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June 2023



DESIGN OF METAMATERIAL-BASED NANOSTRUCTURES FOR

5G APPLICATIONS & THERMAL RADIATION MANAGEMENT

By Ekin Bircan Boşdurmaz
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ABSTRACT

DESIGN OF METAMATERIAL-BASED
NANOSTRUCTURES FOR 5G APPLICATIONS &

THERMAL RADIATION MANAGEMENT

Ekin Bircan Boşdurmaz

M.S. in Electrical and Electronics Engineering

Advisor: Ekmel Özbay

June 2023

The properties of natural materials can be the only limiting factor in today’s

technologies. For this, researchers in the last decades found that engineering the

features of naturally occurring materials in the subwavelength scales can drasti-

cally change their properties. These materials beyond the natural ones are called

“metamaterials”, where “meta” means “beyond” in Greek. Although the fabrica-

tion of these materials can be quite challenging, clever designs and exploitation of

physical phenomena can lead to tunable responses, eliminating the need for multi-

ple structures. Here, different strategies for designing tunable meta-surfaces for a

wide range of applications will be presented by giving two examples. These appli-

cations are namely: 1. Graphene-based Metasurface Absorber for the Active and

Broadband Manipulation of Terahertz Radiation, 2. Adaptive Thermally Tunable

Radiative Cooling with Angle Insensitivity Using Phase-Change Material-Based

Metasurface.

Keywords: Terahertz Radiation, Radiative Cooling, Metasurface, Metamaterial,

Visible, Infrared, Graphene, Phase-Change Material..
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ÖZET

5G UYGULAMALARI VE TERMAL RADYASYON
YONETIMI ICIN METAMALZEME TABANLI

NANOYAPI TASARIMI

Ekin Bircan Boşdurmaz

Elektrik ve Elektronik Mühendisliği, Yüksek Lisans

Tez Danışmanı: Ekmel Özbay

Haziran 2023

Doğal malzemelerin karakteristik özellikleri, günümüz teknolojilerinin gelişmesinin

önündeki tek kısıtlayıcı faktör olabilmektedir. Bu darboğazın önüne geçebilmek

için günümüz araştırmacıları, doğal malzemelerin dalgaboyundan daha kısa

ölçeklerde şekillendirilmesi ve tasarlanması ile bu doğal malzemelerin özelliklerini

büyük ölçüde değiştirilebileceğini göstermiştir. Bu malzemeler, literatürde “meta-

malzeme” olarak bilinmektedir ve “meta” Yunanca’da “ötesi” anlamına gelmek-

tedir. Bu malzemelerin üretimlerinin çok karışık ve zorluca süreçler olabilme-

sine karşılık, akıllıca tasarımlar ve fiziksel süreçlerin istenilen sonuç lehine kul-

lanılması ayarlanabilir optik yapıların, birden fazla nanoyapıya ihtiyaç duymadan

gerçekleştirilebilmesini sağlamıştır. Bu tezde, çeşitli uygulamalar için tasarlanmış

ayarlanabilir metayüzeyler, iki örnek ile sunulmuştur. Bu örnekler: 1. Terahertz

Radyasyonun Aktif ve Genişbant Manipülasyonu için Grafen tabanlı Metayüzey

Soğurucu, 2. Faz Değişimli Malzeme Tabanlı Metayüzey Kullanarak Açı Du-

yarsızlığı ile Adaptif Termal Olarak Ayarlanabilen Işınımlı Soğutma.

Anahtar sözcükler : Terahertz Işınımı, Işınımlı Soğutma, Metayüzey, Meta-

malzeme, Görünür, Kızılötesi, Grafen, Faz Değişimli Malzeme..
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Veysel Erçağlar, Ebru Buhara, Zahra Rahimian Omam, Ataollah Kalantari Os-

gouei, Mahmut Can Soydan and Salahuddin Zafar. I would like to thank Tuğçe

Kafdağlı, Gamze Seğmenoğlu, Mehmet Özgür, and Enis Galip Erdöl always help-

ing with any problems.

I also would like to thank the UNAM family, where my scientific journey began

as a little sophomore student. Especially the cleanroom and characterization

team: Taha Ilıkkan, Abdullah Kafadenk, Esra Arman Karaaslan, and Semih

Bozkurt.

As a candidate scientist, I try to learn from everyone that I met and talked. I

would like to thank all the people that I have even a little chat during my Bilkent

adventure. If I forgot to include your name here, please forgive me. Let’s start
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Chapter 1

Introduction

This chapter is on part reprinted with permission from: Ekin Bircan

Boşdurmaz, Hodjat Hajian, Veysel Erçağlar, and Ekmel Özbay, Journal of the

Optical Society of America B, vol. 38, no. 9. The Optical Society, p. C160, Aug.

10, 2021. doi: 10.1364/josab.427975.

1.1 Background

In recent years, metamaterials have emerged as a promising type of engineered

materials that exhibit unique and exotic properties not found in natural materi-

als [1–3]. Metamaterials consist of artificially designed structures with subwave-

length features, allowing for the manipulation of electromagnetic waves and ther-

mal radiation [4, 5]. Controlling the behavior of light and heat at the nanoscale

has opened up new possibilities for a wide range of applications, including com-

munication [6, 7], imaging [8, 9], and sensing [10,11]

Although the electromagnetic spectrum consists of different regions with in-

teresting properties, terahertz radiation has gained particular interest due to its

unique properties and potential for various applications [12–14]. It falls in the

frequency range between microwaves and infrared radiation, inheriting some of
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the properties of these neighboring regions, and it is capable of penetrating mate-

rials that are opaque to visible and infrared light [15]. Promising applications of

of terahertz radiation such as security screening [16,17], medical imaging [18,19],

and communication [20, 21] have been explored among others. However, active,

efficient manipulation and control of terahertz radiation still present significant

challenges [22].

Another interesting research topic is radiative cooling, a passive cooling ap-

proach that utilizes the radiative heat exchange between a surface and the atmo-

sphere to achieve cooling without the need for external power sources [23–26]. Ra-

diative cooling has attracted significant attention due to its potential for energy-

efficient cooling in a variety of contexts, including electronic devices [27], and

space applications [28]. Despite this increasing interest, achieving efficient and

versatile radiative cooling, especially adaptability to changing environmental con-

ditions [29], remains a hot topic of research.

