality of design I is extended, which is called design I, to include
a broadband absorption at the near-infrared region to minimize the solar irradiation
reflection from the nanoantenna emitter. Finally, single- and three-layer graphene are
introduced to provide a real-time tuning of the infrared signature of the proposed
nanoantenna emitter (design II). It is also demonstrated that the three-layer graphene
structure can suppress an undesired absorption resonance wavelength related to the
intrinsic vibrational modes (optical phonons) of the SiO» layer by 53.19% compared to
25.53% for the single-layer one. The spectral analysis of design I is validated using both
analytical and numerical approaches where the numerical simulation domain is extended
for the analysis of design II. The thermal characteristic analyses of design I and design II
(without/with graphene layers) reveal that infrared signatures of the blackbody radiation
are significantly reduced for the whole wavelength spectrum at least by 96% and 91%

within a wide temperature ranging from room temperature to 500 K, respectively.

In the fourth and final work, we present a narrow-band optical diode with a high-contrast
forward-to-backward ratio at the near-infrared (NIR) region. The design has a forward
transmission of approximately 88%, and a backward one of less than 3%, yielding a
contrast ratio of greater than 14.5 dB at a wavelength of 1550 nm. The structure is
composed of a one-dimensional diffraction grating on top of a dielectric slab waveguide,
both of which are made of silicon nitride (Si3N4), and all together are placed over a silver
(Ag) thin film embedded on a dielectric substrate. Utilizing a dielectric-based diffraction

grating waveguide on a thin silver layer leads to the simultaneous excitation of two surface



plasmon modes known as long- and short-range surface plasmon polaritons (SPPs) at both
interfaces of the metallic layer. The plasmon-tunneling effect, which is the result of the
coupling of SPPs excited at the upper interface of the metallic layer to the radiation modes,
provides a high asymmetric transmission (AT) property. The spectral response of the
proposed high-contrast AT device is verified using both rigorous coupled-wave analysis

as an analytical approach and finite difference time domain as a numerical one.

Keywords: Hybrid metamaterials, light absorbers, Visible, Near infrared, Vanadium
dioxide, Plasmonic structure, Active tunable metamaterial, Localized surface plasmon,
Nanoantenna emitter, Wavelength selectivity, Gap surface plasmon, Thermal radiation
management, Solar absorber, Asymmetric transmission, Diffraction grating, Plasmon

tunneling.
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OZET

Coklu bant ve termal ayarlanabilir 151k soguruculari, coklu termal kizilGtesi
yayici ve yiiksek karsitlikli asimetrik iletim optik diyot tasarimi i¢in

plazmonik metamalzeme tabanh yapilar
Ataollah Kalantari Osgouei
Fizik, Yiiksek Lisans
Tez Danismani: Ekmel Ozbay
Temmuz 2021

Alt dalga boyu nanoyapilara sahip metamalzemeler, dogal malzemelerle
gbzlemlenemeyen egzotik elektromanyetik 6zelliklere sahip bir sentetik malzeme sinifini
ifade eder. Negatif kirilma indisi, asimetrik 151k iletimi, goriinmez perdeleme ve lazer bu
ozelliklere 6rnektir. Bu olasi uygulamalar arasinda, 15181n sinirlandirilmasi ve dalga boyu
alt1 yapilar tarafindan hasat edilmesi kavrami, termal emisyon, optik modiilator, algilama
ve fotodedektorlere kadar uzanan yaygin uygulamalari nedeniyle biiyiik ilgi gérmiistiir.
Burada, segici termal emisyonlar ve sensorler i¢in goriiniir ve yakin kizilotesi araliklarda
dort farkli uygulama alaninda, yani 1) hibrit indiyum kalay oksit-Au meta malzeme
sogurucu alt dalga boyu yapilarina sahip metamalzemeleri 6neriyor ve tasarliyoruz. 2)
Optik modiilator i¢in bir alt dalga boyu VO kullanarak dar banttan genis bant
soguruculara aktif ayarlama. 3) Coklu termal kizil6tesi uygulamalarla uyumlu, spektral
olarak segici bir nanoanten yayici. 4) Dogrusal polarize dalgalarin yiiksek kontrastl

asimetrik iletimi gibi diyot.

[k galismada, goriiniir ve yakin Kiziltesi (nir) dalga boylarma [sirasiyla 773 nm ve
900 nm] odaklanan iki dar bant emme tepkisine sahip ¢ok bantli bir MPA ve NIR
bolgesindeki baska bir pencerede genis bant emici bir 6zellik 6neriyoruz [1,530 nm'den
2,700 nm'ye kadar 1,170 nm bant genisligi ile]. MPA, bir Si0O, tabakasi ile optik olarak
kalin bir alt reflektorden ayrilan periyodik bir dizi kendinden hizali hibrit indiyum kalay

oksit (ITO)-Au boliinmiis halka rezonatériinden olusur. Yart analitik bir inceleme ile
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birlikte verilen sayisal hesaplamalara dayanarak, ¢ift dar bant ve genis bant tepkilerinin,
altinin optik tepkilerinin Ito ile plazmonik bir malzeme olarak hibridizasyonuna
atfedildigini goriiyoruz. ITO'NUN goriiniir aralikta diisiik kayiph bir dielektrik ve NIR
bolgesinde kayipli bir plazmonik malzeme olarak hareket ettigini unutmayin. Ayrica,
metamateryalin birim hiicresindeki uygulanan simetri nedeniyle, Onerilen MPA
polarizasyona duyarsiz ve ¢ok yonlii emici dzellikleri temsil eder. Onerilen altyapi, secici
termofotovoltaik cihazlarda, termal yayicilarda ve sensorlerde potansiyel uygulamalar

bulabilir.

Ikinci ¢aligmada, metal-dielektrik plazmonik bir yaprya gémiilii vanadyum dioksit (VO2)
tarafindan saglanan ¢esitli islevlere sahip bir MPA &neriyoruz. ilk tasarim amaci igin, bir
glimiis (Ag) ayna {lizerinde bir silikon (Si) nanograsyonun, yakin Kizilotesi (NIR)
bolgesinde ¢oklu rezonans tepkilerine sahip olmasi 6nerilmektedir. Sonra, dogru konumda
eklenen ince bir VO2 katmani yapiy1 ag/kapat anahtar ve rezonans ayarlayici olarak
kullanilmasini saglar. VO2'NIN gecirgenlik verilerinin Si'ninkine benzer oldugu VO>'NIN
izolator fazinda, NIR bolgesi i¢inde ¢ift giiglii bir rezonans davranisi elde edilir. Sicaklig
arttirarak, VO2 durumu izolatdrden metale doniisiir, boylece emme bantlar1 yakin spektral
pozisyonlara sahip ii¢ farkli rezonans zirvesine doniisiir. Bu doniisiim {izerine, yeni bir
rezonans ortaya cikar ve mevcut rezonans oOzellikleri spektral alanda Mavi/Kirmizi
kaymalar yasar. Bu zirvelerin siiperpozisyonu, genel emilim bant genisligini genis yapar.
Si, kiiciik bir termo-optik katsayiya sahip olmasina ragmen, ultra kiiciik bosluklarda giiclii
151k hapsi nedeniyle, Si nanogratings icinde 6nemli bir ayar elde edilebilir. Bu nedenle,
Onerilen hibrit tasarim, genis bir yelpazeyi kapsayacak sekilde ¢ok rezonansli ayarlanabilir
Ozellikler saglayabilir ve dogrusal olarak termal olarak ayarlanabilir ve genis bant
Mpa'larin tasarimi ig¢in umut verici bir strateji olabilir. Onerilen ¢ift ayar ozelligi
sayesinde, rezonans dalga boylar1 genis bir dalga boyu araligin1 kapsayan sicakliga kars1
biiyiik hassasiyet gosterir. Genel olarak, Onerilen tasarim stratejisi, ince bir VO
tabakasinin plazmonik emicilerle entegrasyonu ile saglanan ¢esitli islevleri

gostermektedir.

Ucgiincii ¢alismada, ¢oklu Kizildtesi uygulamalar karsilamak icin bir metal-izolatdr-metal
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konfigiirasyonu (Gilimiis (Ag) tabakalari arasina sikistirilmis silikon dioksit (Si0y))
kullanarak bosluk yiizey plazmon modlarinin uyarilmasina dayanan bir dalga boyu segici
nanoantenna yayici tasarliyoruz. 3 —5 mikron ve 8 — 12 mikron atmosferik seffaflik
pencereleri nispeten diisiik emisyon korurken tasarim I olarak adlandirilan Onerilen
tasarim, atmosferik emme bantlariyla eslesen, 1524 nm, 2279 nm, and 6000 nm rezonans
dalga boylarinda ii¢lii dar milkemmel emilimleri saglar. Daha sonra, Tasarim II olarak
adlandirilan tasarim I'in islevselligi, nanoantenna yayicidan gelen giines 1sinimi
yansimasini en aza indirmek i¢in yakin Kizilotesi bolgede genis bant emilimini igerecek
sekilde genisletilir. Son olarak, onerilen nanoantenna yayicinin (tasarim II) Kizilotesi
imzasinin gercek zamanli olarak ayarlanmasini saglamak i¢in tek ve ili¢ katmanlh grafen
tanitilmigtir. Ayrica, iic katmanl grafen yapisinin, SiO; tabakasinin igsel titresim modlari
(optik fononlar) ile ilgili istenmeyen bir emme rezonans dalga boyunu, tek katmanli olan
icin %25.53'e kiyasla %53.19 oraninda baskilayabildigi gosterilmistir. Tasarim I'in
spektral analizi, tasarim II'nin analizi i¢in sayisal simiilasyon alaninin genisletildigi hem
analitik hem de sayisal yaklagimlar kullanilarak dogrulanir. Tasarim I ve tasarim II'nin
termal karakteristik analizleri (grafen tabakalari1 olmadan/olmadan), kara cisim
radyasyonunun Kizildtesi imzalarimin, tiim dalga boyu spektrumu ig¢in sirasiyla oda
sicakligindan 500 K'ye kadar genis bir sicaklikta en az %96 ve %91 oraninda 6nemli

Olcilide azaldigini ortaya koymaktadir.

Dérdiincii ve son ¢aligsmada, yakin Kizil6tesi (NIR) bolgesinde yiiksek kontrastl ileri-geri
oranina sahip dar bantli bir optik diyot sunuyoruz. Tasarim, yaklasik %88'lik bir ileri
iletime ve %3'ten daha az bir geriye dogru iletime sahiptir ve 1550 nm dalga boyunda
14.5 dB'den daha biiyiik bir kontrast oran1 saglar. Yapi, her ikisi de silisyum nitriirden
(Si3N4) yapilmis bir dielektrik levha dalga kilavuzunun {iistliinde tek boyutlu bir kirinim
1zgarasindan olugur ve hepsi birlikte bir dielektrik substrat tizerine gdmiilii bir giimiis (Ag)
ince film iizerine yerlestirilir. Ince bir giimiis tabaka iizerinde dielektrik bazli bir kirmim
1zgarasi dalga kilavuzunun kullanilmasi, metalik tabakanin her iki arayiiziinde uzun ve
kisa menzilli yiizey plazmon polaritonlart (Spp'ler) olarak bilinen iki yiizey plazmon
modunun eszamanli uyarilmasina yol acar. Metalik tabakanin {ist arayiiziinde uyarilan

Spp'lerin radyasyon modlarina baglanmasinin sonucu olan plazmon tiinelleme etkisi,
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yiiksek asimetrik iletim (AT) 6zelligi saglar. Onerilen yiiksek kontrastli AT Cihazinin
spektral tepkisi, analitik bir yaklagim olarak hem siki birlestirilmis dalga analizi hem de

sayisal olarak sonlu fark zaman alan1 kullanilarak dogrulanir.

Anahtar kelimeler: Hibrit metamalzemeler, 151k emiciler, goriiniir, yakin kizilGtesi,
vanadyum dioksit, plazmonik yapilar, aktif ayarlanabilir metamalzemeler, lokalize yiizey
plazmonlari, nanoanten yayici, dalgaboyu seciciligi, bosluk yiizey plazmonlari, termal

1s1ma yonetimi, giines sogurucu, asimetrik iletim, kirinim 1zgarasi, plazmon tiinellemesi
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CHAPTER 1

INTRODUCTION

“I have no special talents. I am only passionately curious.” (Albert Einstein)

1.1. Introduction to surface plasmon

One of the most remarkable features of metallic nanostructures is surface plasmons (SPs).
They consist of a collective oscillation of electrons at the interface between a metal and a
dielectric medium. Although SPs can be excited at the surface of bulk metals, they are
particularly important in the case of nanostructures [1]-[3]. Because nanostructures have
a high surface-to-volume ratio, SPs can control their optical characteristics, allowing for
novel phenomena properties not available in bulk materials. Depending on the geometry
and shapes of the nanostructures, there are different types of SPs excited in the structures.
In nanoparticles with 0 —dimension (i.e., the dimensions of the nanoparticles are much
smaller than the incident wavelength of light), charge density oscillations in phase within
nanoparticles excited SPs. These exciting plasmons are characterized by a resonant
frequency and they are generally known as Localized surface plasmon (LSPs) [4]. For the
case of thin films with dimensions that are much larger than the incident wavelength of
light, SPs are propagating waves with definite dispersion relation and they are called
extended surface plasmons (ESPs) [5]. Finally, for the case of dimensions similar to the
light wavelength (mesoscopic systems), SPs are stationary waves at the interfaces [1]-[3].

Except for certain wavelengths that are an integer number of times the nanostructure
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dimensions, the interference of the initial waves with those reflected at the edge of the
nanostructures is, on average, destructive. The interference produces stationary waves,
known as plasmon modes, at these specific wavelengths [1]-[3]. Therefore, we can
attribute SPs to mechanical oscillations by comparing LSPs, ESPs, and plasmon modes to

a mass with a spring, an infinite rope, and an oscillating string, respectively.

1.2. Brief history of Surface plasmons

LSPs have long been used by artists to create brilliant colors in glass artifacts and artwork,
where for instance, the inclusion of metal nanoparticles of various sizes or shapes of the
glass created a wide range of colors. One of the most renowned examples is the Lycurgus
cup from the 4" century A.D., which glows green when it is illuminated from outside and
observed with reflected light and shines in red when it is illuminated from inside in
transmitting light conditions (see Fig. 1.1). Other examples might be found in church or
cathedral window glass. However, the first scientific studies about LSPs are found in
1904, when Maxwell Garnett explained the bright colors observed in metal-doped glasses
using the theory of Paul Drude for metals [6]. Gustav Mie later proposed his theory of
light scattering by homogeneous spherical particles, which was published in 1908 [7].
Later, Richard Gans published the expansion for spheroidal particles in 1912 for Au
nanoparticles, and the Mie-Gans theory is now widely being used in the field of
nanotechnology [8]. DeVoe also applied the discrete dipole approximation (DDA) method
for more complicated nanoparticles in 1964 [9].

The earliest recorded research on ESPs, on the other hand, dated back to 1902, when
Robert Woods noticed abnormalities in optical reflection measurements on metallic
grating [10]. Ugo Fano later investigated the abnormalities discovered by Woods and
found that they were linked to electromagnetic waves on the surface of metallic grating
[11]. David Pines theoretically defined the characteristics of energy loss experienced by
rapid electrons moving through metals in 1956, attributing them to collective oscillations
of free electrons in the metal known as plasmons [12]. Rufus Ritchie proposed the idea of
SPs in 1957 in the context of electron energy losses in thin films, demonstrating that

plasmon modes can exist near metal surfaces. Powell and Swan provided the experimental
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Figure 1.1. The Lycurgus cup dating from the 4" century A.D. in (a) reflected and (b) transmitted light.

From http://www.thebritishmuseum.ac.uk/ science/lycurguscup/sr-lycugus-p1.html.

verification two years later [13]. Later, Ritchie noticed Wood’s anomalies in 1968 and
explained them in terms of surface plasmon resonances excited on the grating [14].
Andreas Otto, Enrich Kretschmann, and Heinz Raether presented methods for the optical
excitation of SPs. metal films in 1968, which made significant developments in the
research of ESPs [15]-[17] At the same time, Uwe Kreibig and Peter Zacharias made
significant advances in the SPs of metal nanostructures in 1970 [18]. Stephen Cunningham
coined the term surface plasmon polariton (SPP) and the surface-enhanced Raman
scattering (SERS) was first detected by Martin Fleischmann [19], [20]. Since then, the
extended use of SERS, the ability to control the optical characteristics of metal
nanostructures, and the development of SP-based sensors have all contributed to the rapid

expansion into a wide range of applications.

1.3. Theory of surface plasmons

The Drude model, which assumes that the metal is made of a lattice of ionic cores and a
conduction electron moves freely inside the metal, can accurately represent most of the

optical properties of bulk metals. These conduction electrons can observe oscillations



known as bulk plasmons, which in the framework of quantum physics are quantified. The

4mtne?

quantum of the volume plasmon has an energy hw, = h of the order of 10 eV,

mo

where w,, denotes the plasma frequency and n the electron density [21].

The idea of SPs is a significant expansion of plasmon physics, as it shows that
electromagnetic waves may travel through a metallic surface with a broad spectrum of
frequencies from w =0 up to w = w,/ V2, depending on the wavevector k [2]. The
dispersion relationships of different types of plasmons demonstrate that for the same
frequency values, SPs fall to the right of the light line with a larger wavevector than light
waves traveling over the surface. As a result, SPs are non-radiative and represent surface
electron density fluctuations. SPs, which are characteristic of surface waves, have their
maximum intensity near the surface, and their electromagnetic field decays exponentially
in the direction perpendicular to the surface. The electron oscillations cannot propagate in
nanoparticles, and they do not display a dispersion relationship, only a resonance

frequency.

