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ABSTRACT

DESIGN AND ANALYSIS OF METAMATERIAL
BASED PERFECT ABSORBERS

Mahmut Can Soydan
M.S. in Electrical and Electronics Engineering
Advisor: Vakur Behget Ertiirk
Co-Advisor: Ekmel Ozbay
August 2019

Subwavelength light absorbers have an enormous potential on applications such as
photodetection, optoelectronics, solar cells and sensing. Scaling down the device
dimensions provides artificial and advanced properties. That’s why achieving
higher performance devices with smaller sizes is the main trend in semiconductor
technology. Design of an electromagnetic wave absorber has two dominant factors
on the performance and spectral operation region: material selection and design
configuration. Perfect light absorbers require an absorbing layer, such as a metal,
semiconductor or any type of absorbing material, to achieve light confinement.
While conventional metals have been mostly the primary choice in designs, there
are various material types other than them which can have advantageous thermal
properties in fabrication, integration or tunability besides having lossy nature.

Although conventional metals are great absorbing materials due to lossy na-
tures, they are not durable against erosion and oxidation. In the first work,
we scrutinize unprecedented potential of transition metal carbides (TMCs) and
nitrides (TMNs) as optional materials to conventional metals, for realization of
light perfect absorption in an ultra-broad frequency range encompassing all of the
visible (Vis) and near infrared (NIR) regions. To gain insight on the condition
for light perfect absorption, a systematic modeling approach based on transfer
matrix method (TMM) is firstly utilized. Our modeling findings prove that the
permittivity data of these TMCs and TMNs are closely matched with the ideal
data. Thus, they can have stronger and broader absorption behavior compared
to metals. Besides, these ceramic materials are preferred to metals due to the
fact that they have better thermal properties and higher durability against ero-
sion and oxidation than metals. This could provide the opportunity for design of
highly efficient light harvesting systems with long-term stability. Two different
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configurations which are planar and trapezoidal arrays are employed. Numerical
simulations are conducted to optimize the device optical performance for each
of the proposed carbides and nitrides. Our findings reveal that these ceramic
coatings have the broadest absorption response compared to all lossy and plas-
monic metals. In planar configuration, titanium carbide (TiC) has the largest
absorption bandwidth (BW) where an absorption above 0.9 is retained over a
broad wavelength range of 405 nm-1495 nm. In trapezoid architecture, vanadium
nitride (VN) shows the widest BW covering a range from 300 nm to 2500 nm.
The results of this study can serve as a beacon for the design of future high per-
formance energy conversion devices including solar vapor generation and thermal

photovoltaics where both optical and thermal requirements can be satisfied.

Majority of existing designs necessitate a lithography-step during the fabrica-
tion, which hinders the repeatability, upscaling and large-scale compatibility of
these designs. In the second work, we designed, fabricated and characterized a
lithography free, double functional single Bismuth (Bi) metal nanostructure for
ultra-broadband absorption in the visible and near-infrared, and narrowband re-
sponse with ultra-high refractive-index sensitivity in mid-infrared (MIR) range.
The superior permittivity data of Bi over conventional metals is comprehensively
analyzed and explained using systematic modeling approaches based on TMM and
Bruggeman’s effective medium theory (EMT). To achieve a large scale fabrication
of the design in a lithography-free route, oblique-angle deposition approach is used
to obtain densely packed and randomly spaced /oriented Bi nanostructures. It has
been shown that this fabrication technique can provide a bottom-up approach to
control the length and spacing of the design. Our characterization findings reveal
a broadband absorption above 0.8 in Vis and NIR, and a narrowband absorption
centered around 6.54 pum. Due to densely packed architecture of the Bi nanos-
tructures and its extraordinary permittivity response, they can provide strong
field confinement in their ultra-small gaps and this could be utilized for sensing
application. An ultrahigh sensitivity of 2.151 um/refractive-index-unit (RIU) is
acquired for this Bi nanostructured absorber, which is, to the best of our knowl-
edge, the experimentally attained highest sensitivity so far. The simple and large
scale compatible fabrication route of the design together with extraordinary op-
tical response of Bi coating, makes this design promising for many optoelectronic
and sensing applications.