Motivated by the need for advanced materials and techniques that can enable

efficient and versatile control over various parts of the electromagnetic spectrum,

this thesis presents two different projects that explore the potential of metama-

terials in these domains.

1.1.1 Graphene-based metasurface for manipulation of

terahertz radiation

Metasurfaces, two-dimensional (2D) metamaterials composed of subwavelength

resonators, can be utilized to efficiently tailor an incident electromagnetic wave

[30, 31]. They have been used in many applications, such as flat lenses [32, 33],

metamirrors [34,35], polarization converters [36,37], full-color printers [38], holo-

graphs [39,40], optical vortex generators [41,42], and beam splitters [43,44]. Light

absorption is another eye-catching characteristics of these artificial systems [45],

and metastructures with a nearly perfect light absorption characteristics are re-

ferred to as metasurface/metamaterial nearly perfect absorbers (MPAs). In order
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to realize nearly perfect light absorption, reflectance is suppressed by matching

the effective impedance of the metasurface to that of the incident medium [46].

Simultaneously, transmittance may be eliminated by introducing another metal-

lic film acting as a mirror or by using a similar mechanism in a multilayer sys-

tem [47]. Based on these approaches, metasurface nearly perfect light absorbers

can be categorized as narrowband MPAs [48–54] and broadband MPAs [55–70].

They can also be classified according to their wavelength of operation in the

visible [55–58, 71, 72], infrared [59, 73, 74], terahertz (THz) [50–54, 60–69], and

microwave ranges [48,49,70].

The THz spectrum is referred to as electromagnetic waves ranging from 0.1

to 10 THz that bridges infrared light and microwaves. This range of frequency,

which is also called the THz gap, has many important characteristics. Due to

their low energy, THz radiations cannot interact with the electrons in atoms. In

other words, they do not have the potential to ionize materials, and therefore they

cannot damage living tissues. This characteristic makes THz waves very practical

for medical imaging and biomedical applications [75]. Moreover, many materials

that are opaque to visible light are transparent to THz radiation. This feature

makes THz waves practical for scanning passengers in airports [76]. Furthermore,

the THz frequencies offer a wide bandwidth in an uncrowded part of the elec-

tromagnetic spectrum. Therefore they can be employed for achieving high-rate

data transfer in wireless technology [77]. In view of the useful potential applica-

tions of THz radiation, progress has been made in THz generation and detection

(see, e.g., [78, 79]) as well as in achieving functional metasurfaces for lensing,

polarization conversion, splitting, and other applications (see, e.g., [34, 36, 43]).

Employing gold-based metasurfaces integrated with semiconductors as active el-

ements has also been introduced as an efficient method to a real-time control and

to manipulate THz radiation [80]. Vanadium dioxide (VO2), which exhibits an

insulator-to-metal transition and 3 orders of magnitude in increase in THz elec-

trical conductivity, has also been utilized in realization of active THz metasur-

faces [81]. Metasurfaces based on graphene -that is, a low-loss plasmonic material

with gate-tunable characteristics- are also the most notable category of active de-

vices for the efficient steering of THz waves [82]. Considering the importance of

3



light absorbers in THz spectroscopy and communications, on the one hand, and

achieving metasurfaces for the active manipulation of THz waves, on the other

hand, have recently led researchers to the design and realization of graphene-

based metasurfaces for broadband THz light absorption. The first approach for

the realization of graphene-based broadband MPAs is to utilize cascaded meta-

surfaces that are composed of multilayers of patterned graphene surfaces (see,

e.g., [67–69]). However, the fabrication and gating of the MPAs in this approach

are complex, thereby making it less effective. The second and more effective

methodology for the realization of broadband MPAs is to employ appropriately

designed metasurfaces based on a single layer of graphene [60–65]. Nevertheless,

the reported absorption bandwidths of these metasurfaces are less than 1.5 THz.

Recently, a broadband graphene-based MPA has been reported with a bandwidth

of almost 3 THz [66], but the patterned graphene sheet is too complex and may

not be realized in practice, and that makes the functionality of the suggested

device less efficient. Consequently, achieving alternative graphene-based MPAs

with doable and less complex designs is still appreciated.

1.1.2 Phase-change-material-based metasurface for adap-

tive radiative cooling

Every material with non-zero temperature emits electromagnetic radiation with

intensities governed by Planck’s Law [83]. This thermal radiation is called “black-

body radiation” and Stephan-Boltzmann law gives us the emission spectrum of

this black-body, where the emission is proportional to the fourth power of the

temperature (T 4) and the surface emissivity (ε) [84]. Kirchhoff radiation law

states that the emissivity of any surface is also equal to its absorptivity, so the

black-body can also be considered a perfect absorber [85].

Managing or manipulating thermal radiation within a specific spectrum range

is one of the main approaches to introduce or tackle various applications, includ-

ing thermal camouflage [86], radiative cooling [87], and energy harvesting [88]. To

achieve this aim, metamaterials and their 2D counterparts called metasurfaces,
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artificially engineered materials with extraordinary electrical, optical, and ther-

mal properties, are utilized. Metamaterials are promising candidates for propos-

ing novel devices that can manage and manipulate thermal radiation within a

specific spectrum. These artificial materials with various geometrical shapes such

as gratings [89], crosses [90], hole-arrays [91], or planar [92] are exploited to

achieve strong light-matter interactions in terahertz [93], near-infrared [94], and

mid-infrared [95] regimes.

Despite these broad applications of metamaterial-based designs ranging from

superlenses [96] to antennas [97], their geometry-dependent spectral responses

cannot be controlled in real-time. In recent studies, phase-change materials

(PCMs) such as vanadium dioxide (VO2) [98] and germanium antimony telluride

(Ge3Sb2Te6) [99, 100] gained lots of interest among researchers to add tunability

of the spectral response to the metamaterial structures. For example, Osgouei et

al. demonstrated the switchable narrowband to broadband absorption response

by incorporating a VO2 layer in a Si grating structure [101]. PCMs change their

crystal structure with respect to their temperature which in turn changes their

optical responses. Samarium nickelate (SmNiO3) is one of these materials exhibit-

ing dielectric characteristics at 25 ◦C and metallic characteristics at 140 ◦C. This

feature allows researchers to design thermally tunable devices by incorporating a

PCM layer in the structures [102–104].
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1.2 Thesis Outline

In Chapter 2, the numerical investigation of a tunable graphene-based metasur-

face absorber for the active and broadband manipulation of terahertz radiation

was presented. In this study, we propose a metasurface whose optical response

can be tuned by applying an external voltage. The design enables the control

of the absorption over a 3 THz bandwidth which was the record at the time of

publication.