1.4. Surface plasmons in the metallic nanostructures

For the case of metallic nanoparticles whose size is substantially smaller than the
wavelength of the incident light, the electromagnetic field exerts a force on the conduction
electrons, causing them to move towards the NP surface, as shown in Fig. 1.2. Therefore,
an electric dipole is formed when a negative charge accumulated on one side and a positive
charge accumulates on the other. This dipole creates an electric field inside the
nanoparticle opposite to that of light, which acts as a restoring force to the equilibrium
position. This is similar to the situation with the linear oscillator. When electrons are
displaced from their equilibrium position and when the light field is removed, they
oscillate at a frequency known as resonance frequency (plasmonic frequency), which for
most transition metals falls in the ultraviolet-visible spectrum [1]. Because of the
scattering process between the ionic cores and the nanoparticle surface, the electrons

suffer damping during their movements, resulting in a condition similar to a damped
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Figure 1.2. When nanoparticles are illuminated by the incident light, the electric field displaces the free
electrons resulting in a charge accumulating at the surface of nanoparticle. This charge produces an opposing

restoring field to that of the light, which forces electrons towards to their equilibrium positions.

oscillator, reducing the oscillation amplitude [1], [3]. Therefore, metallic nanoparticles

exhibit absorption bands in the optical spectrum that are associated with the SPs.

1.5. Properties of surface plasmons in metallic nanostructures

The frequency (i.e., absorption maximum or colors), bandwidth, and intensity of LSP
absorption bands are all characteristics of the type of material. Furthermore, the size,
distribution, shape, surrounding medium, and interaction effects of metallic nanoparticles
are all very sensitive to these absorption bands [22], [23].

e Size effects
The size of the nanoparticle has a direct impact on the surface plasmon resonance (SPR),
with two different size ranges: smaller nanoparticles less than 50 nm in diameter, where
the nanoparticle absorbs most of the energy, and larger nanoparticles, where scattering
effects dominate the nanoparticle response [14], [23].
When the size of homogeneous spherical nanostructures is similar to the incident
wavelength of light (for NPs smaller than 50 nm), the nanoparticles feel the
electromagnetic field, and the charge displacement is generally uniform. A dielectric
dipole can thus be used to explain the nanoparticles. Only one resonance band is observed
in this situation. Parameters such as the width and intensity of the surface plasmon

resonance are directly affected by the nanoparticle size, although the effect on the



resonance frequency is minimal [2], [22], [23].

The damping of electron oscillations is thought to be responsible for the size effect. When
SPs are excited, scattering with the ionic cores and the surface slows down the movement
of the electrons. The relationship between the nanoparticle size and the full width at half
maximum (FWHM), I, of the surface plasmon resonance band can be expressed as

follows:
'=a+ 1.1
a R ( " )

where a and b denotes the material-dependent constants and R is the radium of the
nanoparticle. The fraction of electrons in the shell close to the surface represents a smaller
fraction of the oscillating electrons as the nanoparticle size increases, reducing the total
effective damping. Moreover, the FWHM is inversely proportional to the radius of the
nanoparticle.
e Shape effects
The shape of the nanoparticle has a big impact on the SPR. There are three plasmon
resonances for metal nanoellipsoids, which correspond to the oscillation of electrons along
the three axes of the nanostructures. Because the resonance frequency is determined by
the orientation of the electric field relative to the nanoparticles, the SPR of nanostructures
can be easily tuned by changing the axes’ length. Nanorods, for example, have two equal
axes, and therefore the charge accumulation at the surface of the nanoparticle will be
different for electron oscillations along the longitudinal direction than in the perpendicular
direction. The SPR of transversal plasmons in nanorods is similar to that of spherical
nanoparticles (at slightly smaller wavelengths), whereas the resonance of longitudinal
plasmons shifts towards a longer wavelength as the ratio of nanorods increases.
e Medium effects

The SPR is affected by the surrounding medium in addition to the characteristics of the
nanoparticles, with the dielectric function of the surrounding media increases, the plasmon
resonance moves towards larger wavelengths, as Fig. 1.3 illustrates. The bandwidth is restricted
by the surrounding media, which is mostly determined by the nanoparticle size and the size
distribution [1]. Moreover, for the resonant condition of & = —2¢g4, the plasmon resonance

intensity relies on both the dielectric of the surrounding medium and the imaginary part of the
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Figure 1.3. The absorption spectra of Au nanoparticles with the dimension of 10 nm with different

dielectric function of the surrounding medium.

dielectric function of the metallic nanoparticles, according to the approximation dipolar equation
for small nanoparticles. The resonance intensity band of Au increases, as seen in Fig. 1.3, with

increasing the dielectric function of the surrounding medium.
e Interaction effects

When disordered nanoparticles are close enough, the local field at the nanoparticle is
composed of the external incident light along with the field generated by the rest of the
nanoparticles. The field generated by the nanoparticle decays over nanometer-scale
distances. The field created by the nanoparticle in the rest is not uniform, resulting in non-
uniform charge distributions inside the nanoparticle and further damping of electron
oscillations. Interparticle interaction, in general, shifts the resonance peak of SPs to a
larger wavelength and increases the FWHM [24], [25]. Therefore, it is feasible to produce
controlled electromagnetic field interferences that allow extra tuning of the SPR in the

case of arranged nanoparticles with particular geometries [26].

1.6. Surface plasmons in metallic films

As previously mentioned for the metallic film, SPs are oscillating waves of free electrons

that are traveling across the interface between metal and dielectric layers. This p —
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Figure 1.4. Schematic diagram representing the excitations of surface plasmon (SPs) at the interface

between a dielectric and a metal mediums.

polarization or magnetic transversal electromagnetic waves are coupled with waves that
move perpendicular to the metal/dielectric layers and decay exponentially into both
mediums, as shown in Fig. 1.4. At the metal/dielectric mediums, the field amplitude of
SPs reaches its maximum. Surface plasmon polaritons (SPPs) are defined as SPs that are

coupled to electromagnetic waves [1].

1.7. Evanescent waves

Electromagnetic waves that travel along the interface between two different dielectric
constants are known as evanescent waves. These waves propagate through the
surrounding [27]. To fully understand the excited SPs, a mathematical explanation of
evanescent waves is required [27]. An electromagnetic plane wave propagating in a
medium with a specific refractive index can be described as the electric field (E) if the
component is complex [1].

E = Eoe(iwt—iﬁ.?) = Eyeliwt=ikex=ikyy=ik;2) (1.2)

here, E, is the electric field amplitude, w is the angular frequency, and r is the position
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vector. The wavevectors propagation direction is parallel to that of the electromagnetic

waves, so that:
2m w
k* =ki+ky+kZ= (nT)2 = (n?)2 (1.3)
where c is the speed of light in vacuum, A is the wavelength. Considering the system is
2 —dimension with k,, = 0 and the electromagnetic wave is propagated at the interface
between two different media with refractive indexes of n; and n,, using the Snell’s law

and Eq. 1.3, the wavevector (k,,) component perpendicular to the interface of the media

can be given as:
2m\* (n3
k2, = n? (7) (—; — sin29> (1.4)

Only longitudinal waves (p —polarization) propagating perpendicularly and decaying
exponentially at the interface of medium 2 when Egs. 1.2 and 1.4 are taken into
consideration. The term evanescent field refers to this type of field (shown in Fig. 1.5) [1],
[27].

E, = Eje~tkzgi(@t=kxX) (1.5)

1.8. The dispersion diagram of surface plasmons

The dispersion diagram can be defined as the relationship between the angular frequency
(w) and the wavevector (k). For the interference between two different media ( as shown
in Fig. 1.5) a set of evanescent wave solutions necessary to obtain. Therefore, using Eqgs.
1.4 and 1.5, the evanescent waves propagate through the first medium (dielectric) and
second medium (metal) can be obtained based on the following expressions [3], [27].

For the first medium:
2
E, = Eoe("U%‘&%)l/zzei(wt—kxx) (1.6)
For the second medium:

—(kz—S w_z)l/ZZ . K
E1 — Eoe X822 el(a)t— xX) (17)



Refraction of light

Incident ray Normal

Angle of
incidence

Boundary Substance 1
I Substance 2
I
I
1
I
I
»

1 Angle of

: refraction

I

I

i

: Refracted ray
I

Figure 1.5. Schematic diagram illustrating the refraction of light at the interface between two different

media with refractive indexes of n; and n, at the incident angle 6.

In order for evanescent waves to decay exponentially along the propagation directions,
2 w? 1/2 2 w?.1/2 ..
terms (ki — & c_Z) and (ki — ¢, c_Z) must be positive. At z = 0, the boundary
conditions require that the tangential components of the electric and magnetic fields to be
continuous. Therefore, the following expression is necessary to satisfy:
2 2
) )
2 _ o DN1/2 = (12 _ o 2 N1/2
(k2 = 1) = —(kE — &) (18)
This expression can only be valid when &, < 0 (i.e., a metal), and therefore the dispersion
relation for surface plasmons can be expressed as follows:

w | &&
ksp = —
C &+ &

(1.9)

where, &; and ¢, are the permittivity’s of the first and second medium, respectively. The
dispersion equation is only valid when |&,| < &;. When the first medium is air (&; = 1)
and the second medium is a metal, the dielectric function for free electron gas for the case

of metals can be given as:
2

() =1— (%) (1.10)

10



glass light line

8 air light line LiNbOj light line
6k silver-air SPP

@ A e silver-glass SPP

'_10 B ".....' sessasaneeseneeeesetet e

) o Y S e silver-LiNbO3 SPP

3 L) e
2+ i

7 1 1 1 1 1 1 1 1 1 1 1 1 " " 1 1 1 " 1 1
0.00 0.02 0.04 0.06 0.08 0.10
k, (nm1)

Figure 1.6. Dispersion diagram relations for air, dielectric medium (silver and LiNbOs3) and SPs at the
interface between two different mediums. It is important to note that the SP for the case of silver-LiNbO;
does not cross with that of light. As a result, SPs cannot be excited by light propagations.

ne

2
denotes the plasma frequency for the free electron gas [21].

here, w2 =
>TP ggm

w

2
Using the dielectric function for the free electron gas [e(w) =1 — ’i’yw] and Eq. 1.9,

w?+
the frequency of SPs approaches the characteristic of surface plasmon frequency as

follows:

O (1.11)

Wsp = ———
S J1+e
As shown in Fig. 1.6, when k, > 0, SPs propagate along the interfaces of metal and

dielectric placing on the right side of the dispersion diagram for light in the air (w = ck,).
SPs cannot transform into light when w < w,,//1 + &; , and they are non-radiative waves
that propagate along the surfaces. For the case when w > w,, the wavevectors generally

take real values and thus the SPs radiate out of the surface and they are called radiative

SPs.

1.9. Propagating length and penetration depth of surface plasmons

Due to the significant losses in the metals, SPs can propagate with a high attenuation in
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the visible and near-infrared spectrum. Because the electromagnetic field distribution is
asymmetric at the interface, the field is primarily concentrated in the dielectric [1], [3].
Therefore, the SPs can propagate along with the interface between the metal and dielectric
interface around a few micrometers at the visible and near-infrared wavelengths. The
following expression determines the SPs propagated along the dielectric/metal interfaces
[1], [3]:

Lgp = ; (1.12)

2Im (ksp)

where Im(ksp) shows the imaginary part of the SPs wavevector. The sensitivity of the
evanescent field can be explained by the penetration depth or decay length. Only changes
in dielectric characteristics at the dielectric/metal interfaces will have an effect on the
evanescent field [27]. As clearly demonstrated in Fig. 1.7, the decay of the SPs into the
metal is significantly shorter than the dielectric, which is completely dependent on the

resonance wavelength. The penetration depth of the dielectric medium is on the order of
pl . . Lo .
> whereas the penetration depth of metal is a few nanometers, which is close to the skin

depth [28]. Therefore, the penetration depth for the first (dielectric) and second medium

(metal) can be calculated as follows:

1 ¢ |&1 + Re(ey)
Scpy = — = — ’— 1.13
SPl kzl w 512 ( )
1 ¢ |&1 + Re(ey)
Scpy = — = — ’— 1.14

here Re(¢&,) denotes the real part of the permittivity of the metal.

For the first medium:

For the first medium:

1.10. Excitation of surface plasmons at the planar interfaces

Electron or light can excite SPs. However, the excitation of SPs using light is
experimentally more cost-effective. Since the dispersion diagram of SPs and the incident

electromagnetic waves (light) in air do not intersect, and therefore SPs cannot be excited
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Figure 1.7. The schematic diagram of SPs. The right panel shows the penetration depth of SPs at the

interfaces between the dielectric/metal. Figure adapted from Li. L [29].

when light is incident from air. Furthermore, when it is essential to illuminate the
interfaces of metal/air at an angle, the problem becomes considerably difficult, since the
wavevector of light in the plane must be multiplied by sinf (k, = ksinf). As a result,
direct excitation of SPs from the air is not practical, and many experimental approaches
have been devised to provide wavevector conservation such as prism coupling [17], [29],
grating coupling [10], [14], and waveguides using subwavelength holes [30], [31] are
widely utilized to detect SPs.
e Prism Coupling

As mentioned above, SPs at the interface of metal/dielectric cannot be directly excited by
the incident light beam from the air, since the dispersion diagram of SPs and that of the
evanescent wave of the incident field do not cross. However, a three-layer structure
consists of a thin metal layer sandwiched between two different dielectric constants can
achieve phase matching to SPs. For the sake of simplicity, we will assume that one of the
dielectric constants is air (¢ = 1). A beam that is reflected at the interface between the
higher dielectric constant, generally in the shape of a prism. Thus, the metal has an in-
plane momentum (k, = ksin8), which is sufficient to create SPs at the metal/dielectric

interface. The excited SPs cause a decrease in the intensity of the reflected beam. Since
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the excited SPs dispersion is beyond the prism light cone, phase matching conditions of
SPs at the prism/metal interface is not possible. There are also several ways to excite SPs
with the incoming light beam utilizing prism coupling. When the refractive index is higher
than air (n > 1). The Otto [17], Kretschmann Raether [16], and Sarid [32] configurations
are the most common configurations to detect SPs. The ATR is utilized in these
configurations as a high-refractive-index medium in a prism that is located close to the
metal surface. ATR is a method that creates evanescent waves by using total internal
reflection. The use of prism results in the coupling of the evanescent waves and the SPs,
which are created at the interface of prism/metal by total internal reflections. The produced
evanescent waves can travel from the prism to the metal/dielectric interface, where the
SPs are excited as demonstrated in Fig. 1.6, showing that the resonance condition can be

satisfied when:

w W | &&
ksp = —nsinf = —
c C |&+¢&

(1.15)

It is possible from the above equation to calculate the incident angle between the incident

light and the excited SPs as:

Osp = arcsinf (1.16)

As clearly discussed above, the Kretschmann technique, which involves evaporating a
thin metallic film on the top of the glass prism, is the most prevalent configuration for the
excitation of the SPs. The SPs are excited at the interface of metal/air when photons from
the source light is incident to the glass at an angle greater than the critical angle of the
internal reflection tunnel into the metal layer. The other geometry (Otto configuration),
where a small air gap separated the prism from the metal layer. At the interference of the
prism/air, total internal reflection occurs, and the SPs excite at the air/metal interface.
When direct contact within the metal surface is undesired, this configuration is preferred.
e Grating coupling
Figure 1.8 demonstrates how SPs can be excited by using a grating pattern on the metallic
surface. The excited SPs can propagate through the interface between metal and dielectric

layers with a definite refractive index since the metal surface at the grating pattern
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Figure 1.8. Phase matching of the incident light with the wavevector using a metallic grating surface. Figure

adapted from Li.W et al [34].

corresponds to a superposition of various gratings [33]. Therefore, as depicted in Fig. 1.8 for the
case of 1 —dimensional grating structure, the phase-matching conditions can be satisfied when:

k¢p = nksinf + mG (1.17)
herem =1,2,3,...and G = %ﬂ is the reciprocal of the grating, and b is the lattice constant

of grating.

1.11. The future of surface plasmons on plasmonic structures

Nowadays, SPs are widely utilized in the fields of energy [35], [36], nanophotonics [37],
[38], sensors [39]-[41], and environments [42], [43]. Although SPs have been discovered
for more than a century, the number of publications on this subject has recently increased
dramatically. This is due to the development of powerful techniques for the fabrication of
nanostructures and the ability to control the light at the subwavelength scale [44].
Moreover, the combination of SPs with metamaterials results in a number of advantages,
making plasmonic structures a potential candidate for investigating complicated optical
phenomena and novel applications. To begin with, the local field enhancement leads to
greater light-matter interaction, allowing numerous weak processes to be improved and

exploited more efficiently. Second, the field confinement and rapid optical process allow
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for the fabrication of small devices that can serve as a bridge between photonic and
electrical components. Third, by changing the responses of individual components and
their coupling, plasmonic structures’ spectra can be well-tuned. In virtually all practical
applications, this is very desirable. Because of these appealing characteristics, plasmonic
structures are likely to have broad applications. Therefore, the following areas are mainly

unexplored and deserved particular attention.

e Nonlinear optics in plasmonic structures
If nonlinear materials are embedded in plasmonic nanostructures, the large local field can
offer a significantly enhanced nonlinear process. Furthermore, the metal has a high
nonlinearity property, which can be enhanced further by texturing its surface. It is also
demonstrated that strong magnetic resonance, which is usually overlooked has the
potential to significantly improve the nonlinear optical properties [45]. An alternative
technique based on phase conjugation from a thin nonlinear layer has been suggested for
negative refraction [46]. Four-wave mixing in nanostructure metallic films and graphite
thin films were used to show experimentally in the microwave and visible ranges,
respectively [47]-[49]. Tunable metamaterials, ultrafast switching, and optical
modulations are all possible thanks to these fascinating phenomena and advances [50]—
[52].

e Expanding the properties of plasmonic structures towards quantum physics
To explore plasmonic field enhancement at such tiny scales, new theories based on non-
locality and quantum models have been established. Furthermore, the high photonic
density of states in metamaterial structures allows for more interaction with the quantum
emitter, while also manipulating light into a sub-diffraction single-photon resonance [53].
These research findings in the realm of quantum plasmonic and quantum metamaterials
will help us better understand the underlying physics of SPs in metamaterials, and enable
the fabrication of innovative quantum and electronic devices such as transistors, sensors,

and single-photon emitters [54]-[56].

e Dynamically control of plasmonic structures
Although modulation of subwavelength properties in the optical region is so difficult,
substantial progress has been made in this area. The use of graphene [57], [58], phase-

change materials (PCM) [59], [60], and liquid crystals [61], [62] offer possible solutions.
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Plasmonic metamaterials working in a fluidic environment, in particular, have the
potential to achieve reconfigurability and numerous applications. Moreover, laser-induced
surface bubbles have recently been utilized to control the propagation of SPs. Divergence,
collimation, and controlling of SPs are all achieved by such plasm fluidic lenses by
carefully regulating the size, position, and the form of surface bubbles [63]. In conclusion,
research and development are recently being conducted to combine the SPs technology
into a variety of fields to make use of the SPs distinctive characteristics [27]. This
phenomenon may now be combined into other methods and utilized to investigate a
variety of systems duo to the advancement of the SPs technology. Although the field of

plasmonic fast expansion in recent years, there is still a lot of works that need to be done.