Keywords: perfect absorbers, broadband, narrowband, sensor, metamaterial.



OZET

METAMALZEME BAZLI MUKEMMEL
SOGURUCULARIN DIZAYN VE ANALIZI

Mahmut Can Soydan
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
Tez Danigmani: Vakur Behget Ertiirk
Ikinci Tez Damsmant: Ekmel Ozbay
Agustos 2019

Dalga boyundan daha kiiciik boyuttaki 1s1k sogurucular1 optoelektronik, foton
algilama, solar hiicre ve sensor alanlarinda ¢ok biiyiik bir potansiyele sahiptir. Ci-
hazin boyutlarini kiiciiltmek yapay ve ileri seviye ozellikler kazandirir. Giintimiiz
yar1 iletken teknolojisindeki daha kiigiik boyutta ve daha yiiksek performans
gosteren cihazlarin tiretilmeye caligilmasinin yiikselen bir trend olmasi bundan
dolayidir. Elektromanyetik dalga sogurucularimin performansini ve c¢aligtigr isik
tayfi bolgesini belirleyen iki temel 6zellik vardir: malzeme secimi ve yapinin sekli.
Miikemmel 151k soguruculari 15181 yapilarinda hapsedebilmek i¢in bir metal, yar
iletken veya herhangi gesitte sogurma ozelligi olan bir katmana ihtiya¢ duyar.
Geleneksel metaller ¢ogunlukla birincil olarak tercih edilen malzeme olmasina
ragmen hem yitimli bir yapiya sahip olan hem de iiretim, entegrasyon ve ayarlan-
abilirlik gibi daha tistiin termal 6zellikleri olan bagka tiirde malzemeler de mev-

cuttur.

Geleneksel metaller yitimli bir yapiya sahip olmalar1 sebebiyle harika sogrucu
malzemeler olmalarina ragmen aginma ve oksitlenmeye karsi dayanikli degillerdir.
Ik cahsmamizda, gelencksel metallere alternatif bir malzeme olarak gecis met-
ali karbiirlerinin ve gegig metali nitriirlerinin 1181 goriiniir bolgeden (Vis) yakin
kiz1l 6tesi bolgeye (NIR) kadar ¢ok genig bir frekans araliginda miikemmel bir
sekilde sogurulmasimdaki essiz potansiyelini inceledik. Ilk olarak, mitkemmel 151k
soguruculariin gereksinimleri hakkinda bir 6ngorii sahibi olmak i¢in gecig matrisi
metodu (TMM) olarak adlandirilan sistematik bir modelleme teknigi kullanilda.
Elde edilen modelleme sonuglar1 gecig metali karbiirlerinin ve nitriirlerinin elek-
triksel gecirgenlik degerlerinin ideal degerler ile ¢ok iyi ortlistiiglini ispatlamak-
tadir. Ayrica bu seramik malzemeler metallere kiyasla daha iyi termal 6zelliklere



vi

ve de aginma ve oksitlenmeye kargi dayanikli olduklarindan da tercih edilmekte-
dirler. Bu ozellikleri sayesinde yiiksek verimlilikle ¢aligan ve uzun siireli stabil
olan 1g1k toplayan sistemlerin dizayni i¢in bir firsat sunmaktadirlar. Diizlemsel
ve ikizkenar yamuk seklinde siralanmig katmanlardan olusan iki farkl sekil kul-
lanildi. Numerik simiilasyon teknikleri kullanilarak her bir karbiir ve nitriir icin
yapilarin optik performanslari optimize edildi. Bulunan sonuclar bu seramik
malzemelerin biitiin yitimli yapidaki ve plazmonik 6zellikteki metallere kiyasla
daha genig araligi sogurabildigini gostermektedir. Diizlemsel diziliste titanyum
karbiir (TiC) 405 nm-1495 nm araligy kadar genig bir bandi 0.9’un (normalize
olarak) tizerinde sogurarak en genis sogurma bandini gergeklegtirmistir. Ikizkenar
yamuk diziliginde ise vanadyum nitriiriin (VN) 300 nm ile 2500 nm arahg kadar
genig bir bant genigligine sahip oldugu gortilmiigtiir. Bu caligmanin ¢iktilar: solar
buhar iiretimi ve termal fotovoltaik gibi hem optik hem de termal gereksinimleri
olan alanlar dahil olmak iizere gelecekteki yiiksek performansh enerji doniigim

cihazlarimin dizayni konusunda bir yol 15181 olabilecek niteliktedir.