In Chapter 3, we propose an inverse pyramid grating metasurface consisting

of a phase-change-material that allows a thermally tunable radiative cooling with

angle insensitivity. Samarium nickelate (SmNiO3) was utilized so that the ab-

sorption/ emission peak of the design shifts from 8.08 µm to 9.26 µm when the

temperature of the structure changes from 25◦C to 140◦C.

Finally, in chapter 5, we present the conclusion of the thesis, future outlook

and possible 5G and beyond applications.
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Chapter 2

Graphene-based Metasurface

absorber for the Active and

Broadband Manipulation of

Terahertz Radiaton

This chapter is on part reprinted with permission from: Ekin Bircan

Boşdurmaz, Hodjat Hajian, Veysel Erçağlar, and Ekmel Özbay, Journal of the

Optical Society of America B, vol. 38, no. 9. The Optical Society, p. C160, Aug.

10, 2021. doi: 10.1364/josab.427975.
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2.1 Introduction

In this chapter, we design and propose a novel graphene-based MPA with

broadband, polarization-insensitive, and omnidirectional characteristics. The

graphene-based MPA comprises a single layer of graphene square patches with

two different dimensions that are separated from an optically thick Au bottom

reflector with an SiO2 spacer layer. The suggested MPA is capable of absorbing

THz radiation within a bandwidth of almost 3 THz, for which the numerically

obtained absorption response of the MPA is verified by analytical calculations.

The spectral location of the broad bandwidth can be either actively tuned by

modifying the chemical potential of graphene or passively amended by changing

the geometrical parameters. Moreover, owing to the simplicity of its design, the

proposed MPA can be realized in practice. It is expected that this simple and

novel design will find potential applications in THz spectroscopy and communi-

cations.
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Figure 2.1: (a) and (b) Perspective and top-view schematics of the unit cell of the
graphene-based MPA, respectively. As shown, in this arrangement, the unit cell
comprises an array of two graphene patches of widhts w1 and w2 that are detached
by a gap of width d, and px = py = 3

(
w1+w2

w
+ d
)
. As seen, the top graphene

patches are separated from the optically thick Au mirror by an SiO2 spacing layer
with the thickness ts. (c) Equivalent circuit model for the proposed absorber. In
this model Z1 and Z2 stand for the impedances of w1 and w2 graphene patches,
and Z0 and Z1 refer to the impedances of air and the spacing layer, respectively.
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2.2 Analytical Modeling

In this section, we provide an analytical approach for the investigation of the ab-

sorption of the graphene-based MPA based on an equivalent circuit model. Using

this approach, we can evaluate and analyze our numerical results (see Section 2.3)

that are obtained by finite-difference time-domain (FDTD) simulations [105].

The perspective and top-view schematics of a unit cell of the graphene-

based MPA are illustrated in panels (a) and (b) of Fig 2.1. As seen from

these panels, each unit cell with periodicity px = py comprises an array of

square patches of widths w1 and w2 [with gaps d between them in away that

px = py = 3
(
w1+w2

2
+ d
)
] and separated from an optically thick Au mirror by an

SiO2 spacer layer of width ts. According to the configuration of the patches, the

equivalent circuit model of the proposed MPA is presented in Fig. 2.1(c). In this

model, each graphene patch is described by an impedance as [52]:

Z1,2 =

(
px

3w1,2

)2(
1

σg
− n1,2

iωεeff

)/
m1,2 (2.1)

Here n and m are fitting parameters, εeff = ε0(1 + n2
SiO2

)/2, and σg = σintra
g +

σinter
g is the optical conductivity of graphene, which is a function of frequency and

temperature and can be formulated as [106]:

σintra
g (ω, T ) =

e2

4~
i

2π

{
16kBT

~Ω
ln

(
2 cosh

(
µ

2kBT

))}
, (2.2a)

σinter
g (ω, T ) =

e2

4~

{
1

2
+

1

π
arctan

(
~Ω− 2µ

2kBT

)
− i

2π
ln

(
(~Ω + 2µ)2

(~Ω− 2µ)2 + (2kBT )2

)}
, (2.2b)

with Ω = ω + iτ−1, e is the electron charge, kB is the Boltzmann constant, τ is

the electron relaxation time, and ~ is the Planck constant over 2π. Consequently,
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the total effective impedance of the top patches is written as

Zeff =
(Z1 + Z2/2)(Z1 + 2Z2)

2Z1 + 5Z2/2
(2.3)

As a result, the input impedance can be calculated as

Zin =
ZeffZs

i cot
(
nsω
c
ts
)
Zeff + Zs

(2.4)

and the reflection (R) of light from the MPA is given by

R = |(Zin − Z0)/(Zin + Z0)|2. (2.5)

Here c is the speed of light, Zs = Z0/ns, ns = nSiO2 , and Z0 is the free-

space impedance. Note that, due to the presence of the optically thick bottom

gold layer, light transmission through the metasurface is zero, and therefore the

absorption of light is calculated as A = 1 − R. In Figs. 2.3(a) and 2.3(b) , we

compare the analytical results calculated from Eqs. 2.4 and 2.4 with the ones

obtained numerically. Note that, in our calculations in this paper, τ = 0.1 ps,

w1 = 3 µm, w2 = 4 µm, and the refractive index data of SiO2 is chosen according

to Ref. [107] . It is noteworthy that, in the THz range, the optical conductivity of a

multilayer graphene that is composed of Ng layers can be expressed as Ngie2µ

π~2(ω+iτ−1)
.

Consequently, at the same frequency and with an equal value of τ , graphene-based

metasurfaces with identical values of Ngµ are expected to exhibit similar optical

responses. In other words, a metasurface based on a single layer graphene with

µ = 1 eV acts as a bilayer graphene-based metasurface with µ = 0.5 eV.