1.12. Thesis Outline

This thesis is divided into six chapters. This chapter reviews the concept of the excitation
of surface plasmons in nanoparticles and metallic films, the current status of SPs, and the
future of SPs in plasmonic structures. In the next chapter (chapter 2), we propose a
metamaterial perfect absorber (MPA) with dual-band functionality that absorbs light in
the visible and near-infrared (NIR) ranges. The proposed design consists of a periodic
array of self-aligned hybrid indium tin oxide (ITO)-Au split ring resonator. The simulated
results indicate that a narrowband perfect absorption at the resonance wavelength of
773 nm and a broadband absorptive characteristic in the NIR region can be successfully
obtained. The proposed design can find potential applications in selective thermal emitters
and sensors. In chapter 3, we design a MPA with dynamic thermal tuning that can control
the absorption of the resonances. The proposed MPA comprises a silicon (Si) nanograting
on a silver (Ag) to have multiple resonances in the NIR region. The insertion of a thin
VO film into the design enables the design to act as an on/off switch and resonance tuner.
Therefore, the proposed structure can provide multi-resonance features to cover a broad
range and can find promising applications to design linearly thermal-tunable and
broadband MPAs. Chapter 4 presents the design of a wavelength-selective nanoantenna
emitter based on the excitation of gap-surface plasmon resonances (GSPs) for satisfying

multiple thermal infrared applications. The proposed design (design I) realizes triple
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narrowband perfect absorptions, which perfectly match the atmospheric absorption
windows, while maintaining relatively low emissivity in the atmospheric transparency
windows. Later, we extend the functionality of design I to include a broadband absorption
at the NIR region to minimize the solar irradiation reflection from the nanoantenna
emitter. In chapter six, we present a narrow-band optical diode device with a high forward-
to-backward ratio at the NIR region. The structure is composed of a 1 —dimention grating
on top of a dielectric slab waveguide of silicon nitride (Si3N4), which is deposited over an
Ag thin film. The design has a forward transmission of about 88%, and a backward one

of less than 3%. Chapter 6 presents a conclusion on the thesis.
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CHAPTER 2

Hybrid indium tin oxide-Au metamaterial
as a multiband bi-functional light absorber

in the visible and near-infrared ranges

This chapter is one part reprinted with permission from: Ataollah Kalantari
Osgouei, Hodjat Hajian, Andriy, E. Serebryannikov, and Ekmel Ozbay,
Journal of Physics D: Applied Physics, 2021, 54(27), 275102.

2.1. Introduction

Metamaterials are engineered structures that exhibit extraordinary electromagnetic
properties not available in nature [64], [65]. They can be employed to achieve various
intriguing phenomena such as invisible cloaking [66], asymmetric light transmission [67],
lasing [68], and negative refraction [69]. Light absorption is another extraordinary

potential capability of these artificial structures [70]. Metamaterials with nearly perfect
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absorption features are generally called metamaterial nearly perfect light absorbers
(MPAs). In 2008, Landy et al. proposed a narrowband MPA based on metallic split ring
resonator arrays [71]. Thereafter, considerable attention has been paid in research focusing
on MPAs by many research groups during the past years. Depending on the geometry and
the material type being employed in the MPA structures, their absorptive responses can
be categorized as narrowband or broadband. The former category may have applications
in sensing [72], imaging [73], and color filtering [74] while the latter category can be
functionalized in photodetectors [75], solar cells [76], radiative coolers [77], and
photochemical devices [78]. Such electromagnetic nearly perfect light absorbers have
been reported in various frequency ranges that cover the visible [79], [80], near-infrared
(NIR) [81], [82], mid-infrared (MIR) [83], [84], far-infrared (FIR) [85], [86], terahertz
[87], [88], and microwave regions [89]-[91]. In order to physically realize MPAs, as a
strategy, reflectance can be suppressed by matching the effective impedance of the
metamaterials with the surrounding medium. At the same time, transmission may be
eliminated by employing an optically thick metal layer acting as a mirror [92], [93].
Therefore, one of the widely used approaches to obtain nearly perfect light absorption is
to employ a metal-insulator-metal (MIM) configuration. Based on this structure,
narrowband perfect absorption can be obtained for which the top layer of the MIM is either
unpatterned [94] or patterned [95]. On the other hand, it is also possible to obtain
broadband perfect absorption by employing either lossy materials like Ti [96] as a top
patterned layer or using multidimensional objects in the top layer of each unit cell of the
metamaterial [97], [98]. In addition to the aforementioned structures that exhibit either
narrowband or broadband responses, the MPAs with dual-narrowband functionality,
which are absorptive in two different narrow wavelength regions and almost reflective in
other bands have been widely studied by employing a single type of material on the top
layer of the MIM structure [99]-[101]. Such designs are found to have practical
applications in selective photonic structures, sensors and optoelectronic devices. The idea
behind those designs is to employ meta-atoms based on a single type plasmonic material
(e.g. Au) with different geometrical shapes. On the other hand, as a different approach, by
hybridizing graphene as a plasmonic material and hexagonal boron nitride as a phononic

material, MIR MPAs with multi-narrowband resonant responses have been obtained
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[102], [103]; i.e. employing diverse functional materials to achieve responses with
different functionalities. However, to our knowledge, a hybrid MPA with meta-atoms
composed of different plasmonic layers that represents narrowband responses in the
visible and broadband feature in the NIR has not been reported.

In this paper, we propose a hybrid nearly perfect light absorber that is capable of
functioning as a narrowband light absorber at 773 nm (FWHM~60 nm) in the visible
and at 900 nm (FWHM ~49 nm) in the NIR range [see Fig. 2.5(b)], where FWHM stands
for full width at half maximum. Moreover, the proposed metamaterial can operate as a
broadband MPA within 1,530 nm to 2,700 nm in the NIR region; i.e. a bi-functional
response is observed by the MPA. The top patterned layer of this novel metastructure is
composed of array of self-aligned hybrid indium tin oxide (ITO)-Au split ring resonators
(SRRs), that are separated from an optically thick bottom reflector with a SiO» layer. We
first numerically evaluate the primarily obtained result by investigating how ITO and Au
incorporate in the total absorption response of the metamaterial. Moreover, replacing an
effective top layer with the hybrid array and employing transfer matrix method (TMM),
the numerical results are also verified. As complementary investigations, the mode
profiles at some frequencies inside the narrowband and broadband regions also confirm
that Fabry-Perot (FP) and propagating surface plasmon (PSP) resonances are responsible
for the bi-functional operation of the metastructure. Finally, by increasing the in-plane
symmetry of the metamaterial, the polarization-independent and omnidirectional response
of the device for transverse electric (TE) and transverse magnetic (TM) oblique incidences
are also verified. Despite the considerable amount of research that have been done in the
field of metamaterial light absorbers, we believe that this study can be of interest to readers
and find potential applications in sensing, selective thermophotovoltaics and thermal

emission.

2.2. Theoretical Background

In order to get more insight into the physical mechanism of the absorption responses of
the designed metamaterial, we employ the effective medium theory (EMT) together with

transfer matrix method (TMM) for a semi-analytic investigation of the numerically
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obtained absorption. In this approach, an effective homogeneous layer is replaced with the
top patterned layer of the MPA that is composed of an array of self-aligned hybrid ITO-
Au SRRs. The schematic of the hybrid ITO-Au based metamaterial is schematically
illustrated in Fig. 2.1(a). A unit cell of the MPA is also depicted in Fig. 2.1(c). As
mentioned above, the metamaterial is composed of array of self-aligned hybrid ITO-Au
SRRs that is separated by an optically thick gold reflector with an SiO> layer with
thickness of tg;o,. The ITO and Au layers thicknesses in each self-aligned SRR are also
introduced as t;ro and ty,,. In the following we consider t.sf = tiro + tay. The chosen
values of the remained geometrical parameters of the unit cell of the metamaterial are also
highlighted in panel (c) of Fig. 2.1. In order to semi-analytically analyze absorption of the
metamaterial, we employ the TMM approach on the layered medium that schematically
shown in Fig. 2.1(b). In this layered structure, an effective isotropic and homogeneous
medium is replaced with the top patterned ITO-Au layer, as seen from Fig. 2.1. Here,
absorption is calculated as A =1 — R where A and R denote light absorption and
reflection, respectively. It should be noted that since an optically thick Au layer is chosen
as the bottom reflector in the calculations, transmission is zero (T = 0). Considering the
z —component of the electric field as:
E,(x) =
( Aje G ter) 4 B etkaEterr) 7 > ¢, 00

Ayem2Z + Breth2? 0 < z < t,ps

Aze~tks(@rterr) 4 Boeths(tlers) —to,n <z <0
A e kauZtlerpttsiop) 7 <

(1)

—tsio,

and imposing the boundary conditions at the interfaces [104], reflection of light can be
obtained as R = | M,,/M,, |?>. Here, k; = (niTw)2 —kZ(i=1,..,4) [see Fig. 2.1(b)

where the layers are labeled by numbers], ¢ is the speed of light, n; is the refractive index

of each medium, and

Mll M12

= = D{*D,P,D;*D3P;D3'D,. 2
M21 Mzz] 1 28282 31353 4 ()

Here
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Figure 2.1. (a) Schematic of the self-aligned hybrid ITO-Au metamaterial nearly perfect light absorber. The
unit cell of the metamaterial is depicted in panel (c). Panel (b) represents the optically equivalent model of
the MPA shown in panel (a) in which the top effective medium layer is replaced by the self-aligned ITO-
Au SRR array. The geometrical parameters and their corresponding are highlighted in panel (c). The values

of the thicknesses of the layers are addressed in the text.
1 1
bi = [ni —ni] 3
and the effect of light propagation through the effective medium (n, = n,rs) and the

spacer layer (n3 = ng;q,) are taken as the following propagation matrices into account

=7 %) (4a)
P, = [ ) (4b)

where @; = n;t;w/c for the case of normal incidence. It is practical to replace a collection
of periodically arranged scattering objects with subwavelength dimensions by a
homogeneous medium. This homogenization approach, which is also called effective
medium theory (EMT), can be valid as far as the applied fields are static or have spatial
variations on a scale larger than the scale of the inhomogeneous medium [105]-[107].
Consequently, the effective refractive index of the effective medium in Fig. 1(b) can be

retrieved using S;; and S,; scattering elements of normally incident reflected and
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transmitted light. Due to the presence of the thick metallic substrate S,; = 0 and S;; will

be calculated numerically [108].

2.3. Results and discussions

In this section, we investigate the absorption response of the MPA shown in Fig. 2.1 in a
broad range of wavelengths covering the visible and NIR regions (400 nm-3,500 nm).
Note that, considering the previously reported practical parameters of the SRR
metamaterials [109]-[111], we performed geometrical parameter optimization
simulations to obtain the following feasible parameter. Based on these parameters and
employing nanofabrications techniques [112], [113], the suggested designs in this study
can be experimentally verified. Therefore, the geometrical parameters shown in Fig. 2.1(c)
are taken asw = 50 nm, g = 40 nm, [ = 200 nm, t4, = 60 nm, t;7o = 80 nm, tg;p, =
160 nm, and p; = 300 nm, unless stated otherwise. The thickness of the optically thick
bottom reflector is also chosen as 500 nm in the simulations. Refractive index of SiO»
and Au are also selected based on experimental values [114], [115]. Moreover, following
the experimental data [116], ITO has been taken into account using the Drude dispersion
relation £(w) = €4 — a)g [ w(w + iy,)], with the background permittivity of e, = 3.91,
the plasma frequency of w, = 2.65 X 10 ra d/s, and collision frequency of Yp =
2.05 x 10 ra d/s. It is noteworthy that, for the FDTD simulations, the considered unit
cell is excited with a plane wave, and periodic boundary condition (perfectly matched
layer) is applied in the X-Y boundaries (Z boundaries). The simulated absorption of the
MPA exhibits a narrowband perfect resonant peak at 767 nm with a high quality
factor(~13, FWHM~59 nm) and a broadband perfect absorption spanning from
1,790 nm to 3000 nm, as shown in the solid-blue curve in Fig. 2.2(a). More
investigations prove that (results are not shown here) if the hybrid ITO-Au SRR array is
replaced with an array of periodic hybrid ITO-Au disks with r = 100 nm, two narrow
absorption peaks in the visible and near infrared regions will be obtained. In other words,
due to its geometrical characteristic, the metamaterial composed of the hybrid SRR array
can more efficiently harvest the incident light in the NIR region to achieve broadband

absorption response, as compared to an array of disks. Moreover, by further investigations
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Figure 2.2. (a) Simulated normal incidence absorption spectra of the actual MPA (solid-blue) and the
corresponding semi-analytical result based on the EMT and TMM. (b) Contribution of the ITO SRR and
Au SRR in the total absorption of the self-aligned hybrid ITO-Au SRR. The results are obtained for normal

incidence of light.

of the results we understood that for the case of g = 40 nm, the NIR absorption response
of the metamaterial is broaden than g = 80 nm and g = 100 nm cases. However, by

removing the gap (i.e. g = 100 nm) it is still possible to obtain a broadband NIR

absorption.
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Figure 2.3. Panels (ai), (bi), and (ci) [i=1,2,3], respectively, illustrate normalized values of the top-view |E|

mode profiles, side-view of |E| and side view of |H| at the narrowband resonant peak (767 nm) and the
three different absorption resonances in the broadband region, namely 1,780 nm, 2,314 nm, and 2,800 nm.

The dashed rectangles in panels (bi) and (ci) highlight the position of the ITO, Au and SiO; layers.

To understand the physical mechanism of the nearly perfect absorption responses of the
structure, we employ the EMT together with the TMM on the layered structure depicted
in Fig. 2.1(b). As mentioned earlier, in the semi-analytical approach, the effective
refractive index n.sy of the hybrid ITO-Au SRR array with the effective thickness of ¢, ¢
are taken into account. The result is illustrated as the dashed-dotted black curve in Fig.
2.2(a) which fairly matches with the perfect narrow-band absorption wavelength. This
agreement indicates the verification of the FP resonance by the applied approach. There
is also an acceptable agreement between the semi-analytical and numerical result in the
broadband region confirming that replacing a homogenized medium with the top ITO-Au
patterned layer is justified for this case. However, the observed discrepancies between the
semi-

analytical and the numerical results at A > 2250 nm notifies that, at larger wavelengths,

the PSP resonances are mostly responsible for the absorption response of the MPA that
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Figure 2.4. Absorption spectra of the MPA, that is schematically shown in Fig. 2.1, with respect to the
thickness of spacer [(a)], thickness of the Au SRR [(b)] and thickness of the ITO SRR [(c)]. Note that in

panel (a) ta, = 60 nm and t;o = 80 nm, in panel (b) tg;,, = 160 nm and t;rg = 80 nm, and in panel (c)

tsio, = 160 nm and tp, = 60 nm.

are less captured by the homogenization approach. This point is clarified by examining
the mode profiles in Fig. 2.3.

In order to achieve more understanding about the absorption mechanism of the hybrid
ITO-Au SRR array, contribution of the ITO and Au SRRs in the total absorption of the
hybrid

MPA is investigated in Fig. 2.2(b). The solid-yellow curve in this figure clearly highlights
the role of gold, as a noble metal with moderate losses, in the appearance of the
narrowband absorption resonance of the MPA at A = 767 nm. However, ITO has a
minimum contribution in appearance of that resonance since it behaves as a low-loss

dielectric material at the corresponding wavelength. On the other hand, once the solid-red
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curve is compared to the total absorption of the MPA in Fig. 2.2(b), it is understood that
ITO, that

can act as a lossy plasmonic material at A > 1420 nm, is responsible for the broadband
response of the metamaterial absorber. It is observed that the hybridization of the ITO and
Au SRR array in the final MPA eventually provides a nearly perfect narrowband resonant
peak and a broadband absorption response in the NIR region.

Investigation of the mode profiles at the resonance wavelengths is also an effective tool
to reveal the physical mechanisms behind the absorption characteristics of the proposed
MPA. With this aim, electric and magnetic field profiles at the narrowband resonant
absorption wavelength (4 = 767 nm) and three resonant wavelengths in the broadband
region, namely A = 1780 nm, 2,314 nm, and 2,800 nm, are shown in Fig. 2.3. Top-view
of |E|, side-view of |E|, and side-view of |H| at the resonant wavelengths are represented
in panels (ai), (bi) and (ci) of Fig. 2.3, respectively. The top- and side-view mode profiles
of |E| at 767 nm [panels (ai) and (b1)] shows the electric field is mostly localized at the
gap and between the edges of the SRR arms while from panel (c1) it is seen that the
magnetic field is mostly localized at the edges of the Au SRR array. This observation
conveys that, at this wavelength, FP resonance is responsible for the narrowband perfect
absorption. Panels (a2) and (b2) of Fig. 2.3 represent that the electric field at 1,780 nm is
localized between the arms of the ITO SRR while the magnetic field is captured in the
gold region with weak interaction with the bottom reflector. This observation verifies that
due to the localization of the electric field in the ITO SRR, which is a lossy material at
that wavelength, a low-Q resonance is responsible for the absorption. The same point can
be observed from the top- and side-view of | E'| mode profiles at 2,314 nm and 2,800 nm.
However, from the |H| mode profiles in panels (c3) and (c4), it is observed that there are
strong interactions between the magnetic fields and the bottom reflector at those
wavelengths. In fact, the magnetic fields in these panels are not only confined in the region
beneath each SRR, but they are also enhanced in the entire spacer region. This behavior
indicates the role of propagating surface plasmon resonances in the absorptive responses
of the MPA at larger wavelengths. In fact, a combination of low-Q resonances with the
PSP ones at different wavelengths in the broadband region causes the broadband light

absorption by the MPA.
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In the next step, we examine how changes in tg;,,, t4,, and t;r can affect light absorption
of the metamaterial. Panels (a), (b), and (c) of Fig. 2.4 shows dependence of the absorbed
light by MPA on the changes in tg,,, ta, and t;ro, respectively, while keeping all the
other parameters the same as the aforementioned optimized/feasible values. One can
observe in Fig. 2.4(a) that deviation from the optimized value (i.e. t5;,, = 160 nm) of the
spacer layer leads to either losing the NIR broadband response (for tg;,, < 160 nm) or
depriving the narrowband absorption in the visible region (for tg;,, > 160 nm). As
mentioned hereinabove, the Au and ITO self-aligned SRRs are responsible for the
narrowband and broadband absorptive response of the MPA. In agreement with that point,
Fig. 2.4(b) shows that decreasing t,, red-shifts the narrowband resonance (compared to
the optimized case of t4,, = 60 nm), broadens it and leads to a slight loss in the broadband
response. On the other hand, choosing thicker values of the gold thickness has a negligible
effect on the broadband response while it slightly blue shifts the narrowband resonance.
Moreover, the decreasing thickness of ITO from the optimized value (i.e. t;79 = 80 nm)
reduces the bandwidth while it has less effect on the narrowband resonance, see Figure
2.4(c). As aresult, considering an absorption above 90% for the nearly perfect efficiency
of our structure, the case of 160 nm/60 nm/80 nm for tg;,,/ts,/tiro gives the most
promising optimum absorption with a bandwidth of 1,210 nm (from 1,790 nm to
3,000 nm) and a nearly perfect absorption at the wavelength of 767 nm.

The proposed design [shown in Fig. 2.1(c)] lacks polarization insensitivity that is the key
characteristic for absorption features of the practical MPAs. Therefore, to resolve this
deficiency, we improve the aforementioned design to a polarization independent one by
enhancing the structural symmetry. A schematic of the symmetric unit cell composed of
four self-aligned ITO-Au hybrid SRRs that are mutually rotated by 90° is depicted in Fig.
2.5(a). We keep all the geometrical parameters of each SRR in the symmetric unit cell as
the optimized values of the nonsymmetrical design. The only modified parameter is the
periodicity; i.e. p, = 600 nm in the calculations. Normal incidence absorption of the
symmetric design is represented as the dashed-red curve in Fig. 2.5(b). Moreover, for the
sake of comparison, the simulated absorption of the MPA of Fig. 2.1 is also shown as the

solid blue curve. It is observed from the dashed-red curve in Fig. 2.5(b) that a broadband
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Figure 2.5. (a) Schematic of a unit cell of the symmetric MPA. This unit cell is composed of four self-
aligned ITO-Au SRRs that are mutually rotated by 45°. Numerically calculated absorption of the symmetric
metamaterial for normal incidence is shown by the dashed-red curve in panel (b). For the sake of
comparison, the absorption of the nonsymmetric metamaterial of Fig. 1(c) is also illustrated again as the
solid-blue curve. (c) and (d), respectively, represent the dependence of the absorption performance of the

symmetric structure on the incident angle for TM and TE polarizations.

nearly perfect absorption (ranging from 1,530 nm to 2,700 nm) and two narrowband
nearly perfectabsorption peaks at 773nm (FWHM~60nm) and 900 nm
(FWHM ~49 nm) are obtained. Therefore, by employing the symmetric MPA, in addition
to achieving a broadband absorption in the NIR

and a narrowband absorption in the visible, one additional narrow band absorption peak
is also obtained. The additional narrow band response, in fact, improves the functionality
of the symmetric structure upon the nonsymmetrical one. More importantly, it is observed
in Figs. 2.5(c) and 2.5(d) that the nearly perfect and broadband absorption of the
symmetric MPA is preserved up to 50 degrees of incident angle for both TM and TE
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polarizations. The strength of the narrow band absorption resonances of the MPA are also
kept unaffected for TM polarization while they are sensitive for angles of incidence more
than 20 degree for TE polarization. Specifically, for TE polarization, there is only a single
nearly perfect absorption peak at 8 = 30° around 900 nm while at & = 50° only one
nearly perfect resonance is observed around 773 nm.

The last point that should be addressed here is the physical mechanism behind the
appearance of the additional resonance at 900 nm in the MPA with the symmetric unit
cell. This point is discussed in Fig. 2.6. In Fig. 2.6 the impact of changes in the periodicity
(600 nm < p, < 1200 nm) on the overall normal incidence absorption characteristics of
the MPA is investigated. Here, all other geometrical parameters are kept as the
aforementioned optimized values. For the sake of feasibility, the minimum value of the
periodicity is chosen as 600 nm. As already explained, once the periodicity is chosen as
this value, a broadband response in the NIR region together with two narrowband
absorption peaks — in the visible and NIR regions — are obtained. As Fig. 2.6(b) clearly
shows, by increasing the periodicity, the structure loses its broadband absorptive feature.
As an example, once the periodicity is taken as 1,200 nm, the broadband feature is totally
lost. On the other hand, the dependence of the narrowband response of the metamaterial
to the increase in p, is somehow different than the broadband response. By increasing p,
from 600 nm to 800 nm, the narrowband resonances are red-shifted and the three narrow
band resonances appear, see Fig. 2.6(b). In fact, the physical mechanism behind the
appearance of additional narrowband resonances is the mutual coupling effect between
the SRRs in each symmetric unit cell and the adjacent unit cells. However, at p, =
800 nm the broadband characteristic is considerably lost. This point is also evident once
the red- dashed curve is compared to the solid-black one in Fig. 2.6(b). Therefore, as far
as we are interested in keeping both broadband and narrowband responses as efficient as
possible, p, = 600 nm is the optimized choice. It is noteworthy that according to the
Kirchhoff’s law of thermal radiation, the spectral emissivity (E) of a structure is equal to
its spectral absorptivity; i.e. A(A) = E(A). Consequently, the absorption features of our
proposed device can be employed for the realization of thermal emission characteristics

[117].
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CHAPTER 3

Active tuning from narrowband to broadband

absorbers using a sub-wavelength VO, embedded layer

This chapter is one part reprinted with permission from: Ataollah Kalantari
Osgouei, Hodjat Hajian, Bahram Khalichi, Andriy E. Serebryannikov, Amir
Ghobadi, and Ekmel Ozbay, Plasmonic, 2021, pp. 1-9.

3.1. Introduction

Metamaterials are a periodic array of subwavelength structures, which can be artificially
engineered to achieve exotic properties not available in nature [64], [65]. These
characteristics make metamaterials a promising technology for a wide variety of
applications, such as light harvesting [118], [119], invisible cloaks [120], asymmetric light
transmission [67], [121], lasing [68], and negative refractive index [69], [122]. Among
them, manipulating and controlling the absorption properties of optical metamaterials
have gained a lot of attention over the last decades. In particular, metamaterials with nearly
perfect absorption features are called metamaterial perfect absorbers (MPAs). MPAs have

been demonstrated to realize either narrow or broadband absorptions depending on the
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geometry and the material type being used in the design. The former resonant response
may have applications in sensing [123], imaging [73], and color filtering [124], while the
latter correspondent is promising in the areas of solar cells [125], photochemical devices
[126], hot-electron-based photodetectors [127], and radiative cooling [128]. Such MPAs
have been developed from visible [79], [129] to terahertz [130], [131] and the microwave
regions [132], [133]. MPAs can be physically realized by suppressing both the
transmission and reflection of the incident electromagnetic (EM) waves, simultaneously.
The transmission can be eliminated by using an optically thick metallic layer as a mirror,
and the reflection may be blocked by matching the impedance of the structure with the
surrounding medium. Therefore, metal-insulator pair based configurations such as metal-
insulator-metal (MIM) cavity designs have been proposed and widely used in the literature
[97], [134]. Generally, in these structures, a dielectric film is sandwiched by a patterned
top metal film and a flat bottom reflector mirror layer. However, the resonant properties
of MPAs are almost fixed, which greatly reduce their practical applications. Therefore, to
fully exploit the optical properties and to extend the functionality of MPAs, dynamically
tunable control over resonances such as electrical [135], optical [136], and thermal [137]
tuning have been studied to realize actively tunable metamaterials. Recently, the thermal
tunable narrowband MPAs are emerging with possible applications such as optical
modulator [138], optical switches [139], and infrared (IR) camouflage [140]. Certain
mediums known as phase-change materials (PCM) like GeSbTe (germanium-antimony-
tellurium or GST) and vanadium dioxide (VO.) are the most prominent substances for
active MPA designs. Their optical properties show a large change when undergoing a
phase transition. The temperature requires for GST crystallization is around 160°C.
Moreover, the amorphization of GST is only obtained at the temperature above 640°C,
which is required by very fast cooling. In contrast, VO is a volatile PCM, and the
insulator-to-metal transition occurs at a much lower temperature of 68°C. During this
transition, the lattice of the structure is transformed from a monoclinic to tetragonal one
as the temperature increases well above the critical point. At the same time, the
conductivity of VO rises by several orders, leading to sudden change in the optical and
electrical properties of the material [141]-[143]. It is also important to discuss here that

the insulator-to-metal transition of VO> can be perfectly reversible when the temperature
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of the material drops below the critical transition temperature, which provides a great
power in memory storage. However, the bandwidth of MPAs based on GST and VO; are
very small, usually around hundreds of nanometers [ 144], [145] at the near-infrared ranges
(NIR) because of the inherent absorption and ohmic loss of metallic resonators. On the
other hand, Mie theory predicts that it is possible to design narrowband MPAs based on
employing high-refractive index dielectric materials like silicon (Si) and germanium (Ge),
since they strongly support magnetic and electric dipoles at the resonance wavelengths
[146], [147]. Nevertheless, the thermo-optic coefficient of these materials is rather low
and cannot provide a dynamic tuning. In a recent work, Zhaol et al. proposed a linearly
thermal-tunable narrowband MPA using four-nanorod amorphous Si (a-Si) with the
sensitivity of 0.08 nm C~1. They reported that the resonances can be tuned from 1164 to
1172 nm by increasing the temperature of a-Si from 20°C to 120°C [148]. Taking
everything into account, in an ideal scheme, a hybrid design that can couple dielectric
based Mie resonators with PCMs can provide a strong thermal tunability and diverse
functionalities. As a result, an elegant design based on PCM VO, embedded in a-Si
nanograting resonator is proposed in the present paper. The bottom layer of the structure
is chosen to be silver (Ag) with a sufficient thickness to block transmission leading to high
absorptivity and narrow-band perfect absorption at the NIR region. Specifically, double
narrowband perfect absorptions are successfully achieved at the resonant wavelengths of
1077 nm and 1314 nm under the insulator VO, state. Under the metallic VO» phase, the
proposed design demonstrates triple spectrally adjacent perfect absorptions at the
wavelength peaks of 1064 nm, 1166 nm, and 1323 nm, which leads to a broadband light
absorption. The obtained electric field distributions near the resonance wavelengths,
calculated via the eigenvalue solution of Maxwell’s equation in the region of interest,
besides the numerical simulation of the proposed structure based on the commercial finite-
differences time-domain solver, indicate that the first and second resonant peaks are
Fabry-Perot (FP) like resonances. While the third peak is due to the excitation of localized
surface plasmon resonances (LSPRs) in metal-dielectric interface. From the obtained
results, it is also seen that, upon insulator-metal transformation, the first resonance
experiences a blue shift due to change in the phase of reflected wave. The second

resonance is due to formation of a virtual MIM design, due to the lossy nature of VO2 in

35



Si

t vo2 (I
| s |d
" N
Si
t Vo2 (M)
l | Si Id
80°C

IS 77072”2

Figure 3.2. Geometry and schematic of the VO,-based metamaterial absorber. The absorber consists of VO,
in (a) the insulating phase and (b) the metallic phase sandwitched between layers of a-Si and continuous

film of Ag as the bottom layer of the structure.

metal phase. Finally, the third LSPR mode experiences a slight red-shift due to increase
in the effective refractive index of the grating design. In the last section, the thermal
tunability of a-Si itself is studied. It is shown that, due to strong field confinement in the
grating gaps, a new dynamic tuning is added to the structure due to change in the thermo-
optic coefficient of a-Si. This paper numerically demonstrates the possibility of the

realization of multiple functionalities using a hybrid plasmonic-PCM design.
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3.2. Structure and Simulation Setup

The schematic diagram of thermal tunable narrowband metamaterial absorber is shown in
Fig. 3.1. The structure is composed of a VO, layer sandwiched between a-Si and a
continuous Ag bottom reflector. Due to the resonating nature of the structure [149]-[151],
CST Microwave Studio eigen-solver is utilized to have an initial guess regarding the
dimension of the parameters of the structure and the resonance wavelengths in the NIR
region which are useful for the future optimization. Accordingly, the bottom layer is
chosen to be 100 nm, with no transmission in our desired range. The thickness of the VO»
layer is 5 nm. The distance from the top surface of Ag to VO; layer is d, as shown in Fig.
3.1. The thickness of the nanograting structure Si/VO>/Si is t while its width is w. The
period of the unit cell is fixed at P in the x direction. The numerical calculations based on
commercial finite-differences time-domain (FDTD) software package Lumerical FDTD
solutions [108] is used to obtain the optical properties of the proposed absorber. The
periodic boundary condition is applied only in the x-direction and the perfectly matched
layer (PML) boundary condition is used in the z-direction in order to avoid the boundary
scattering. The reflection spectrum is recorded by putting a 2-D frequency-domain power
monitor, which is placed behind the incident source monitor. Since the bottom metallic
layer is chosen to be thick enough to suppress the transmission, the transmission is nearly
zero and absorption can be calculated from the formula A = 1 — R. The frequency profile
monitors are used to obtain electric and magnetic fields at the resonances. The optical
properties of the silver film follow the common Palik model and the optical constant of
VO: in both the insulator and metallic phases are reported in [152], where the permittivity
of the material in the NIR region is experimentally measured by variable angle
spectroscopic ellipsometry and then fitted by the Tauc-Lorentz model [VO> (Insulator)]
and Drude model [VO; (Metal)]. The VO in the insulator phase acts like a spacer at a
room temperature of 25°C as presented in Fig. 3.1(a), while the transition to the metallic
phase can be accomplished in a hot environment at 80°C as illustrated in Fig. 1b. From
now on, we specifically refer to these different phases as VO (I) and VO2 (M). As for the
a-Si, we use a linear relationship with the temperature dependance limited by the thermal-

optical coefficient given by 3.25 X 107*/° C(n(T)) = 3.42 + 3.25 x 10~* x (T — 20).
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According to the relationship, the refractive index of a-Si at the room temperature of
25°C is 3.42 [148], [153]. To get proper physical insight into the absorption resonances
of the proposed design, we replaced a collection of scattering object materials by a
homogeneous medium, whose properties result from the averaging of local EM fields. The
procedure of modeling a composite environment and replacing it with a homogeneous
medium is defined as the effective medium theory. It is better to be noted that the
equivalent problem can be defined when the applied electric fields are static or have spatial
variations on a large scale. Therefore, it is possible to replace the inhomogeneous
materials by an effective medium[107], [154] where the electromagnetic properties of the
inhomogeneous materials can be obtained from solving the Maxwell’s equations inside
the effective medium. Accordingly, we exploit the effective medium theory to describe
the impedance amplitude of the absorption resonances for both insulator and metallic
phases. Meanwhile, the effective and impedance parameters of the proposed metamaterial
absorber are extracted using the S-parameter calculation embedded in FDTD Lumerical

solver.

3.3. Results and Discussions

In this section, we are going to study the impact of periodicity, thickness, and width of a-
Si in the overall absorption spectra of the proposed design. It is crucial to be mentioned
here that the real part of the permittivity of a-Si and VO, (I) is almost equal to each other
at the room temperature of 25°C. Therefore, we can simplify the design to a
straightforward simulation route of Ag-Si to study the overall absorption response of the
proposed structure. As a first step, the absorption spectra of the structure as a function of
periodicity differing from 750 nm to 1000 nm at different operating wavelengths is
considered in Fig. 3.2(a), while the other material dimensions of the structure are kept
unchanged. The result represents a double resonance response for all P values, where both
resonances experience a red shift as the periodicity increases. Moreover, larger P values
broadens the absorption peak (see Fig. 3.2(a) for the bandwidth of the resonances) and
reduces the strength of the longer wavelength resonance. In other words, the absorption

spectra experience a sharp reduction for the second resonance once the periodicity of the
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Figure 3.2. Color plots of the absorption spectra at different operating wavelengths versus (a) periodicity

of the grating, (b) the thickness of the a-Si layer, (c) and the width of the a-Si layer.

design is increased from 750 nm to 1000 nm. Keeping in mind that the perfect absorption
threshold is considered as 0.9, the optimal periodicity is chosen as 770 nm. The next step
is sweeping a-Si layer shorter resonance wavelengths. Accordingly, the origin of the first
and second resonances depend on the thickness and width of the grating, respectively. All
in all, the optimal obtained values are considered for the design of the proposed
narrowband NIR MPA. As thickness from 150 nm to 350 nm as the result is presented
in Fig. 3.2(b). It can be observed that both resonances red-shift, and the second resonance
has more-pronounced change with a semi-linear trend. Again, taking the strength and
bandwidth of the resonances into consideration, the optimized thickness value that retains
both the narrowband peaks in the structure is 240 nm. At the final step, a-Si width is

swept from 400 nm to 750 nm where both the periodicity and the thickness of a-Si are
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Figure 3.3. The calculated absorption spectra of the proposed absorber based on distances of VO film mid
plane from the bottom metallic layer (a) in the insulator phase (b) in the metallic phase (c) and the obtained
optimized distances of VO2 layer in the insulator and metallic phases compared with absorption spectra

without VO, layer.

kept at their optimal values. The corresponding result is presented in Fig. 3.2(c), and it
demonstrates that the absorption response versus the width of an a-Si layer can take a
wider bandwidth due to the excitation of both resonances, while the first resonant peak
completely disappears by moving toward a narrower Si width. Moreover, in comparison
to the width changes [as illustrated in Fig. 3.2(b)], the thickness variations cause weaker
shifts in the presented in Fig. 3.3(a)-(b), the effects of changing the locations of VO; layer
(at two different phases) on the overall absorption spectra of the proposed structure are
studied. In the figure, d denotes the distance of VO, film from the bottom metallic layer.