11



Figure 2.2: (a) Analytically (blue curves) and numerically (black curves) ob-
tained input impedances of the graphene-based MPA. Solid green curve indicates
Z0 = 120π. (b) Dotted blue and solid black curves illustrate the analytically
and numerically obtained absorption of the MPA for normal incident light, re-
spectively. The optimized values of the geometrical parameters (d and ts) are
also highlighted in this panel. (c) Absorption of the MPA for the different values
of ns, while the geometrical parameters are kept as in panel (b). In panel (d),
absorption of the MPA (solid black curve) is compared to the cases for which the
widths of the patches are equal as 3 µm (dotted blue curve) and 4 µm (dashed red
curve). Note that, that in panels (b)-(d), the solid green line indicates A = 90%
and for all of the results in this figure µ = 1 eV. The solid black curves in these
panels are the same.
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2.3 Results and Discussions

In Figs. 2.2(a) and 2.2(b) , we provide the numerically obtained results for

the broadband graphene-based MPA and compared them with the analytical

calculations. For the MPA shown in Figs. 2.1(a) and 2.1(b), at µ = 1 eV,

the analytically calculated input impedance that is based on Eq. 2.4 for n1,2 =

(0.377, 0.446) and m1,2 = (2.721, 0.418) is compared to the numerically obtained

one in Fig. 2.2(a). As seen, there is an acceptable agreement between the real and

the imaginary parts of the analytical and numerical impedances. This agreement

leas to the match between the analytically calculated absorption spectrum based

on Eq.2.5 [dotted blue] and the numerically calculated one shown in the solid black

curve in Fig. According to this figure, the broadband absorption region extends

from f = 3.64 THz to f = 6.55 THz; i.e., an almost 3 THz absorption bandwidth

is obtained. According to Palik’s data [108], SiO2 is a lowly dispersive material

in the THz region, where 1.96 < <(ns) < 2.2 and 0.01 < =(ns) < 0.065. Taking

ns = 2 as a hypothetical material for the spacer layer for which the refractive

index is close to nSiO2 , it is observed that the broadband absorption regions is

blueshifted and slightly narrowed, as the dotted blue and solid black curves in Fig.

2.2(c) are compared. On the other hand, the dashed red curve in this figure proves

that by increasing the refractive index of the spacer layer to a larger hypothetical

value (i.e., ns = 3), the broadband response of the MPA is totally distorted and

a narrowband response at lower frequencies is achieved. It is also observed from

Fig. 2.2(d) that once all the patches of the MPA have the same dimensions with

w1 = w2 = 3 µm (dotted blue curve) or w1 = w2 = 4 µm (dashed red curve), the

broadband absorption response of the MPA is transferred to a narrowband one

with a single resonance or one with two resonances, respectively.

To understand the physical mechanism behind the broadband response of the

proposed MPA, in Fig. 2.3, we examine the electric and magnetic field profiles at

the two peaks (f = 4.1 THz and 5.86 THz) and the deep (f = 4.83 THz) in the

nearly perfect and broadband absorption region of the solid black curve of Fig.

2.2(b).
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Figure 2.3: Panels (ai), (bi), and (ci) [i = 1, 2, 3], respectively, illustrate the
normalized values of the top view of |E|, side view of |E|, and side view of |H|
at the two peaks (f = 4.1 THz and 5.86 THz) and the deep (f = 4.83 THz) in
the nearly perfect and broadband absorption bandwidth of the solid black curve
of Fig. 2.2(a). The dashed rectangle in panels (bi), and (ci) indicates the SiO2

spacer layer.
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The top-view |E| mode profiles of the resonant peaks of absorption at f = 4.1

THz and 5.86 THz are shown in panels (a1) and (a3) of Fig. 2.3. It is seen

from these panels that, at f = 4.1 THz, the larger graphene patches (w2 patches)

are strongly excited, while 5.86 THz, the smaller patches (w1 patches) are mostly

excited. On the other hand, at f = 4.83 THz, that corresponds to the deep in the

broadband absorption region of Fig. 2.2(b), in which both w1 and w2 graphene

patches are almost equally responsible for the plasmonic excitation of the MPA as

seen in Fig. 2.3(a2) In agreement with the top-view mode profiles, the side-view of

|E|, which is depicted in Figs. refch2fig3(b1)-2.3(b3), shows that those plasmonic

excitations are strongly bound to the graphene patches. This is in agreement

with the highly localized THz surface plasmon polaritons supported by a sheet

of graphene. From the side view of |H| at those frequencies, it is obvious that

the magnetic field is not only strongly enhanced between the graphene patches,

but it also has as strong interaction with the bottom Au mirror and is confined

beneath the patches in the spacer layer as seen in Figs. 2.3(c1)-2.3(c3). This

observation reveals that the propagating surface plasmon resonances supported

by graphene-based MPA are responsible for the broadband absorption response.

It should be noted that changes in the thickness of the spacer layer considerably

affect the nearly perfect absorption response of the MPA (see Fig. 2.4)
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Figure 2.4: (a) Absorption of the graphene-based MPA as a function of the
thickness of the spacer layer (ts). (b) Similar to panel (a), while the absorption
values are depicted for the three values of ts, i.e., ts = 4 µm (dotted blue curve),
ts = 7.5 µm (solid black curve; the optimized result discussed in Fig. 2.2), and
ts = 10 µm (dashed red curve). Note that, the results are obtained for the design
shown in Fig. 2.1(a) with d = 1.5 µm and µ = 1 eV.
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Taking d = 1.5 µm and µ = 1 eV in the calculations, the absorption spectrum

of the MPA for the different values of the thickness of the spacing SiO2 layer

are shown in Fig.2.4(a). In agreement with this figure, Fig.2.4(b) represents the

absorption of the MPA for three values of the thickness of the spacer layer; i.e.,

ts = 4 µm (dotted blue curve), ts = 7.5 µm (solid black curve), and ts = 10 µm

(dashed red curve). It is clear from Fig. 2.4 that changes in the thickness of the

spacer layer significantly modify the absorption response. In other words, at the

optimized value of ts (i.e., ts = 7.5 µm), the broadband response is observed,

while by decreasing/increasing this thickness, it is possible to achieve two/one

distinct narrow resonance(s). For example, as seen from the dotted blue curve in

Fig. 2.4(b), two strong absorptive resonances are achieved at f = 4.53 THz and

f = 9.82 THz.