Fig. 3.3(a) demonstrates that the overall spectral response for VO, (I) is somehow
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Figure 3.4. Vector electric-field distributions of the proposed MPA with VO, layer under the insulating
state at the resonant wavelengths of (a) 1048 nm, (b)1181 nm, (c) and 1294 nm.

insensitive to the variation of d, in spite of slight changes in the strength of the resonances,
which agrees with our expectation based on similar permittivity values for both a-Si and
VO2 (I). On the contrary, variation of d has a significant impact on the absorption response
of the structure as well as strength of the resonances when VO; layer at the metallic phase
is used. In this case, at two different values of d (75 nm and 235 nm), a second weak
resonance gets stronger with a peak amplitude above 0.9. Therefore, in the metallic phase,
the position of VO, layer can be manipulated to efficiently excite another resonance with
a slight effect in the first and third resonance values. As d increases, the first resonance
experiences a blue-shift, while the third resonance shows a red-shift which will be
discussed later. Taking all into account, the optimal position of VO; layer is considered to
be 75 nm to have a broad and nearly flat absorption response in the metallic phase. To

have a better qualitative comparison, the absorption response of the MPA absorber with
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Figure 3.5. Magnitude of electric field distributions including VO layer in the (a)-(c) insulator phase at the
resonant wavelengths of 1048 nm, 1181 nm and 1294 nm and (d)-(f) in the metallic phase at the resonant
wavelengths of 1035 nm, 1137 nm, 1307 nm.

(both metallic and insulator phases) and without a VO> embedded layer is plotted in Fig.
3.3(c). The figure implies thatupon a thermally induced phase change, a distinct
transformation from a narrowband absorber to a broadband one is achieved using an
ultrathin VO, interlayer. To gain an insight on the origin of these resonance modes, CST
Microwave Studio eigen-solver together with FDTD commercial software are utilized to
determine the supported modes by the MPA with and without considering the VO- layer.
Therefore, we can interpret the coupling among these modes and VO, interlayer. The
vector electric-field distributions across the x — z plane, at three wavelength values of
1048 nm, 1181 nm, and 1294 nm, are depicted in Fig. 3.4(a)-(c). Formation of standing
wave interference patterns within the Si grating shows that the first and second resonance
modes are dominantly FP like modes. However, the third mode originates from the
excitation of LSPRs in Ag-Si interface. This is in agreement with the obtained results in
Fig. 3.2. The strong dependence of the first peak position to the grating thickness [Fig.
3.2(b)] is due to the change in the optical path length of the FP resonator. While the third

resonance is tailored by the grating width [Fig. 3.2(c)] which is a major factor defining
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the resonance position of the LSPR mode. To analyze the coupling of these modes to metal
and insulator phase VO layer, electric-field distributions in the x — z plane are recorded
and illustrated in Fig. 3.5. As is apparently displayed in this figure, the field distributions
are quite similar for both metallic and insulator phase designs. The first resonance is a
hybrid mode with FP resonance dominancy that is formed due to the interference of
incoming and reflected waves with the cavity. When PCM material changes its phase to
lossy metallic one, due to its larger permittivity values, its optical path length increases
and, therefore, the impedance matching condition is blue-shifted. The second resonance
is also a FP mode with hot spots formed within the a-Si grating. Placing VO, in a high-
field region will make its absorption maximized. This is the case when d equals to 75 nm
and 235 nm, see Fig. 3. In fact, in this situation, Ag-Si-VO: forms a virtual MIM cavity
design. When VO, transforms from a low loss to lossy phase, the cavity is activated and
a new resonance starts to appear. The last mode, which is the LSPR mode, shows the field
localization patterns in the Ag-Si interface. In this case, the change in permittivity of the
PCM will change the effective refractive index of the grating and therefore, this leads to
a red-shift in the resonance wavelength of the LSPR. All these results show that, upon use
of right geometries and design, an ultrathin PCM can diversely modulate the optical
absorption response of an MPA. In addition to mode profile analysis, the absorption
properties of the proposed design can be fully explained by the equivalent media and
impedance matching theories. Since the element size of the metamaterial absorber is much
smaller than the operation wavelength, and the effect of the internal microscope atoms
and molecules of the EM field can be easily ignored. Therefore, the whole metamaterial
structure can be regarded as a uniform and equivalent medium. At the same time, the input
impedance of the entire structure, which is normalized to the free space impedance, can

be analytically calculated by the following formula:

V(14511 (W))2 =521 (W)?
Ly = 1
M J(@=S11(W))2=S2 )2 ( )

where S;;(w) and S, (w) are the reflection and transmission coefficients obtained by the
S-parameter method. When the impedance matching condition is satisfied, the EM wave
incident on the surface of the metamaterial can enter the structure without reflection and

be directly converted into heating energy and absorbed in the structure. Therefore, the
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value of the equivalent complex impedance must be equal to 1. The equivalent impedance
of the metamaterial absorber is also affected by the permittivity and permeability of the
material. Here, we use the impedance theory technique to describe the perfect absorber of
the structure as shown in Fig. 3.6. The results of the impedance amplitude for the VO, (I)
is shown in Fig. 3.6(a). In order to have perfect matching with free space, the real part of
the normalized input impedance of the design must be close to 1, and its imaginary part
should be near zero. Therefore, the impedance amplitude of the absorber at the desired
perfect absorption peaks should be 1. For instance, the impedance amplitude for the
spectra position of the first peak at 1077 nm is the order of magnitude 1, causing the
strong narrowband perfect absorption. The same statement can also be applied to the
second resonant peak as well as for the case of VO2 (M) structure, which is shown in Fig.
3.6(b), once more, the results of the impedance amplitude is completely in agreement with
the theoretical conceptions. A good agreement between the impedance theory and actual
MPAs structures prove that the impedance theory is a common approach to investigate
the physical mechanism of the EM waves of the structure. Up to this point, we showed
how an ultrathin PCM can strongly change the optical absorption response of a MPA
design in cold and hot states. In general, the active tuning optical absorption of MPA is
achieved by modulating the refractive index of the material. However, in PCM materials,
this change is rather abrupt and linear tuning is not possible with these designs. However,
in reality, all types of materials have thermo-optic coefficients but these values are quite
small. For instance, the refractive index of a-Si has a linear relationship with the
temperature change (AT) with a thermo-optic coefficient of 3.25 X 10™* C~1. Therefore,
for a bulk a-Si, the change is temperature cause a negligible change in the material index
and, therefore, it cannot be used for active tuning scenarios. However, if we can design a
structure with strong field localization in sub-wavelength geometry units, we can intensify
response to any changes in the refractive index of the grating. In the previous section, we
showed that the third resonance is red-shifted upon transformation from clod to hot state.
This was due to change in the effective refractive index of the grating. Now, a new
mechanism can be added to the structure, which is the thermal tunability of a-Si index. By
this way, we can design a linear- thermal tunable modulator. Fig. 3.7 shows the

absorptionthis behavior. As in our case, we have strong field confinement in the gap
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Figure 3.6. Calculated the impedance amplitude of the absorber based on VO, under the (a) insulating phase
and, (b) metallic phase.

regions, as shown in Fig. 3.5. Therefore, in such hot spots, the MPA design can show a
strong response of the MPA design at different temperatures. In the studied range, the

refractive index of the a-Si increases linearly from 3.54 to 3.59 when the temperature of
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the absorber increases from 25°C to 250°C. At the lower range, when the
temperatureincreases from 25°C to 100°C, the PCM materials takes the main role in the
absorption peak tuning. After this temperature, the change in a-Si index becomes the

dominant mechanism for thermal tunability function of the MPA. As extracted from Fig.
7b, the overall sensitivity of the design reaches to a value as high as S = % =

0.09nm’C~!. Beyond the simple wavelengths tuning of the structure at NIR, the
development of thermo-optic filters opens a new type of dynamic functionality, such as
switching between the reflection and transmission at the specific wavelength channel.
Such a linear thermal-tunable metamaterial absorber is a promising device in the

applications of optical modulator and infrared (IR) camouflage.
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CHAPTER 4

A spectrally selective gap surface-plasmon-based
nanoantenna emitter compatible with multiple thermal

infrared applications

This chapter is one part reprinted with permission from: Ataollah Kalantari
Osgouei, Amir Ghobadi, Bahram Khalichi, Amir Ghobadi, and Ekmel
Ozbay, Journal of optics, 2021.

4.1. Introduction

Total emissive power per unit area from a hot surface is defined by the Stefan-Boltzmann
law P = eoT* [155], [156], where o is the Stefan-Boltzmann constant, &€ and T are the
emissivity and absolute temperature of the object, respectively. At the thermal
equilibrium, Kirchhoff’s radiation law [155], [156] states that the wavelength-dependent
thermal radiation of a surface is equal to the optical absorption of that surface defined as
e(T,A) = a(T, ). Therefore, suppressing the thermal radiation can be achieved by

reducing the emissivity/absorptivity (&) or the real temperature of the object (T).
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However, the poor efficiency of the thermal radiation contributes to a sharp increase in
the real temperature of the object. Accordingly, wavelength-selective thermal emitters are
widely used to overcome this problem. In particular, a wavelength-selective material-
based shield should have a low emissivity to reduce the object’s thermal radiation within
specific atmospheric windows as well as have a high emission outside of those
atmospheric windows for the radiative cooling applications. In other words, the thermal
radiation should dominantly be suppressed within the mid-wave infrared (MWIR: 3 —
5um) and the long-wave infrared (LWIR: 8 — 12 um) ranges representing the
transmission channels for electromagnetic waves in the atmosphere, while the thermal
radiation is allowed to pass in the non-transmissive (absorption) windows, including 1.5 —
1.61 um, 2.15 — 3 um, 4 — 4.2 um, and 5 — 8 um, due to the fact that the absorption
phenomenon quench the propagation of emitted photons in these ranges [157]. This
wavelength-selective characteristic makes the object blend into the background and offers
thermal radiation management for multiple thermal camouflage scenarios. Moreover, to
have a comprehensive infrared characteristic, the design should absorb (solar) photons in
the range of 0.9 — 1.7 um to hide from short-wave infrared (SWIR) and laser tracking
cameras (typically operating at 1064 nm). Since the design of wavelength-selective
thermal nanoantenna emitter is equivalent to the design of wavelength-selective thermal
nanoantenna absorber (Kirchhoff's law), metamaterial-based perfect absorbers with
wavelength selectivity characteristic have attracted considerable attention due to their
potential applications in radiative cooling [128], [158] and thermophotovoltaics [159],
[160]. In addition, plasmonic metamaterials [82], [161], [162] and photonic crystals [163],
[164] are widely exploited in thermal radiation management [165]—[173] as an ability to
hide or disguise an object from infrared (IR) detection equipment and thermal imaging
systems. Although photonic crystals can be designed to realize high emissivity with a
special structure[163], [164], the configuration complexity makes photonic crystals less
suitable in high-temperature environments due to the thermal stress [168]. On the other
hand, plasmonic metamaterials as a periodic array of subwavelength structures can be
artificially engineered to achieve exotic properties in terms of perfect absorptions and
wavelength selectivity. The absorption can reach near unity at specific wavelengths,

enabling the realization of perfect absorptions. Generally, metal-insulator-metal (MIM)
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plasmonic-based cavity designs are considered as one of the typical configurations for
designing near unity wavelength-selective absorbers [79], [174]-[181]. Properly choosing
selective emissive materials for an MIM cavity design and its extensions to composite unit
cell [140], [182] or multi-layer [183], [184] structures can lead to wavelength-selective
metamaterial-based nanoantenna emitters/absorbers satisfying the requirements of
multiple thermal infrared applications. Overall, in an ideal architecture, a wavelength-
selective thermal nanoantenna emitter should radiatively cool the surface within specific
atmospheric absorption windows without being detected by infrared cameras. In the first
part of this paper, a wavelength-selective nanoantenna emitter based on the excitation of
gap surface plasmon modes using an MIM configuration (silicon dioxide (SiO2)
sandwiched between silver (Ag) layers) is proposed. The proposed structure, called design
I, shows triple narrowband perfect absorptions at the resonance wavelengths of 1524 nm,
2279 nm, and 6000 nm that perfectly match the atmospheric absorption bands.
Meanwhile, the emissivity of the structure in the wavelength ranges of 3 — 5 ym and 8 —
12 um (atmospheric windows) is suppressed considering the average amount of
absorption occurred below 0.10. Later, we extend the functionality of design I to cover
the possible threats in the SWIR range (design II). The results indicate that a near perfect
absorption is acquired in a broadband spectrum spanning from 929 nm to 1472 nm
(SWIR range), together with a narrowband absorption peak at 5750 nm (atmospheric
absorption window). Finally, a real-time tuning of the infrared response using external
electrostatic bias is added to the system by embedding graphene layers. It is also shown
that an undesired resonance wavelength at the absorption spectrum related to the intrinsic
vibrational modes (optical phonons) of the SiO; layer within the LWIR range is reduced
by adding a single-layer graphene. Moreover, the amount of reduction is significantly
enhanced in the case of embedding a three-layer graphene. In other words, the amount of
absorption of the LWIR response for the three-layer graphene device is decreased by
53.19%, compared to 25.53% for the single-layer graphene one. The performances of the
proposed structures are validated using rigorous coupled-wave analysis (RCWA) as an
analytical method [185], besides a finite-differences time domain solver (FDTD) as a
numerical method [108]. In addition, the thermal characteristic performances of design I

and design II (without/with graphene layers) are validated by calculating spectral radiant
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emittance at different temperatures.

4.2. Design I

4.2.1. Results and Discussions

The schematic diagram of the proposed nanoantenna emitter (design I) is shown in Fig.
4.1(a). The unit cell consists of two metallic silver (Ag) layers: a bottom reflector
(optically thick with no transmission in our analysis range) and a top grating array, with
an insulator layer of SiO; (silicon dioxide) sandwiched in between. The Ag film is selected
as the primary thermal radiation layer because of its unique radiation properties [168],
while the SiO; spacer layer is added to match the selective emissions to the impedance of
the air. The analytical (RCWA) and numerical (FDTD) approaches are utilized to
investigate the optical properties of the proposed nanoantenna emitter, when the structure
is normally illuminated by an x-polarized (p-polarization) uniform plane-wave
propagating along the —z direction. In the simulations, the frequency-dependent refractive
indices of Ag and SiO; are taken into account from the CRC Handbook of Chemistry and
Physics [186] and the Palik model database [115], respectively. Then, based on the utilized
simulation approaches, the geometrical parameters as explicitly presented in Fig. 4.1(a)
are optimized in such a way that the excited resonances in the absorption spectrum match
the atmospheric absorption windows. As a result, the thickness of the top nanograting Ag
layer is ty, = 160 nm while its width is considered wpg = 1220 nm, and the thickness of
the Si0; layer is set to be tgio, = 20 nm. The period of the unit cell is considered to be
p = 1365 nm along the x direction. The absorptivity of design I with respect to the
wavelength is presented in Fig. 4.1(b), where the analytical and numerical approaches are
in good agreement with each other. The results unveil that the fourth resonance [A, in Fig.
4.1(b)] is due to intrinsic vibrational modes (optical phonons) of the SiO; layer in the
LWIR range [187] since the resonance is suppressed by considering a constant relative

permittivity (€0, = 2.15) valid below the wavelength of 8 um, as shown in Fig. 4.1(b).
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Figure 4.1. (a) Schematic unit cell of the proposed wavelength-selective nanoantenna emitter (design I). (b)
Spectral absorption responses of design I obtained by considering constant and frequency-dependent values
for the permittivity of the SiO» layer. The atmospheric absorption band [shown as the light blue area] is
modeled by the US standard atmosphere compositions at the vertical distance of 5 km.

The other triple narrowband perfect absorptions are successfully achieved at the resonant

peaks of A; = 1524 nm, A, = 2279 nm and A; = 6000 nm [see Fig. 4.1(b)]. These
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resonances are in very good agreement with the atmospheric spectrum [shown as the light
blue area in Fig. 4.1(b)], while showing remarkable low average emissivity in the
atmospheric windows (i.., €3_5,m and &g_13 ym < 0.10). Therefore, the thermal
radiation of the wavelength-selective design can be greatly absorbed by the atmosphere,
which makes the coated object hidden to infrared detectors. The atmospheric spectrum is
obtained from [188] where the atmospheric absorption is modeled by considering the US

standard atmosphere compositions at the vertical distance of 5 km.
4.2.2. Physical mechanism

The physical behavior of design I is analyzed at the resonance wavelengths to determine
the types of supported modes by the structure. Therefore, the calculated total electric- and
magnetic-field distributions are presented in Fig. 4.2(a)-(f). At the resonance wavelengths
of A4, 1,, and A5 shown in Fig 4.2(a)-(f), the presented electric and magnetic mode profiles
are mostly concentrated within the thin spacer layer, due to the formation of gap surface
plasmon (GSP) resonances [98], [189]-[193]. The GSP resonator, being composed of a
thin SiO> layer sandwiched between the top Ag grating array and bottom Ag substrate,
experiences multiple reflections from the termination of the MIM structure. This results
in a lateral standing-wave type resonance between the metallic terminations and
oscillating antiparallel electric currents in the two metallic layers [193]. Therefore, GSP

resonances can be described by a simple Fabry-Perot resonator formula [191], [192]

2n
WAgA_OnGSP + ¢ = mmn, €Y

where wyg as mentioned before denotes the width of the top nanograting array, 4, is the
wavelength of the free space, nggp is the real part of the effective mode index, ¢ is the
additional phase acquired upon its reflection at the termination of the structure, and m is
an integer showing the order of the GSP mode. According to Fig. 4.2, the electric field
distribution at the resonance wavelength of 4; demonstrates the excitation of fifth-order
mode (m = 5) within the spacer layer, while the electric-field mode profiles at the
resonance wavelengths of A,, and A3 correspond to the excitation of the third-order (m =

3) and first-order (m = 1) modes, respectively [193]. The calculated total magnetic-field
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Figure 4.2. Absolute values of the total electric- and magnetic-field distributions on the x — z plane obtained

for a two-unit cell of design I at the resonance wavelengths of (a, d) A; = 1524 nm, (b, e) A, = 2279 nm,

and (c, f) A3 = 6000 nm, respectively. In all the figures, dashed white lines represent the Ag area.

distributions depicted in Figs. 4.2(d)-(f) also validate the type of the GSP-based
resonances. In the fifth mode, anti-parallel currents in the top Ag nanograting and the
bottom metallic layer create five anti-nodes of the magnetic fields inside the thin spacer
layer. Accordingly, the third and first modes are due to the formation of three and first
anti-nodes of the magnetic fields in the spacer layer, respectively. From the electric- and
magnetic-field distributions given in Fig. 4.2(a) and Fig. 4.2(d), it is observed that surface
plasmons (SPs) are also excited between the air and the top Ag nanograting, and localized
around the grating corners between the adjacent unit cells, creating an SP-induced light
absorption at A,. Therefore, the origin of 4, is due to the formation of both SP and GSP
resonances. While 4, and A5 are due to the excitations of GSP resonances. These facts can
also be illustrated by calculating the absorbed-power densities given in Fig. 4.3. Figure
4.3(a) demonstrates that a small amount of absorption within the groove and the
absorption between the top and bottom Ag layers are attributed to the combinations of

both SP and GSP resonances at the resonance wavelength of 1,. Furthermore, the
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Figure 4.3. Absolute values of the absorbed-power densities on the x — z plane obtained for a two-unit cell
of design I at the resonance wavelengths of (a) A; = 1524 nm, (b) A, = 2279 nm, and (c) A; = 6000 nm.
In all the figures, dashed green lines represent the SiO, area. (d) Simulated contour plot of absorptivity as a
function of wavelength for different thicknesses of the spacer (ts;p,) [10 nm < tgip, < 200 nm when t,, =
160 nm, wpg = 1220 nm, and p = 1365 nm]. (h) Simulated contour plot of absorptivity versus wavelength
for different widths (w,g) of the top Ag nanograting layer [1150 nm < w,, < 1350 nm when tgjo, = 20
nm, ty, = 160 nm, and p = 1365 nm]. (f) Simulated contour plot of absorptivity versus wavelength for
different periodicities (p) of the structure [1300 nm < p < 1450 nm when tg;p, = 20 nm, t,, = 160 nm,
and wpg = 1220 nm]. The interaction points of the dashed green lines correspond to the resonance

wavelengths of A; = 1524 nm, A, = 2279 nm, A; = 6000 nm, and A, = 10450 nm.

absorbed power densities, given in Fig. 4.3(b) and Fig. 4.3(c), demonstrate that the most
amount of absorption occurred between the top and bottom Ag layers (both interfaces of
the dielectric layer), confirming the types of the resonance wavelengths of 4, and A5 are

due to the excitation of GSPs.

4.2.3. Geometric parameters effects

The impact of changes of tg;o,, Wag, and p on the overall absorption spectrum of design I
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is examined. Figure 4.3(d) represents the contour plot of absorptivity versus the
wavelength for the different thicknesses of the spacer (tgio,), while the other parameters
of the structure are kept at their optimal values [10 nm < tg;o, < 200 nm when wyg =
1220 nm, tp, = 160 nm and p = 1365 nm]. The results illustrate triple narrowband
perfect absorptions that are sensitive to the variation of the thickness of the spacer as it
increases from 10 nm to 200 nm. Increasing and getting far away from the optimized
thickness value of the spacer (i.e., tsio, = 20 nm, by considering the fact that the perfect
absorption threshold is above 0.9) leads to a reduction in the amount of absorption, while
the fourth resonance at longer wavelengths is efficiently excited by moving from a thinner
to a thicker spacer. It is evident from Fig. 4.3(d) that all the resonances are a function of
the thickness of the spacer. In other words, by changing the thickness of Si0> from 50 nm
to 10 nm, the resonance wavelengths are red-shifted toward the longer wavelength
regions. This behavior of the resonances is in good agreement with the concept of GSP
modes [190]. Therefore, according to the electric- and magnetic-field confinements within
the spacer as shown in Figs. 4.2(a)-(f), all resonances more or less are affected by the
thickness variation of the SiO; layer. The normalized contour plot absorptivity response
of the design I for different widths of the top Ag nanograting layer is shown in Fig. 4.3(e).
The Ag width is swept from 1150 nm to 1350 nm, while the thickness of SiO> is kept at
its optimal value (ts;o, = 20 nm). The resonance wavelengths of A, and A3 are smoothly
red-shifted by moving toward a wider grating. The red-shifted behavior of the resonances
obtained by increasing the width of the top Ag nanograting are in complete agreement
with the FP formula given in equation (1) [189]. As a result, it is almost possible to linearly
tune the resonances of the nanoantenna emitter by changing the width of Ag nanograting.
However, the resonance position of 4, is almost unaffected by increasing the width of the
top Ag nanograting, confirming that the first resonance is excited by the combination of
GSP and SP resonances. Figure 4.3(f) shows the variation of absorptivity versus
wavelength at different values of the nanograting periodicity, while the other parameters

are kept at their optimized values [1300 nm < p < 1450 nm when tgjp, = 20 nm, wyg, =
1220 nm, and t,, = 160 nm]. As expected, the periodicity does not affect the position of
the GSP-based resonances as explained in [194], [195].
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All in all, it is concluded that at specific dimensions (20 nm/1220 nm/1365 nm for

tsio,/Wag/P), the incident electromagnetic waves can dominantly couple to GSP modes

which lead to a high amount of absorption at the resonance wavelengths of 1, 4,, and 45.
4.2.4. Power analysis

To evaluate the thermal performance of the proposed nanoantenna emitter (design I), we
calculate the spectral radiant emittance of a blackbody, a conventional surface, and the
selective nanoantenna emitter at different temperatures. Planks’ law which describes the

spectral radiance emitted by a blackbody in thermal equilibrium is given by
P(,T) = 2mhe? /2 (exp ( e ) 1)_1 @
,T) = 2mhc exp | 7 kT ,

where kg is Boltzmann’s constant, ¢ is the speed of light in vacuum, and A is the
wavelength of the incident light. The IR signatures of the conventional surface
[CS(A,T) = P(A4,T) X (1 — €ymosphere (4, T))] and the selective nanoantenna emitter
[NE(A4,T) = P(A4,T) X (1 — &ymosphere (4 T)) X Egtructure (4, T)] can be obtained from the
data of the atmospheric absorption [ymosphere(4, T)] and the calculated emissivity of
design T [egructure(4 T)], respectively. Figure 4.4(a) compares the calculated IR
signatures of the conventional surface and the selective nanoantenna emitter with the
spectral radiant emittance of the blackbody radiation at 300 K by considering the radiation
energy emitted from the normal direction. The IR signatures of the selective nanoantenna
emitter at the room temperature in the MWIR and LWIR ranges are reduced by 99.71%,
and 94.76% compared to the blackbody radiation, respectively. While the selective
nanoantenna emitter can reduce the radiant energy by 96.09% throughout the entire
wavelength band. As the temperature increases to 400 K and 500 K, as shown in Fig.
4.4(b) and Fig. 4.4(c), the reduction rates of IR signatures for the selective nanoantenna
emitter in the MWIR and LWIR ranges decrease but are still higher than 95%. Notably,
the reduction rate of the selective nanoantenna emitter is greater than 96% across a wide
temperature varying from room temperature to 500 K for the entire wavelength range.

Using the relation
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the reduction rates of the selective nanoantenna emitter (design I) in the wavelength ranges
of 3 — 5 um, 8 — 12 um, and the entire band for different temperatures are calculated and

shown in Table 1.

Table 1. The reduction rates of the selective nanoantenna emitter (design I).

3—-5um 8 —12 um 0.9—-12 um

T=300K | 99.71% 94.76% 96.09%

T=400K | 99.61% 95.23% 97.71%

T=500K | 99.53% 95.55% 98.68%
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4.3. Design 11
4.3.1. Results and Discussions

In the next section of this study, we extend the functionality of design I to provide
multifunctional operations including different thermal camouflage scenarios. The
extended structure is called design II. The overall detection scenario of a hot object is
schematically explained in Fig. 4.5(a). To hide from these surveillance devices, the surface
of the object should be decorated with the proposed GSP-based nanoantenna emitters.
Unlike MWIR and LWIR mode cameras that detect blackbody photons emitted from the
object, SWIR mode cameras detect solar reflectance from the surface. Therefore, in an
ideal scheme, the camouflage design should also perform as a broadband absorber in the
900 — 1700 nm range. To achieve a broadband absorption within the near-infrared (NIR)
region and the main atmospheric absorption window, design I is modified with a highly
lossy Titanium (T1) layer [196] embedded on an SiO» layer and extended to design II with
a multi-layer grating as presented in Fig. 4.5(a). The thickness of each layer of grating is

optimized and set to be tpg = 70 nm, téioz = 180 nm, and t; = 5 nm, respectively. The
thickness of the insulator substrate which supports GSPs is considered as tg;o, = 30 nm.

The unit cell is periodically arranged along the x direction with p = 1200 nm, and the
corresponding unit cell width is w = 1160 nm. Furthermore, the MIM grating structure
in design II is separated by graphene layers from the substrate. The 2-D graphene layers
(single- or three-layer graphene) are added for the manipulation of the surface
conductivity at the mid-infrared (MIR) region to have a real-time tunability in the infrared
response of the structure within the atmospheric absorption window and quench the LWIR
mode response, specifically the fourth resonance occurred in design I (4}) due to intrinsic
vibrational modes (optical phonons) of the SiO; layer. The surface conductivity (g5) of a
monolayer graphene in the simulations follows the well-established Kubo formula with

intra-band (0i¢r,) and inter-band (gi,ter) contributions as [197],

Os = Ointra T Ointers 4)

eszT HUc
. = —j 2In(e—#c/kBT 4 1 ], 5
Tintra = ~J T 12 [kBT+ n(e +1){,(5)
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where T, e, h and kg are representing the temperature, electron charge, Planck’s and
Boltzmann’s constants, respectively. In addition, y,. and 2I" (2" = g, T is the electron-

phonon relaxation time) are the chemical potential and scattering rate of a monolayer
graphene accounting for the Fermi energy (Er) level and the intrinsic losses, respectively.
One of the main advantages of using graphene is that its Fermi level can be easily tuned
over a wide range by applying an external gate voltage (electrostatic biasing), leading to
different surface conductivities. Therefore, it is possible to tune the MIR resonance of
design II and reduce the peak absorption of the fourth resonance by varying the Fermi
level via electrostatic biasing. The relation between Fermi energy level and the

electrostatic biasing is given by an approximate closed-form expression as [198]

wC,V.
Ep = hvp :9, (7)

where C; = €4, /t, is the electrostatic gate capacitance, t is the thickness of gate oxide,
V; is the applied gate voltage, and vg is the Fermi velocity (1.0 X 10°% m/s in graphene),
respectively. As a result, the electrostatic biasing of the graphene layers in design II can
be achieved by placing conductive contacts between the graphene and the bottom Ag
reflector (electrostatic ground) and applying a gate voltage. The bias then allows for
controlling the chemical potential of graphene layers independently [198], [199].

The simulated absorption spectra of design II including different cases are presented in
Fig. 4.5(b) when I' = 0.0032 eV and T = 300 K. The extension of design I to design II
without a graphene layer leads to having a broadband resonance (A7) with a perfect
absorption ranging from 929 nm to 1472 nm (suitable for solar applications [200], [201]),
where three narrowband absorptions at the longer wavelengths of 2, = 2080 nm, A5 =
5750 nm, and 1, = 10260 nm are excited [see Fig 4.5(b)]. According to the monolayer
graphene characteristic [202], [203], the obtained broadband response of design II should
stay almost unchanged in the NIR region, while the A5 and A, resonances at the MIR
region experience blue-shifts by adding the single-layer graphene and increasing u,

from0.2 eV to 0.6 ¢V. In addition, the amount of absorption at the A, resonance, caused
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Figure 4.5. (a) Schematic diagram of the extended nanoantenna emitter (design II) and the overall detection
scenario of a hot object. (b) Spectral absorption of design II without/with a single-layer (N = 1) graphene
when g, =0.2eV,0.4eV,and 0.6 eV at T = 300 K. (c) Spectra absorption of design II without/with a three-
layer (N = 3) graphene when p. = 0.2 eV, 0.4 eV, and 0.6 eV at T = 300 K. (d) The simulated absorption
spectrum of design II with different values of scattering rate for the three-layer (N = 3) graphene case when
pe= 0.6eV at T = 300 K. Simulated normalized contour plots of absorptivity versus wavelength for
different thicknesses of (e) the top SiO; layer [100 nm < t,SiOZ < 300 nm when tag = 70 nm, tg; = 5 nm,
tsio, = 30 nm, w = 1160 nm, and p = 1200 nm], and (f) the thickness of Ti layer [5 nm < tr; < 25 nm

when ty, = 70 nm, t’SiOZ = 180 nm, tgp, = 30 nm, w = 1160 nm, and p = 1200 nm].

by the vibrational modes of SiO; layer, decreases by 25.53% [see the trend between the
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blue and yellow dot lines in Fig. 4.5(b)] for those cases without the graphene layer and
with the single-layer graphene, when p.is 0.6 eV. This is due to the fact that a partial
amount of power is reflected back from the single-layer graphene and the localization of
the electric field decreases within the lower SiO> layer. As several works have been
reported to effectively design few-layer graphene structures for tuning the resonances at
the MIR region [204], [205], we next demonstrate the optical performance of design II for
the case of the three-layer (N = 3) graphene. Here, it is taken into consideration that the
surface conductivity (o) for N-layer graphene is defined as No; [206]. Figure 4.5(c)
shows the resonance wavelengths of the three-layer graphene device obtained from FDTD
method as a function of u. ranging from 0.2 eV to 0.6 eV. The resonance wavelengths
exhibit a similar trend as observed in the single-layer structure in terms of blue-shifting of
the MIR resonances and reducing the peak absorption of the fourth resonance. It is
observed in Fig. 4.5(c) that increasing the number of graphene layers from N = 1to N =
3 can further shift the MIR resonance wavelengths toward the shorter wavelength regions.
In addition, compared to the case without the graphene layer, the structure containing the
three-layer graphene with u, = 0.6 €V, can suppress the 1, absorption peak by 53.19%
[see the trend between the blue and yellow dot lines in Fig 4.5(c)]. The three-layer
graphene device also suppresses the A, absorption peak ~2.1 times more than the one
obtained by the single-layer graphene structure. It should be noted that the general
functionality of design II with graphene layers is negligibly affected for different values
of scattering rate as demonstrated for the three-layer graphene device in Fig. 4.5(d) when
the chemical potential is assumed 0.6 eV. This means that variation of scattering rate due
to the impurities, defects, and interfaces for realistic graphene layers [207], [208] does not
affect the response of the proposed structure. All in all, the absorption spectra of design II
perfectly match the atmospheric absorption windows with tunability characteristic [209]
that make it suitable for different thermal camouflage scenarios as well as solar energy
harvesting application due to the broadband absorption within a wide spectral range of the
NIR region. The absorption resonance wavelengths of design II, together with the peak

values of the fourth resonance and the corresponding relative reduction rates are all.
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Table 2. Absorption resonance wavelengths of the proposed wavelength-selective nanoantenna emitter
(design II) without a graphene layer, with a single-layer graphene, and a three-layer graphene (at different
chemical potentials: . = 0.2 eV, 0.4 eV, and 0.6 eV at T = 300 K), together with peak values of the fourth
resonance and the corresponding relative reduction rates obtained via comparing the results with design 11

without a graphene layer.

Resonance Intensity of #4
and reduction rates
#1 # #3 #4
Design IT (withouta ;. _ o559 _ 1475yl 2, = 2080 nm| 4, = 5750 nm |4, = 10260 nm| 0.47
graphene layer)

= I = — - ! = ' = — 0,

Design I (with pe=0.2eV|A; = 929 — 1472 nm|A;, = 2080 nm| A3 = 5656 nm (A, = 10234nm| 0.43 8.51%
a single-layer | u. = 0.4 eV||A] = 929 — 1472 nm|A, = 2080 nm| A; = 5551 nm |4}, = 10184nm| 0.39 —17.02%
graphene) |, " o 6 V|2, = 929 — 1472 nm|2, = 2080 nm| 25 = 5432nm |, = 10147 0m| 035 | —25.53%

= I = — I = I = I = — 0
Design IT (with| e = 0-2 €VIA = 929 — 1472 nm|4; = 2080 mm| 2, = 5555 nm |2, = 10135 | 0.35 25.53%
a three-layer | . = 0.4 eV|A]; = 929 — 1472 nm|A, = 2080 nm| A5 =5170nm (A, = 10032nm| 0.28 —40.42%
graphene) |, " o 6 V|2, = 929 — 1472 nm|2, = 2080 nm| 25 = 4896 nm | A, = 9957nm| 022 | —53.19%

summarized in Table 2.
4.3.2. Geometric parameters effects

In order to investigate the performance of each layer and their contributions to the
resonances, we once again examine how changes in tgioz, and tr; can affect the overall
absorption spectrum of design II without considering the graphene layer. Figure 4.5(e)
shows the dependence of the normalized absorbed power by the structure on the changes
of téioz, while keeping all of the other geometrical parameters unchanged [100 nm <
téioz < 300 nm when tpg = 70 nm, tr; = 5 nm, tgip, = 30 nm, w = 1160 nm and p =
1200 nm]. The result exhibits a broadband perfect absorption at the NIR region [with a
peak absorption at (17)] and a sharp narrowband response (A3) at the atmospheric
absorption window for all tg;o,values, where only the former resonance experiences a
redshift as the spacer thickness increases. This phenomenon demonstrates that the NIR
response (A7) is due to the added top layers to the system, while the wavelength
resonances

including A5 and A5 are due to the formation of gap plasmons (similar to design I) in the
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Figure 4.6. Absolute values of the total electric-field distributions on the x — z plane obtained for a two-
unit cell of design II (without graphene layers) at the resonance wavelengths of (a) A = 1205 nm, (b) A, =
2080 nm, and (c) A3 = 5750 nm, respectively. Absolute values of the total electric-field distributions on
the x — z plane obtained for a two-unit cell of design II (with the three-layer graphene when p. = 0.6 eV)
at the resonance wavelengths of (d) A} = 1205 nm, (¢) A} = 2080 nm, and (f) A}, = 4896 nm, respectively.

In all the figures, dashed white lines represent the Ag area.

interfaces of the SiO; substrate and the Ag layers. To have a solar absorber operating in
the NIR region with an absorption above 90%, the optimal thickness of the SiO> interlayer
(téioz) is set at 180 nm. Figure 4.5(f) shows the impact of changes in tp; on the normalized
spectral absorption of design II without considering graphene layer, when it varies from
5nm to 25nm [5nm < tr; < 25nm when tp, = 70 nm, téioz =180 nm, tgip, =
30nm, w=1160nm and p = 1200nm]. Accordingly, the resonances around
8 um and 10 um are efficiently excited by moving toward thicker values of the Ti layer
(tti > 20 nm) besides the reduction in the amount of absorption of the resonance (13) in
the atmospheric absorption window. As a result, the optimal performance can be achieved

with the thickness of t;; = 5 nm.