One of practically important characteristics of the MPAs is the dependency

of their absorption response to the polarization and angle of incident light. This

feature is examined in Fig. 2.5.
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Figure 2.5: Dependence of the absorption spectra of the MPA on the angle of
incidence θ for three different values of the azimuthal angle φ; i.e., (a) φ = 0, π/2
and (b) φ = 45◦
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Fig. 2.5(a) illustrates the dependency of the absorption spectra of the MPA

for the x-polarized or TM (φ = 0) and y-polarized or TE (φ = π/2) incident light.

Here, the azimuthal angle φ denotes the in-plane direction of the electric field with

respect to the x and y axes. It is seen from this figure that the nearly perfect

absorptive response of the graphene-based MPA is kept unchanged up to θ = 50◦

while the bandwidth of the spectrum is shrunk for larger incident angles. For the

case that the azimuthal angle is chosen as φ = 45◦, the absorption response of the

MPA also remains as broad as the normal incidence illumination up to θ = 45◦,

but for the larger angles of incidence, two narrowband perfect absorption peaks

are achieved as shown in Fig. 2.5(b). Consequently the designed graphene-based

metasurface can act as a broadband, polarization-insensitive, and omnidirectional

MPA up to θ = 45◦, thereby meeting the needs for practical applications.

Taking d = 1.5 µm and µ = 1 eV, we have designed a graphene-based MPA to

achieve a THz broadband absorption response with the absorption bandwidth of

almost 3 THz. In Fig. 2.6, we examine how the absorptive response of the MPA

can be actively tuned via changes in the chemical potential of graphene.
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Figure 2.6: (a) Absorption spectra of the MPA as a function of the chemical
potential of graphene for d = 1.5 µm and ts = 7.5 µm. In agreement with panel
(a), (b) illustrates the absorption response for µ = 1 eV (solid black curve),
µ = 0.7 eV (dotted blue curve), and µ = 0.5 eV 2.6 (dotted red curve). The solid
green line indicates A = 0.9 and the results are obtained at normal incidence.
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It is seen in Fig. 2.6(a) that, for d = 1.5 µm, the MPA response can be

noticeably tuned from a narrowband absorption at low values of the chemical

potential of the graphene [e.g., A = 64% at f = 5.26 THz and µ = 0.2 eV;

see the dashed red curve in Fig. 2.6(b)] to a broadband one at µ > 0.60 eV.

Moreover, the broadband absorption bandwidth is also blueshifted and widened

by increasing the chemical potential of graphene, as the dotted blue curve (µ = 0.7

eV) in Fig. 2.5(b) is compared to the solid black one (µ = 1 eV). In other words,

the spectral tuning of the bandwidth is achieved. Note that the bandwidth for

the µ = 0.7 eV case in Fig. 2.5(b) is 2.6 THz (located at 3.4 to 6 THz).
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Figure 2.7: (a) illustrates the dependency of the MPA’s absorption spectrum for
d = 0.8 µm and µ = 0.7 eV on the spacer layer thickness. (b) Results of panel (a)
for three different values of ts, i.e., ts = 7.5 µm (dotted blue curve), ts = 9 µm
(solid black curve), and ts = 5 µm (dashed red curve). The results are obtained
at normal incidence and the solid green line highlights A = 0.9. Note that, for
this design, the locations of the w1 and w2 patches that are shown in Fig. 2.1 (a)
are interchanged, i.e., there are five (four) w2 (w1) patches in the unit cell.

22



However, from a practical point of view, obtaining a broadband absorption

with 3 THz bandwidth may be more desirable for µ < 1 eV, e.g., obtaining 0.7

eV may be more feasible in practice for the chemical potential of graphene. To

this end, taking µ = 0.7 eV and decreasing d from 1.5 to 0.8 µm, the absorption

spectrum of the MPA as a function of the thickness of the SiO2 layer is examined

in Fig. 2.7(a). It is clearly observed in this figure that for smaller values of ts,

the metasurface exhibits narrowband responses, e.g., for ts = 5 µm, two strong

absorption resonances (A > 60%) are obtained at f = 3.35 THz and f = 7.86

THz as seen from the dashed red curve in Fig. 2.7(b). On the other hand, by

increasing ts, the graphene-based metasurface acts as a broadband MPA and

represents a bandwidth of almost 3 THz at ts = 9 µm for the case of µ = 0.7

eV as seen from the solid black curve in Fig. 2.7(b). Note that, in this study,

we have introduced two designs with broadband responses (bandwidth 3 THz)

in Fig. 2.2and Fig. 2.7. The results of Fig.2.2 are obtained at µ = 1 eV,

while for the results of Fig.2.7, the value of the chemical potential of graphene

is taken as µ = 0.7 eV. From a practical point of view, µ = 0.7 eV is expected

to be achieved by top-gating in the experiment (see Ref. [108]). However, as we

explained in Section 2.2 and according to FDTD simulations, since Ngµ affects the

response of our designs, the results of Fig.2.2 and Fig. 2.7 are exactly identical

responses of the metasurfaces based on bilayer graphene with µ = 0.5 eV and

µ = 0.35 eV, respectively, that can be achieved by top-gating [108]. As the

last point, it is worth investigating the relative absorption bandwidth of the

suggested metasurface absorbers that is expressed as the ratio of the bandwidth

to the frequency; i.e., WB = 2 × fmax−fmin
fmax+fmin

× 100%, where fmax and fmin denote

the maximum and minimum frequencies in the nearly perfect absorption region

with A > 90%. For the broadband absorbers, the relative absorption bandwidth

is expected to be > 50%. For the solid black curve shown in Fig. 2.2(b), the

calculated value of the absorption bandwidth is almost 58%, and for the solid

black curve in Fig. 2.7(b), we have WB ≈ 72%.
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Chapter 3

Adaptive Thermally Tunable

Radiative Cooling with Angle

Insensitivity Using

Phase-Change-Material-Based

Metasurface
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3.1 Introduction

In this chapter, we proposed an adaptive metamaterial-based absorber using

SmNiO3 inverse pyramid gratings on top of a silver (Ag) reflector, which exhibits

broadband perfect absorption on the mid-infrared (MIR) regime. The absorption

spectrum of the design is thermally tunable due to the phase variation of the

utilized SmNiO3 pyramids from metallic to insulator phases. This tunability in

the position of the resonance peak with the simplicity of the structure makes the

design more practical than the previous studies. The optical response of the pro-

posed design is studied using a commercial finite-difference-time-domain software

package [109] and the design’s angle insensitivity is investigated simulations from

zero up to 60◦ for both transverse magnetic (TM) and transverse electric (TE)

polarizations which is given in Fig.3.4(b). In addition, the structural parameters

of the design are optimized for radiative cooling performance and the effect of

geometrical parameters on the performance of the design are investigated.