4.3.3. Physical mechanism
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(design II without/with the three-layer graphene (N = 3) when p. = 0.6 eV ) at different temperatures of
(a) 300 K, (b) 400 K, and (c) 500 K.

In order to reveal the physical mechanism of the proposed selective nanoantenna emitter
(design II) under the normal incidence, electric-field distributions at the resonance
wavelengths are obtained on the x — z plane and illustrated in Fig. 4.6, corresponding to
the cases without graphene and with the three-layer graphene (. = 0.6 eV). It is seen
from Fig. 4.6(a) and Fig. 4.6(d) that at the resonance wavelength of A7 = 1205 nm, the
incident light penetrates thorugh the thin Ti layer and bounces back at the bottom Ag
grating layer. The two reflectors dominantly excite the Fabry-Perot (FP) cavity resonance
leading to a broaden absorption response thanks to the lossy behavior of Ti in the NIR
region [196].
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However, the distributions of the electric-field at the other excited resonances are
intrinsically different. In particular, at the resonance wavelength of A, = 2080 nm
presented in Fig. 4.6(b) and Fig. 4.6(e), the electric-field localizations inside the spacer
layer correspond to the excitation of the third-order mode GSP resonance [98], [189]—
[193], while the absorptions at the resonance wavelengths of A; = 5750 nm and A3 =
4986 nm are dominantly attributed to the excitation of GSPs with the first-order mode.
This can be seen in Fig. 4.6(c) and Fig. 4.6(f) for the design without graphene layer and
the design with the three-layer graphene, respectively.

4.3.4. Power analysis

To evaluate the performances of the second nanoantenna emitter (design II) in thermal
camouflage technology, we once again calculate the IR signatures of the conventional
surface and the extended nanoantenna emitter (design II without/with the three-layer
graphene when u, = 0.6 eV) to compare with the spectral radiant emittance of the
blackbody radiation at 300 K. The IR signatures in the MWIR and LWIR wavelength

ranges can be reduced by 98.67% and 88.74% without considering the graphene layers
as shown in Fig. 4.7(a). As the temperature increases, these two values become 97.90%
and 88.64% at 400 K and 96.92% and 88.65% at 500 K as illustreated in Fig. 4.7(b) and
Fig. 4.7(c). Meanwhile, the selective nanoantenna emitter can reduce the radiant energy
by 91.50%, 94.40%, and 96.21% for the whole wavelength spectrum at 300 K, 400 K,
and 500 K, respectively. Figure 4.7(a)-(c) also show the IR signatures of the selective
nanoantenna emitter with the three-layer graphene when . = 0.6 eV. The results show
better performance in terms of the reduction rate in comparison to the case without
graphene layers. Table 3 summarizes the reduction rates of the selective nanoantenna
emitter (design II) for all cases in the wavelength ranges 3 — 5 um, 8 — 12 pum, and the
entire band at different temperatures. In general, the reduction rates exhibit a similar trend
for all cases such that the IR signatures decrease in the MWIR and LWIR ranges as the
temperature increases, while the reduction rate for the entire wavelength range increases

as the temperature increases.
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Table 3. The reduction rates of the selective nanoantenna emitter (design II without/with the single- and
three-layer graphene when u, = 0.2 eV, 0.4 eV, and 0.6 eV) in the wavelength ranges of 3 —5um, 8 —

12 um, and the entire band at different temperatures.

The reduction rates
Temperatures 3—-5um 8 —12 um 0.9—-12 um
300K 98.67% 88.74% 91.50%
Design II (without a graphene layer) 400 K 97.90% 88.64% 94.40%
500 K 96.92% 88.65% 96.21%
300K 98.56% 89.21% 91.85%
pe=0.2 eV 400 K 97.79% 89.07% 94.59%
500 K 96.82% 89.06% 96.29%
300K 98.53% 89.76% 92.25%
Design I (with a single-| | _ 4 .y 400 K 97.76% 89.57% 94.82%
layer graphene)
500 K 96.79% 89.53% 96.41%
300K 98.41% 90.22% 92.59%
pe=0.6 eV 400 K 97.67% 90.00% 95.01%
500 K 96.74% 89.94% 96.51%
300K 98.31% 90.09% 92.49%
p.=0.2eV 400 K 97.53% 89.87% 94.94%
500 K 96.57% 89.81% 96.44%
300K 97.74% 91.29% 93.37%
Design II (with a three-| | "_ 4 .y 400 K 97.10% 91.00% 95.43%
layer graphene)
500 K 96.28% 90.89% 96.67%
300K 95.31% 92.10% 93.96%
. =0.6eV 400 K 95.00% 91.79% 95.67%
500 K 94.57% 91.65% 96.56%
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CHAPTER 5

Diode like high-contrast asymmetric transmission of
linearly polarized waves based on plasmon-tunneling

effect coupling to electromagnetic radiation modes

This chapter is one part reprinted with permission from: Bahram Khalichi,
Amir Ghobadi, Ataollah Kalantari Osgouei, Amir Ghobadi, and Ekmel
Ozbay, Journal of Physics D: Applied Physics, 2021.

5.1. Introduction

Allowing the light transmission from one direction, while suppressing transmission from
the opposite side is one of the popular and significant phenomena realized in various
optical applications [67], [210]-[217]. This nonreciprocal optical-diode behavior [211],
[212] 1s utilized to control one-way light transmission, increase the efficiency, and reduce
the damage in the optical communication circuitry, such as isolators, rectifiers, logic

circuits, and clippers. As a common approach, symmetry-broken chiral metamaterials
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along with multilayer design and sophisticated structures are utilized to achieve
customized and simultaneous functionalities, such as polarization-sensitive asymmetric
transmission [218], [219]. This asymmetric transmission (AT) phenomenon originates
from the interaction of electromagnetic radiation with the structural two-dimensional
chirality in the metamaterials [220], [221]. As a result, a portion of an incident
electromagnetic wave is converted to its cross-polarized counterpart for both forward and
backward illuminations, while the unidirectional transmission (optical-diode like
behavior) is not the goal in chiral metamaterial-based structures. In addition, the use of
multilayer metallic configurations prevents obtaining a high-contrast AT ratio. Although
optical devices with an AT characteristic can be realized using plasmonic metamaterials
as another approach [210], [213], they usually exhibit low transmission amplitudes due to
optical losses in the multilayer designs [222]-[228]. Moreover, the realization of a double
grating design separated by a thin dielectric is a challenging task from the fabrication
perspective [229]-[231]. Therefore, in an ideal scheme, it is required to reduce the optical
loss (thinning the metallic components down to sub-wavelength geometries) while
keeping the overall design simple. The excitation of surface plasmon polaritons (SPPs)
over both boundaries of a thin metal slab is widely utilized in biochemical sensing
applications [232]-[234], and it can be an innovative approach to be exploited in diode-
like optical devices. Furthermore, based on previous reports, the outcoupling of SPP
modes to radiation modes [235]-[240] with an efficiency of 50% is proposed in [240]. In
addition, using a modified structure, the transmittance of 68% is reported in [239] and the
enhancement of the transmittance up to 72% is predicted in [238]. Therefore, adopting
this design architecture for an optical diode application could provide the opportunity to
achieve high-contrast AT for narrow-band applications in the near infrared (NIR) region.
In the present paper, we demonstrate a high-contrast and a narrowband optical diode that
operates based on the plasmon-tunneling effect [231], [241], [242]. The proposed optical
diode is made of the dielectric grating waveguide over a thin silver (Ag) layer embedded
on a thick substrate. This simple geometry is significantly distinct from other available
plasmonic-metamaterial-based AT devices with multilayer configurations [243],
multilayer metasurfaces [244], [245], or subwavelength slits [229]. When the proposed

device is illuminated by a forward incident light, the symmetric and antisymmetric
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plasmonic modes are excited by the diffraction grating waveguide at the bottom and top
interfaces of the thin Ag interlayer, respectively. The antisymmetric mode is coupled to
radiation modes in the next environment (substrate), while the symmetric mode is
absorbed inside the metallic interlayer. Since the antisymmetric SPP mode is excited on
the top interface of the metallic interlayer and outcoupled to radiation modes in the next
environment, a high forward transmission can be achieved based on the plasmon-
tunneling effect. Contrarily, under the backward illumination, the device offers a near-

zero backward transmission thanks to the strong reflection of the Ag layer.

5.2. Design Methodology, Operation Principle, and Simulation Results

A schematic diagram of the proposed structure with AT property, using the generation
and outcoupling of SPPs, is presented in Fig. 5.1(a). The structure consists of a dielectric
diffraction grating as a one-dimensional array on top of a same-material dielectric slab
waveguide and a thin metal film, deposited onto a dielectric substrate. In Fig. 5.1(a), t,,
wy, and /A denote the height, width, and periodicity of the dielectric grating, respectively.

The material of the dielectric grating and the dielectric slab waveguide are considered as
silicon nitride (Si3N4) with the permittivity of 4.2025, where the thickness of the dielectric
slab waveguide is represented by t;. The dielectric slab forms a Fabry—Pérot cavity, which
is used to improve the coupling efficiency. The thickness of the dielectric slab will also
give us another degree of freedom on the spectral tuning of the resonance wavelengths
[246]. Then, a thin Ag layer with the thickness of t,,, is considered between the dielectric
slab waveguide and the substrate (Silicon dioxide: SiO2). The spectral refractive index of
Ag is taken from the Johnson and Christy database [114]. Conceptually, when the
proposed structure is normally illuminated by an x —polarized (TM-polarized wave:
electric field is parallel and magnetic field is perpendicular to the plane of incidence [247]
uniform plane wave, the incident wave is diffracted by the grating, and then coupled into
the waveguide and SPP modes at certain resonance wavelengths (in which the guided-
mode condition of the planar waveguide and the phase-matched conditions are satisfied
simultaneously). These SPPs are modulated by the grating and can be outcoupled to the

radiation modes in the substrate[238]. Therefore, the grating is not only responsible for
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the coupling of the incident light to the SPPs, but also for outcoupling the resonant SPPs
to the radiation modes. To numerically analyze this structure, the eigen-solver [to find the
eigenvalues (resonance wavelengths of the entire structure) and the eigenvectors (the
corresponding field distributions)] is exploited to optimize the structure to have an
asymmetric transmission at a wavelength of approximately 1550 nm. Accordingly, as
shown in Fig. 5.1(a), the period and the width of the dielectric grating are set to be 4 =
1100 nm and w, = 880 nm, respectively, which leads the filling factor equal to 0.8.
The thickness (height) of the grating (t;) and the dielectric slab (tg) are 260 nm and
470 nm, and t,,, the thickness of the metal film, is chosen as 20 nm to allow the excitation
of both long- and short-range SPPs [28], [248]. These parameters determine the resonance
wavelength location in the NIR region at approximately 1550 nm. Next, we computed the
reflection, transmission spectra using the rigorous coupled-wave analysis (RCWA) as an
analytical approach [249] besides the finite difference time domain (FDTD) software
package as a numerical one. The calculated transmission and the reflection spectra when
the structure is illuminated by an x-polarized uniform plane-wave propagating along the
tz directions (forward (—z) and backward (+z) illuminations) are given in Fig. 5.1(b).
The obtained results from both methods are in good agreement with each other which
demonstrate the accuracy of the simulations. As seen in this panel, the proposed structure
exhibits an optical diode characteristic at a wavelength range of 1535 nm to 1563 nm
(full width at half maximum: FWHM/A, = 2%). At 1549 nm, the maximum power
transmission of 0.88 occurs for the forward illumination, while the backward transmission
value stayed below 0.03. Therefore, the highest contrast ratio in the peak position is
achieved as 14.67 dB (a ratio of about 29). To clearly scrutinize the origin of this distinct
optical-diode behavior, we have to find out the nature of these resonance wavelengths. To
begin with, we simplified the geometry by the explanation of the conditions for the
excitation of SPP modes in an insulator—-metal-insulator (IMI) design. The configuration
is presented in Fig. 5.1(c), and a thin metal film with the thickness of t is considered. This
configuration can support SPPs at both interfaces, where the excitation and overlapping
of SPPs at both boundaries give rise to mixed modes, called symmetric and antisymmetric
SPPs [28], [248]. The modes can be found by solving Maxwell's equations in each

medium, and by satisfying the boundary conditions at both interfaces of the metallic layer.
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As the thickness of the metal slab decreases, the two modes become more distinct, where
the symmetric SPP mode exhibits a less attenuation constant and effective refractive
index, while the attenuation and effective refractive index of the antisymmetric one
increase [234]. Therefore, according to the attenuation and propagation lengths, the
symmetric mode is referred to as a long-range SPP (LRSPP), while the antisymmetric
mode is referred to as a short-range SPP (SRSPP) [28], [248]. For the analysis, a two-
dimensional problem is considered (the width of the structure in the y direction is infinite
sothat d/dy = 0). The geometry can support TM* mode (E, E, and, H,, are the nonzero
components). In this scenario, an x —directed magnetic vector potential (A,) can be

represented as [247]

t
( Blexp(—aglz — ikxx) z2= >
t t
Ay z) = {[A; cos(kl*z) + A, sin(k'z)|exp(—ik,x) — 3 <z< > (D
t
Bzexp(+agzz — ikyx) zZ < o

dj . . . . . . . .

where a,’ (j = 1,2) is the attenuation constant in the dielectric media, k7" is the phase
constants inside the metal layer, k, = kysyrspp is the magnitude of the SPPs wavevector,
and A;, Bj (j = 1,2) are the unknown coefficients. The corresponding electric and

magnetic fields, inside the metal and dielectric regions, can be calculated by

—i [ 0%
) = o 2 »
E,.(x z) OHoE <ax2 + kx> A, (xz)
( —iB; d . t
oroca. (—kZ + k3 )exp(—ay'z — ikyx) 223
—i t t
=3 (k2 + k2)[A; cos(kl'z) + A, sin(kl*z)]exp(—ik,x) —=<z<- (2)
WHoEM 2 2
—15 (—kZ + k2 )exp(+ag?z — ik,x) z < _L
\ WhoEq, © 2 z * T2
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\ o 2

respectively. Decomposing the electric- or magnetic-field distributions in the metal layer
as a combination of symmetric and antisymmetric modes and satisfying the tangential
boundary conditions at the interfaces, different dispersion relations [28], [248] for the

SRSPP (antisymmetric) and LRSPP (symmetric) modes are obtained as
SRSPP: emay’ + e, kcot( kY1 S) =0 (4a)
d m mt) _
LRSPP: emay? — g, kfan(kJ'S) = 0, (4b)

where —(a,")? = &4,k — k¥s)pspp, and (KJ)? = emkd — kZs)spp- It should be noted
here that the symmetric configuration of the transverse component E, or H,, corresponds
to the antisymmetric one for the longitudinal components E, and vice versa. In addition,
the z variation in the metal layer can be represented using hyperbolic functions that leads
to some modifications in the final results. Based on (4), it can be concluded that SPs are
excited on the top and bottom interfaces of the metal layer because of overlapping of the
modes. Therefore, if the thickness of the metal film increases, the propagation constants
of these two modes get closer, thereby leading to SPs on the top interface.

After a brief discussion regarding the possible excitation of different types of SPPs in IMI
configuration, the nature of the resonance of the proposed optical-diode structure at the
resonance wavelengths of 1549 nm and 1624 nm can be investigated. To achieve this

purpose, five subsections are considered.
5.2.1. Types of resonances

Regarding the types of SPPs, the formation of two dip resonances in the reflection

spectrum

73



(b)

1
g ‘“"_ ...... sl Sl C
£ 08 ——Frrp1D
= — —FR-FDTD
I~ 0.6 |——BT-FDTD
@ [~ —BR-FDTD
= - - FT-RCWA
S e FR-RCWA
2047~ —BT-RCWA
E ....... BR-RCWA
g
=021
o

e

3 14 1.5 1.6 1.7 1.8
Wavelength (um)

Figure 5.1. (a) Schematic diagram of the proposed optical-diode structure with a high AT characteristic
designed based on dielectric diffraction grating waveguide on top of a thin metal film. The structure is
normally illuminated by an x-polarized uniform plane wave from both sides. (b) Forward/backward
transmission (FT/BT) and reflection (FR/BR) spectra of the proposed structure when the object is
illuminated by an x-polarized uniform plane wave propagating along the +z directions. (c¢) Schematic

representation of a thin metal film with the thickness of t surrounded by infinite dielectric media.
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belonging to the forward illumination are due to the symmetric and antisymmetric SP
mode excitations that result in absorption and transmission in the structure,
respectively. The types and behaviors of the mentioned dip resonances in the reflection
spectrum can be illustrated by utilizing dispersion relations given in (4). Accordingly, the
SPPs should be dependent on different waveguide slab (superstrate) and substrate
materials. Thereby, different materials are utilized as a substrate in the following order for
the average refractive indices CaF> < SiO; < BaF; < A,O3 (correspond to: 1.42 < 1.44 <
1.46 < 1.74). In Fig. 5.2(a), it is evident that, as the average refractive index of the
substrate increases, there is a red shift in the position of resonances from shorter toward
longer wavelengths. However, a negligible shift in the position of the first resonance
compared to the second resonance is observed for different substrate materials. Clearly,
the spectral separation between the modes increases by increasing the refractive index of
the substrate. Based on the dispersion relations given in (4), SRSPP and LRSPP are
dependent on superstrate and substrate materials, respectively. Although both SRSPP and
LRSPP modes can be outcoupled to radiation modes [238], the analysis reveals that the
small and large shifts corresponding to the first and second resonances are due to the
SRSPP and LRSPP, respectively, and the SRSPP is tunneling and then dominantly
outcoupled (induced) to the substrate, while LRSPP is the main reason for the absorption
that appeared as a second resonance in the reflection spectrum. The same procedure
continues for different superstrate materials and the results are separately given in Fig.
5.2(b) and Fig. 5.2(c) for the transmission and reflection spectra, respectively. It is seen
that the first resonance experiences larger red shifts than the second resonance for different
superstrate materials. This validates that the types of the first and second resonances are

due to the excitations of SRSPP and LRSPP, respectively.