Figure 3.1: (a) Schematic illustration of the designed metasurface. (b) Real
and imaginary parts of permittivity of SmNiO3 at 25◦ C and 140◦ C. (c)-(d)
Absorption of the structures with t = 1 µm, t = 3 µm, and t = 5 µm at 25◦ C -
140◦ C (p = 5250 nm, h = 750 nm, b = 500 nm)
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3.2 Results and Discussion

A schematic representation of the proposed design in Fig.3.1(a), in which

SmNiO3-based inverse pyramid gratings are placed on top of an Ag bottom re-

flector. The optical constants of the bottom reflector (Ag) are extracted from the

CRC Handbook of Chemistry and Physics [110], whereas the real and imaginary

components of the permittivity of SmNiO3 for both cold (25 ◦C) and hot (140 ◦C)

states are given in Fig.3.1(b) [111]. The dimensions of the inverse pyramid grat-

ings are denoted with t, b, h, and p, corresponding to the top and bottom width,

height, and period of the grating, respectively. A commercial finite-difference

time-domain (FDTD) simulation software (Lumerical FDTD Solutions) is utilized

to compute the optical response of the proposed metasurface-based absorber and

investigate the effects of the geometrical parameters on the optical response [109].

The simulations were carried out in a 2D geometry due to the periodicity of the

structure in the z plane. A plane wave source propagating along the y-axis is

utilized to illuminate the structure from the SmNiO3 side. Periodic boundary

conditions are utilized in the x direction and perfectly matched layers are utilized

in the y direction. A reflection monitor which is placed behind the source is used

to collect the reflected wave from the surface, whereas a transmission monitor is

used after the Ag layer to collect any transmitted wave.
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Figure 3.2: (a)-(d) Schematic representation of the scalings with the respective
rules from the optimal design. (e)-(h) Absorption spectra of the down-scaled
structures. (i)-(l) Absorption spectra of the optimal design. (m)-(p) Absorption
spectra of the up-scaled structures.
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Radiative cooling is a process of dumping thermal energy into outer space in-

stead of the environment, which requires the resonance peak of the absorption

spectrum of the proposed metasurface-based design to be placed in the trans-

parency window of the atmosphere. The bottom Ag reflector is optically thick

enough to eliminate the transmission from the structure leading to the depen-

dency of the absorbance to the reflectance. In the proposed structure, the peak

positions of the absorption spectrum are a function of the periodicity (p), height

(h), and width (top (t) and bottom (b)) of the structure. Additionally geomet-

rical parameters of angle (α = atan 2h
t−b

) and filling ratio (FR = t
p
) are defined

in the design of the grating leading to inverse pyramid grating when α < 90◦

(b < t), rectangular grating when α = 90◦ (b = t), and pyramid grating when

α > 90◦ (b > t). Therefore, three different structures can be considered in the

probable design of a tunable nanoantenna emitter by the variation of temperature.

Variation in absorptivity of a typical design versus the pyramid angle is investi-

gated by fixing p, h, and b at 5250 nm, 750 nm, and 3000 nm, respectively,

while t is varied between 500 nm to 5000 nm. The results given in Fig. 3.1(c)

and (d) at different temperatures (cold and hot states) demonstrate that only

the inverse pyramid has a tunable spectral response versus temperature changes

since the distance between the edges and the bottom reflector is increasing to-

wards the top corner of the pyramid which allows the design to support multiple

modes. So the optimized design should have t > b for effective radiative cooling.

This conclusion can be better visualized by presenting absorption responses at

three different thicknesses (1 µm, 3 µm, and 5 µm) given in Fig.3.1(e)-(g). It

is seen that decreasing the angle broadens the absorption responses at both cold

and hot states while heating the metasurface can cause redshift at smaller angles.

In the first case where t < b, the structure resembles a pyramid. According

to the absorption spectra given in Fig.3.1(e), it can be seen that the structure

supports a narrow resonance located at 5.25 µm both at the cold and hot phases.

Although the magnitude of the absorption changes between cold and hot phases,

the peak location does not change which makes this design non-adaptive. On

the second case, the structure with t = b corresponding to a rectangular grating

is investigated. Fig.3.1(f), shows the absorption spectra, where the resonance

28



occurs at 5.63 µm and 5.71 µm for the cold and hot phases, respectively. Al-

though the grating structure has broader resonances than the pyramid structure,

the resonance shift between the cold and hot phases is not enough to provide a

good adaptive radiative cooling. Finally, the case with t > b was investigated.

This design was named as inverse pyramid and it has wide resonance peaks oc-

curring at 8.65 µm and 9.32 µm for cold and hot phases respectively as shown

in Fig.3.1(g).

Due to the thermally tunable capability of inverse pyramid design caused by

the phase transition from the cold state to the hot state, the geometrical pa-

rameters are optimized for radiative cooling applications. Therefore, the optimal

dimensions are found to be t = 4.2 µm, b = 0.8 µm, h = 750 nm, and

p = 5250 nm. The optimized design has resonance peaks occurring at 8.08 µm

and 9.26 µm for the cold and the hot phases respectively which can be seen in

3.2 (i) - (l).

For the first set of simulations, as given in the first column of Fig.3.2, the height

of the structure, h, is varied between 650 nm to 850 nm while keeping the t, b,

and p constant. In this case, the resonance peaks for both cold and hot phases

redshift with the increasing h, since the increase in h effectively increases the

length of the cavity formed by the sides of the inverse pyramid and the bottom

reflector.
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Figure 3.3: (a)-(b) Magnitude of E field, (c)-(d) Magnitude of H field for cold
and hot phases at their respective resonance frequencies, λC = 8.083 µm and
λH = 9.267 µm
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After this, the effect of t, b, and h on the absorption spectrum was investigated

while keeping the α constant. To conduct this study, the height of the structure

is again varied between 650 nm to 850 nm while t and b also vary accordingly.

As of the first study, a clear redshift on the resonance can be seen as the height

of the structure increases. On the other hand, the resonance peaks get broadened

due to the increased size of the structure.

In a third study, the effect of the filling ratio on the spectral response of the

structure is investigated with scaling height as same as in the second study. In

the spectral responses given in the third column of Fig.3.2, the effect of scaling is

also the same as in the previous studies. It can be concluded that the resonance

frequency is a strong function of the height and a weak function of the α. To

prove this claim, for the fourth study, the height of the structure was chosen as

750 nm while the t, b, and p values are swept accordingly by keeping the filling

ratio and α constant. From the spectral responses presented in the rightmost

column of Fig.3.2, it can be seen that the resonances are almost identical which

shows that the governing mechanism behind this absorption is closely related to

the filling ratio, α, and height of the structure, i.e. formation of a cavity between

the inverse pyramid structure and the bottom reflector.

Fig.3.3 shows the magnitude of E and H field distributions over the optimized

design at the respective resonance wavelengths of cold and hot phases. In both

cases, there is a strong localization of the E field on the upper corners of the

design. More importantly, it is clear that the H field localizes between the design

and the bottom reflector. forming a Fabry-Perot cavity as also shown in the

results of Fig.3.2 rightmost column [112,113].
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Figure 3.4: (a) Schematic representation of the radiative cooling process. (b)
Absorption spectra of the structure under different incident angles at 140◦ C
for TM and TE polarization. (c)-(d) Emitted radiative power of the structure
with the atmospheric transparency windows at 25◦ C and 140◦ C. (e) Absorption
spectra of the inverse pyramid design for different temperatures from 25◦ C to
140◦ C. Emitted power from the blackbody and inverse pyramid design over the
wavelengths (f) 5− 8 µm, (g) 8− 12 µm, and (h) 5− 12 µm.
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To numerically verify and compare the emitted power density from the struc-

ture, the thermal emission model developed by Kocer et al. was used [114]. Using

Kirchhoff’s radiation law, emissivity from the surface can be written as

εeff (λ, T ) = εstr(λ, T ) = 1−Rstr(λ, T )− Tstr(λ, T ) (3.1)

where εstr(λ, T ), Rstr(λ, T ), and Tstr(λ, T ) are the absorptivity, reflectivity, and

transmissivity of the structure which are a function of wavelength and the tem-

perature. Due to the presence of an optically thick Ag bottom reflector, Tstr(λ, T )

can be ignored; thus, the absorptivity can be written as:

εeff (λ, T ) = εstr(λ, T ) = 1−Rstr(λ, T ) (3.2)

The radiation emitted from the surface of a blackbody can be written as (citation

needed):

εblackbody(λ, T ) =
2πhc2

λ5
1

e
hc

λkBT − 1
(3.3)

where h, c and kB are Planck constant, the speed of light in the vacuum

and Boltzmann constant. The thermal emission of the surface can be found by

multiplying Eq. 3.2 and Eq. 3.3:

εthermal(λ, T ) = εeff (λ, T )× εblackbody(λ, T ) (3.4)

The optical power density is defined as the integral of the thermal emission for

a given wavelength interval, which can be written as:

Poptical =

∫ λ2

λ1

εthermal(λ, T )dλ (3.5)

The average optical power density can be calculated as:

Pavg =

∫ λ2
λ1
εthermal(λ, T )dλ∫ λ2

λ1
εblackbody(λ, T )dλ

(3.6)

To investigate the isotropic response of the proposed structure, a set of sim-

ulations were conducted both in TM and TE polarization modes with varying
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incident angles from 0 to 60 degrees. As seen from Fig.3.4(b) location of the res-

onance peak is not changing with respect to the incident angle upon an incident

TM polarized wave. On the other hand, due to the asymmetric nature of the

grating-like structures, the structure shows no resonance when the incident wave

is TE polarized. After isotropic studies, using the extracted reflection data, the

absorption spectra of the inverse pyramid design for temperatures varying from

25◦C to 140◦ C were calculated, and with Eq. 3.4 the emitted power for each

temperature was calculated for three different wavelength windows: 5 − 8 µm,

8 − 12 µm, and 5 − 12 µm which are given in Fig.3.4(f), (g), and (h), respec-

tively. From Fig.3.4(d) it is seen that the emitted power from the structure is

almost identical to the blackbody over the 8− 12 µm window which is one of the

atmospheric transparency windows.
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Chapter 4

Conclusion & Future Outlook

In this thesis, we have demonstrated and discussed two different metasurfaces

with tunable/adaptive optical responses, namely a graphene-based metasurface

for active and broadband manipulation of terahertz radiation, and a phase-

change-material based thermally tunable adaptive metasurface for radiative cool-

ing applications. In each design, we kept simple elements to make fabrication

processes easier yet kept the functionality of the design at the maximum level.

In Chapter 2, we have designed and analytically verified a novel and practically

simplified graphene-based MPA that is capable of absorbing THz radiation within

a 3 THz absorbing window. The broadband MPA, which comprises a periodic

array of graphene patches with two different geometries on a metal-backed SiO2

layer and supports propagating surface plasmon excitations in the broadband

region, exhibits polarization-insensitive and omnidirectional absorption charac-

teristics. Due to the tunable nature of graphene, it is possible to actively tune

the absorption spectrum of the MPA from a resonant response to a broadband

one and vice versa. Moreover, it is also possible to tune the spectral location of

the absorption bandwidth by modifying the chemical potential of graphene. In an

alternative approach, the absorption of the MPA can also be passively modified

by adjusting the dimensions of the patches or thickness of the SiO2 spacing layer.
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Due to its simplified and novel design, it is expected that the proposed graphene-

based MPA will find potential interest in THz spectroscopy and communications.