5.2.2. Near-field light-matter interactions at the resonance wavelength of 1549 nm
Near-field light-matter interactions of the proposed structure including on-resonance
absolute values of electric- and magnetic-field distributions on the x — z planes are shown

in Fig. 5.3(a) to Fig. 5.3(d) for both-illumination sides. The electric field is partially
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confined in the waveguide layer for the forward illumination and it is mainly distributed
in the groove medium as presented in Fig. 5.3(a). It is also seen that the guided-mode
condition in the dielectric grating waveguide is satisfied, which led to the waveguide-
coupled SPP excitation, and then the outcoupling of SPPs to the radiation modes.
Moreover, as depicted in Fig. 5.3(c), the magnetic field is mainly confined within the
grating structure which also shows the formation of the Fabry—Pérot cavity and the
excitation of SPPs for the forward illumination [82], [167], [250], [251]. Therefore, the
overall resonance of the designed structure for the forward illumination is due to the
pairing of photonic (Fabry—Pérot) and plasmonic (SRSPP) modes. Under backward
incidence, the absolute values of electric- and magnetic-field distributions at the operating
wavelength of 1549 nm represent the formation of standing waves (partial reflection) in
the substrate as shown in Fig. 5.3(b) and Fig. 5.3(d), respectively. The low value of
backward transmission within the operating wavelengths is due to the fact that SPPs
cannot be excited under backward incidence. In other words, the proposed diode-like
device is operating based on the exciting and outcoupling of SPPs to radiation modes
using an optimally designed dielectric-based diffraction grating waveguide for the forward
illumination. While the backward incident electromagnetic wave cannot be coupled to the
SPPs since there is no configuration that is identical to the one in the front side to excite
the SPPs [1]. Thereby, the structure offers strong reflection by the Ag film under backward
incidence and the incident wave mostly reflects back. This results in the reciprocity
breaking and obtaining a high-contrast AT response in the proposed geometry. In addition
to the computed absolute values of electric and magnetic fields at the resonance
wavelength of 1549 nm, the Poynting-vector distributions, which reflect the average
power flow directions, are presented for the forward and backward illuminations in Fig.
5.3(e) and Fig. 5.3(f), respectively. The results demonstrate that the considerable amount
of average power can reach the next environment for the forward illumination in contrast

to the blockage of the power in the reverse direction.

5.2.3. Near-field light-matter interactions at the resonance wavelength of 1624 nm

Near-field light-matter interaction results, including absolute values of electric- and
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Figure 5.2. (a) Forward transmission/reflection (FT/FR) spectrum of the proposed structure (given in Fig.
1(a)) obtained for different substrates and corresponding refractive indices (CaF, (~1.42) < SiO, (~1.44)
< BaF; (~1.46) < Al,O3 (~1.74)). The structure is illuminated by an x-polarized uniform plane wave
propagating along the —z directions. (b) Calculated forward transmission spectrum and (c) forward
reflection spectrum of the proposed structure obtained for different superstrates (different refractive indices

from 1.9 to 2.15).
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Figure 5.3. The absolute values of the total electric-field distributions on the x — z plane obtained for a two-
unit cell at the operating wavelength of 1549 nm (peak resonance of forward transmission spectrum) when
the object is normally illuminated by an x-polarized uniform plane wave from the (a) front side (forward
illumination) and (b) back side (backward illumination). The absolute values of the total magnetic-field
distributions when the structure experiences (c¢) forward and (d) backward illuminations at the same
operating wavelength. The Poynting-vector distributions when the object experiences (e) forward and (f)

backward illuminations. In all figures, dashed blue lines represent the SizNy area.

magnetic-field distributions for both forward and backward illuminations, are shown in
Fig. 5.4(a) through Fig. 5.4(d) for a better visualization of the type of the second dip
resonance (1624 nm, pertaining to the reflection spectrum of the forward illumination).
The excitation of LRSPPs under the forward illumination at the bottom interface of the
Ag layer is readily observed from the electric-field and magnetic-field distributions as
seen in Fig. 5.4(a) and Fig. 5.4(c), respectively. The Poynting-vector distribution, shown
in Fig. 5.4(e) for the forward illumination at the resonance wavelength of 1624 nm,
confirms that LRSPPs do not contribute to the radiation in the next environment and are
the main reason

for the absorption in the metallic layer. In a similar fashion to the operating wavelength

of 1549 nm, the structure offers strong reflection by the Ag film under backward
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Figure 5.4. The absolute values of the total electric-field distributions on the x — z plane obtained for a two-
unit cell at the operating wavelength of 1624 nm (second dip resonance of forward reflection spectrum)
when the object is normally illuminated by an x-polarized uniform plane wave from the (a) front side
(forward illumination) and (b) back side (backward illumination). The absolute values of the total magnetic-
field distributions when the structure experiences (c) forward and (d) backward illuminations at the same
operating wavelength. The Poynting-vector distributions when the object experiences (e) forward and (f)

backward illuminations. In all figures, dashed blue lines represent the SizNy area.

incidence as shown in Fig. 5.4(b), Fig. 5.4(d), and Fig. 5.4(f), corresponding to the
electric-field, magnetic-field, and Poynting-vector distributions, respectively. This is due
to the fact that the configuration cannot support the excitation of SPPs and the plasmon

tunneling from the back side.

5.2.4. Absorbed power density

For further investigation, the absolute values of absorbed power densities on the x — z
plane and in the vicinity of the Ag layer for both-illumination sides are considered at the
resonance wavelengths of the reflection spectrum and shown in Fig. 5.5. The absorbed

power density obtained at the resonance wavelength of 1549 nm for the forward
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illumination is given in Fig. 5.5(a). It is seen that the transparency of the structure is due
to the SPs excited on the top interface of the Ag layer. These SPs are attributed to the
dispersion relation given in (4a), so the dominant excitation mode is SRSPP as
demonstrated using different superstrate materials (see Fig. 5.2) and the field distributions
(see Fig. 3). Regarding the absorbed power density at the second resonance (1624 nm),
as shown in Fig. 5.5(b), the SPs excited in the bottom layer are the dominant ones and
cause the second reflection dip in the reflection spectrum under forward incidence.
Therefore, the great part of the absorption of the structure is due to the SPs excited on the
bottom interface of the silver layer. These SPs are related to the dispersion given in (4b),
so the excitation mode is LRSPP as demonstrated using different substrate materials (see
Fig. 5.2) and the field distributions (see Fig. 5.4). According to Fig. 5.5(c) and Fig. 5.5(d)
for the backward illumination at the operating wavelengths of 1549 nm and 1624 nm,
respectively, it is observed that small amounts of the electromagnetic wave can be
absorbed within the Ag layer due to the penetration of the electromagnetic wave, while
these quantities are considerably smaller in comparison to their counterparts obtained
from the forward illumination, demonstrating that most of the incident electromagnetic

wave reflects.

5.2.5. Geometric parameters effects

It is also possible to provide an efficient optical-diode behavior in the desired operating
wavelengths by using different values of the geometric parameters. As a result, the impact
of different geometries on the resonance features of each of these modes have been studied
as shown in Fig. 5.6 and Fig. 5.7. Under forward incidence, the SRSPPs excited by the
dielectric diffraction grating at the upper interface can tunnel through the Ag film, when
the thickness of the metallic layer is smaller than the penetration depth of the SRSPPs
[231], [241], [242]. Therefore, the thickness of the Ag layer plays an important role in the
efficient tunneling of the SRSPPs based on their penetration depth [231], [252]. The
simulated forward and backward transmission power versus the wavelengths are presented
in Fig. 5.6(a) and Fig. 5.6(b), respectively, for different thicknesses of the Ag layer

(t;n: 5- 60 nm) when the other dimensional parameters are being kept fixed at their initial

80



H
-1 -0.5 0 0.5 1

X (m)

-1 0.5

-0.5 0

X (pm)

Figure 5.5. Absolute values of absorbed power densities obtained for a two-unit cell at the resonance
wavelengths of (a) 1549 nm and (b) 1624 nm when the proposed AT structure is illuminated by an x-
polarized uniform plane wave from the front side. Absolute values of absorbed power densities obtained for
a two-unit cell at the resonance wavelengths of (¢) 1549 nm and (d) 1624 nm when the proposed AT
structure is illuminated by an x-polarized uniform plane wave from the back side. In all figures, dashed blue

lines represent the Ag area.

(optimal) values. As expected, it is observed that the AT property of the proposed structure
is strongly dependent on the thickness of the metallic layer. Under forward incidence (see
Fig. 5.6(a)), it promotes the efficient tunneling of SPPs, and thereby helps to increase
forward transmission. While under backward incidence (see Fig. 5.6(b)), it enhances
reflection and thereby reduces transmission. Therefore, it is critical to choose suitable
thickness for the Ag film. The thick Ag layer mitigates mixed mode SPP excitations and

leads to

81



(@) (b)
1 : - i 0.25 :
& ——10 nm ——10 nm
—15 nm
0.8 0.20F_ 50 om
g s 25 nm
206¢ £0.15F—30nm
g g ——35nm
7 @ » 40 nm
504 80101 4snm
— R
) - | |——50 nm
0.2 0.05 [|——55nm ’\/\
—60 nm
0 — — ‘ 0
1.45 1.5 1.55 1.6 1.65 1.45 1.5 1.55 1.6 1.65
Wavelength (um) Wavelength (1m)
©
1.65 1.65 0.20

=
n
S
-
n
S

0.05

Wavelength (zm)
Z
Wavelength (xm)
2

1.45 1.45

0 200 400 600 0 200 400 600
Thickness (nm) Thickness (nm)

Figure 5.6. Dependency of the forward (first column) and backward (second column) transmission spectra
of the proposed optical diode on the variation of geometry parameters including: (a)-(b) the thickness of the

metal layer [10 nm < t;, < 60 nm when t;, = 260 nm, w, = 880 nm, tq = 470 nm and A = 1100 nm],
(c)-(d) the thickness of the dielectric slab [0 <ty < 600 nm when t; = 260 nm, wg = 880 nm, t,, =

20 nm and A = 1100 nm]. The interaction point of the white dashed lines corresponds to the operating

wavelengths of 1549 nm.

unidirectional transmission blockage. However, at the optimal values of between
20 nm and 25 nm, the design has high on-resonance forward transmission with a near zero
off- resonance backward response. On the other hand, when the Ag film is thinner (¢,,, =
15 nm and 10 nm), the strong near-field coupling will change the excitation condition of
SPPs, and then accordingly change the corresponding SPPs wavelength, resulting in a
decrease in the forward transmittance at the operating wavelength. Another prominent
geometry parameter is the thickness of the slab waveguide. This parameter can be utilized

to tune the SPP resonances and improve the overall performance of the proposed structure
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Figure 5.3. Dependency of the normalized transmission (first column) and reflection (second column)
spectra of the proposed structure on the variation of geometry parameters including: (a)-(b) the width of

grating [200 nm < w, < 1100 nm when t; = 260 nm, t, = 20 nm, tq = 470 nm and A = 1100 nm],

and (¢)-(d) the height (thickness) of the grating [10 nm < t; <490 nm when tq = 470 nm, wy =

880 nm, t;; = 20nm and A = 1100 nm]. The interaction points of the dashed lines correspond to the

operating wavelengths of 1549 nm and 1624 nm.

as seen in Fig. 5.6(c) and Fig. 5.6(d) representing forward and backward transmissions,
respectively. Using this geometry, the resonance wavelength and its strength can be
deliberately engineered. As seen in these figures, without this tuner slab, the resonance
property (amplitude and FWHM) of the design is quite poor. The SPPs can be efficiently
excited when the phase of the diffracted waves in the dielectric slab matches the phase of

the surface plasmon waves in the silver film. Therefore, this layer adds a degree of
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freedom to provide a better matching condition and stronger resonance response. The
coupling efficiency of the proposed structure is also strongly dependent on the periodicity,
height, and width of the grating as a fact that the normal incident wave first interacts with
the grating and the grating determines the property of the diffracted waves. Therefore, the
changes in the grating size seriously affect the performance of the structure and the
excitation of SPPs. Fig. 5.7 illustrates the effects of the grating width and the grating
height with respect to the wavelengths for both forward transmission and forward
reflection cases. It is clear that, as the dimensions of the grating increase, at the specific
width and height of the grating, the guided-mode resonance and the phase-matched
conditions are satisfied, and the AT property is achieved. In addition, the spectral positions
of the SPP modes vary and experience a red-shifted phenomenon in a linear fashion due
to the occurring the Fabry—Pérot cavity modes and then corresponding SPP modes at
longer wavelengths (provides phase-matching condition for another wavelength). As seen
in Fig. 5.7(a) and Fig. 5.7(b), the most important part is that SPP cannot be excited when
the width of grating structure is equal to 1.1 (the filling factor is 1), while increasing the
height of the grating part decreases the effects of diffracted waves involved in the
excitation of the SPPs as seen in Fig. 5.7(c) and Fig. 5.7(d). All in all, the first resonance
is affected more by changing the grating dimensions due to the occurring SRSPP between
the Ag layer and the waveguide slab in comparison to the second resonance (LRSPP)

occurs at the bottom layer.
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CHAPTER 6

Conclusion

This thesis presented and discussed four important applications of plasmonic metamaterial
based structures, namely, 1) Hybrid indium tin oxide-Au metamaterial absorber in the
visible and near-infrared ranges for selective thermal emissions and sensors. 2) Active
tuning from narrowband to broadband absorbers using a sub-wavelength VO for optical
modulator. 3) A spectrally selective nanoantenna emitter compatible with multiple
thermal infrared applications. 4) Diode like high-contrast asymmetric transmission of
linearly polarized waves.

In Chapter 2, we have proposed a novel hybrid metastructure that functions as a
narrowband MPA at two wavelength is the visible (733 nm) and NIR (900 nm) ranges,
and operates as a broadband absorber in a wide range of wavelengths in another window
in the NIR region (from 1,530 nm to 2,700 nm with the bandwidth of 1,170 nm). The
metamaterial is composed of an array of self-aligned hybrid ITO-Au SRRs that are
separated from an optically thick bottom reflector with a SiO2 spacer layer. ITO behaves
as a low-loss dielectric material in the visible range and a lossy plasmonic material at
wavelengths larger than 1,420 nm. Consequently, it is found out that the narrowband
response of the metamaterial is originated from the low-loss plasmonic response of Au
SRRs and the broadband absorptive characteristic is achieved owing to the lossy

plasmonic feature of ITO. As mentioned earlier, since feasible parameters have been
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considered in optimizing the suggested design, it is possible to experimentally verify the
numerical results reported in this study. More investigations revealed that the designed
MPA represents polarization-independent and omnidirectional absorption characteristics
for oblique incidences up to 50°. The proposal MPA can find potential applications in
sensors, thermophotovoltaic devices and thermal emitters.

In our second work, we proposed MPA with diverse functionalities enabled by inserting
of a thin VO» layer into the plasmonic a-Si nanograting resonator in the NIR region.
Double narrowband perfect absorptions are achieved under the insulator VO state. Upon
phase transformation from insulator to metallic, the proposed design undergoes from
double to triple spectrally adjacent perfect absorptions that results in a broadband light
absorption. Our numerical analysis demonstrates that the first resonance peak experiences
a blue shift because of changing in the phase of the reflected incident waves. The second
resonance is due to the formation of a virtual MIM configuration and finally the third
mode is red-shifted because of increasing in the effective refractive index of the
nanograting. In addition to the mode profiles, the impedance matching theory is used as
the common method to physically analyze the EM waves of the structure at the resonances.
In the last part of the paper, the linearly thermal tunability of Si is studied. It is shown that,
owing to the strong light confinement in the ultrasmall gaps of the structure, a thermal
tuning is achieved within the Si nanograting, which is sufficient enough to design multi-
resonance tunable features to cover a broad range spectrum. Therefore, the proposed
hybrid design can provide multi-resonances tunable features for designing linearly
thermal-tunable and broadband MPAs. Apart from the traditional applications, such as
optical switches and filters, this design shows great prospects in the development of novel
optical modulators and infrared (IR) camouflages.

In Chapter 4, we proposed a GSP-based wavelength-selective nanoantenna emitter (design
I) suitable for multiple thermal camouflage scenarios. Triple narrowband perfect
absorptions are achieved at the resonance wavelengths of 1524 nm, 2279 nm, and
6000 nm, whose absorption peaks perfectly match the atmospheric absorption spectrum.
The proposed nanoantenna emitter is designed to have low emissivity within atmospheric
windows and its performance is validated using numerical and analytical methods. Later,

we proposed a multilayer grating structure as an extension of design I to cover solar
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thermal application besides multiple thermal camouflage scenarios. Design II contains a
nearly perfect absorption ranging from 929 nm to 1472 nm and a narrowband absorption
at the resonance wavelength of 5750 nm, where the later absorption resonance is tuned
and modified by adding graphene layers. Furthermore, we have also demonstrated that the
multi-layer graphene structure could outperform the single-layer one in terms of shifting
the MIR resonance wavelength and reducing the absorption peak of the fourth response.
Finally, the performances of the selective nanoantenna emitters in thermal camouflage
applications are validated by calculating the spectral radiant emittances. It is shown that
the infrared signatures of design I and design II (without/with graphene layers) are
significantly reduced compared to the blackbody radiation energy for the entire
wavelength spectrum at least by 96% and 91%, respectively, ranging from the room
temperature to 500 K.

In our fourth and final work, we proposed a simple periodic nano array design with AT
property which can be considered as an optical diode. The proposed device is made up of
a grating waveguide on a thin metal layer coated on a substrate, and it works based on the
excitations of SPPs at both interfaces of the thin metal layer and plasmon-tunneling effect.
The plasmon-tunneling effect is based on the transmission provided by the SRSPP excited
at the upper interface. In contrast to the other works, the proposed design has a high-
contrast asymmetric light transmission ratio in the NIR and provide near-zero inverse
transmission. The blocking is caused by the metal layer where the SPP cannot be excited.
The spectral behaviors of the proposed design are analyzed and validated by using RCWA
besides the FDTD method in order to prove the proposed concept. Furthermore, the
emerging nanofabrication techniques will allow the fabrication of our design where the
operating principle is not limited to the NIR region, and it can be extended to a different
range of the spectrum due to the scalable property and flexible design of the proposed

structure.
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