In Chapter 3, a thermally tunable metasurface based on a simple SmNiO3

inverse pyramid grating as a PCM layer on top of an Ag bottom reflector was

designed and its performance was investigated for adaptive radiative cooling ap-

plications. The thermal emission capabilities of the design were studied and ver-

ified using numerical simulations. The resulting design has an almost-identical

emitted power to a blackbody over the wavelength window 8-12 µm in which the

atmospheric absorption is minimal. Since the resonance element utilized in the

design is a phase change material, the resonance blueshifts as the structure cools

itself which makes the design adaptive to the ambient temperature. With these

features, this design can easily be implemented in satellite, telecommunication

applications without requiring any modulation to the cooling.

For future projects, we are planning to exploit the planar designs that have

both radiative cooling and thermal camouflage properties, see Fig. 4.1 for initial

results. This type of metasurfaces will be used for both cooling applications in

electronic devices and may be in the new generation of 5G technologies as well

as military applications for camouflaging the target from adversarial imaging

technologies.
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Figure 4.1: Experimental Absorption Measurement and Simulation Result of
Future Planar Structure

37



Bibliography

[1] N. Engheta and R. W. Ziolkowski, eds., Metamaterials. Nashville, TN: John

Wiley & Sons, June 2006.

[2] N. I. Zheludev and Y. S. Kivshar, “From metamaterials to metadevices,”

Nature Materials, vol. 11, pp. 917–924, Oct. 2012.

[3] R. Kshetrimayum, “A brief intro to metamaterials,” IEEE Potentials,

vol. 23, pp. 44–46, Jan. 2005.

[4] R. Hu, W. Xi, Y. Liu, K. Tang, J. Song, X. Luo, J. Wu, and C.-W. Qiu,

“Thermal camouflaging metamaterials,” Materials Today, vol. 45, pp. 120–

141, May 2021.

[5] M. Kadic, G. W. Milton, M. van Hecke, and M. Wegener, “3d metamateri-

als,” Nature Reviews Physics, vol. 1, pp. 198–210, Jan. 2019.

[6] W. Yang and Y.-S. Lin, “Tunable metamaterial filter for optical communi-

cation in the terahertz frequency range,” Optics Express, vol. 28, p. 17620,

May 2020.

[7] K. Wu, J.-J. Liu, Y. jiang Ding, W. Wang, B. Liang, and J.-C. Cheng,

“Metamaterial-based real-time communication with high information den-

sity by multipath twisting of acoustic wave,” Nature Communications,

vol. 13, Sept. 2022.

[8] B. D. F. Casse, W. T. Lu, Y. J. Huang, E. Gultepe, L. Menon, and S. Srid-

har, “Super-resolution imaging using a three-dimensional metamaterials

nanolens,” Applied Physics Letters, vol. 96, p. 023114, Jan. 2010.

38



[9] W. J. Padilla and R. D. Averitt, “Imaging with metamaterials,” Nature

Reviews Physics, vol. 4, pp. 85–100, Dec. 2021.

[10] T. Chen, S. Li, and H. Sun, “Metamaterials application in sensing,” Sen-

sors, vol. 12, pp. 2742–2765, Feb. 2012.

[11] F. Bagci, M. S. Gulsu, and B. Akaoglu, “Dual-band measurement of

complex permittivity in a microwave waveguide with a flexible, thin and

sensitive metamaterial-based sensor,” Sensors and Actuators A: Physical,

vol. 338, p. 113480, May 2022.

[12] N. Kida, T. Miyamoto, and H. Okamoto, “Emission of terahertz electromag-

netic waves: A new spectroscopic method to investigate physical properties

of solids,” Journal of the Physical Society of Japan, vol. 91, Nov. 2022.

[13] W. Du, Y. Huang, Y. Zhou, and X. Xu, “Terahertz interface physics:

from terahertz wave propagation to terahertz wave generation,” Journal

of Physics D: Applied Physics, vol. 55, p. 223002, Feb. 2022.

[14] A. Leitenstorfer, A. S. Moskalenko, T. Kampfrath, J. Kono, E. Castro-

Camus, K. Peng, N. Qureshi, D. Turchinovich, K. Tanaka, A. G. Markelz,

M. Havenith, C. Hough, H. J. Joyce, W. J. Padilla, B. Zhou, K.-Y. Kim,

X.-C. Zhang, P. U. Jepsen, S. Dhillon, M. Vitiello, E. Linfield, A. G.

Davies, M. C. Hoffmann, R. Lewis, M. Tonouchi, P. Klarskov, T. S. Seifert,

Y. A. Gerasimenko, D. Mihailovic, R. Huber, J. L. Boland, O. Mitrofanov,

P. Dean, B. N. Ellison, P. G. Huggard, S. P. Rea, C. Walker, D. T. Lei-

sawitz, J. R. Gao, C. Li, Q. Chen, G. Valušis, V. P. Wallace, E. Pickwell-
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Appendix A

Code

A.1 Reflection Phase Extraction Using Lumer-

ical and MATLAB

In this section, we are going to demonstrate how to extract reflection phase

information from Lumerical FDTD Solutions [105] by reproducing the Figure 1

(g) from the paper by Esfandyarpour et al. [115]. In this paper, authors extract

the reflection phase of a metamaterial structure consisting of a gold grating with

respect to the depth of the grating. The simulation setup, can be seen in Fig.A.1.

After setting the parameters, such as the simulation frequency, and the sweep

parameter such as the grove height, we should extract the phase of non zero E-

field (in our case x-component) in the point monitor located at Zm. Although, one

can use this raw phase information which is sum of the reflection phase and the

phase of propagation, an important point to note is that we should subtract the

phase gained due to propagation of the plane wave. This phase can be calculated

as:

θpath =
|Zm − Zd|+ |Zs − Zd|

λ
(A.1)

where λ is the wavelength of interest. So using, a MATLAB script, one can extract

the reflection phase caused by the metamaterial. The resulting reproduction of
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Figure 1 (g) [115] can be seen in Fig.A.2.

Figure A.1: Lumerical Simulation Setup for Reflection Phase Extraction, Zm, Zs,
and Zd are the z-coordinates of the reflection point monitor, plane wave source,
and the metamaterial top surface respectively.

Figure A.2: Reproduction of Figure 1 (g) from [115], using Lumerical and MAT-
LAB.
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