Mevcut dizaynlarin biiyiik bir cogunlugu itiretim asamasinda bir litografi
agamasl gerektirmektedir, ki bu da yapimin biiyiik boyutlarda iiretilmeye uy-
gunlugunu ve tekrar edilebilirligini engellemektedir.  Ikinci cahgmamzda,
litografisiz iiretilebilen, sadece bizmut (Bi) metalinden yapilmig nanoyapilardan
olusan, ¢ift fonksiyon gosteren, goriiniir ve yakin kizil 6tesi bolgede ¢ok genig
banth sogurucu, orta kizil 6tesi bolgede ise ¢ok yiiksek kiricilik indisi hassaslig
olan bir dart banth sogurucu olarak davranan bir yap1 dizayn ettik, trettik ve
karakterize ettik. Bizmutun geleneksel metallere kiyasla ¢cok daha iyi bir elektrik-
sel gecirgenlik ozelligi oldugu gecis matrisi metodu ve Bruggeman’in etkin ortam
kurami (EMT) kullanilarak ayrintili bir gekilde incelendi ve agiklandi. Yapinin
litografi kullanilmadan, biiylik boyutlarda tiretimini miimkiin kilacak gekilde
tiretilmesi icin egik acili kaplama teknigi kullanilarak ¢cok yogun bigimde dizilmis
ve rastgele yerlesmig/yonelmis Bi nanoyapilar: elde edildi. Ayrica, bu iiretim
tekniginin alttan iiste iglemleme yaklagimiyla tiretilen yapinin yerlesmesinin ve
uzunlugunun kontrol edildigi gosterilmigtir. Karakterizasyon sonuclarina gore
yapl goriiniir ve yakin kizilotesi bolgelerinde 0.8 tizerinde sogurmaya sahipken
orta kizilotesi bolgede ise 6.54 micrometrede (um) merkezlenmis dar banth bir
sogurma gostermektedir. Bi yapilarinin ¢ok yogun bir bi¢cimde paketlenmesin-
den ve siradigi bir gecirgenlik ozelligine sahip olmasindan dolay1 nanoyapilar, ar-
alarindaki ¢ok kiiciik bogluklarda giicli bir gekilde 15181 hapsedebilmektedir ve bu
ozellikleri algilama uygulamalarinda kullanilmaya uygundur. Yapilan incelemede



Vil

Bi nanoyapilarmin 2.151 pm/birim kirieihik indisi (RIU) kadar yiiksek bir has-
saslik degerine sahip oldugu olciilmiistiir. Bu deger bilindigi kadariyla simdiye
kadar deneysel olarak elde edilen en yiiksek hassaslhik degeridir. Basit ve biiyiik
boyutlarda tiretime uygun olan tiretim rotasinin olmasi ve bizmutun essiz op-
tik ozellikleri, bu dizayni bircok optoelektronik ve sensor uygulamalar: i¢in timit

verici kilmaktadir.

Anahtar sozcikler: mitkemmel sogurucu, genis bantl, dar bantli, sensor, meta-

malzeme.
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Chapter 1

Introduction

1.1 Background and Applications of Perfect
Absorbers

Metamaterials are a class of advanced materials which have exceptional properties
that cannot be observed in nature. Designed inclusions in natural materials cre-
ates exotic features such as negative refraction [1, 2, 3|, artificial magnetism [4, 5],
asymmetric transmission [6, 7], lasing [8, 9], cloak of invisibility [10, 11, 12], and
subwavelength light absorption [13]. Designing perfect light absorbers, which are
capable of confining almost 100% of the electromagnetic wave by subwavelength
geometries, has been an emerging topic in nanophotonics and nanoplasmonics
in recent years. High performance light confinement in the structure is achieved
utilizing an absorbing layer such as a metal or a semiconductor. The major fig-
ures of merit of perfect light absorbers are high performance and flat absorption
strength (percentage of absorbed light), bandwidth of the perfect absorption, fab-
rication route, vertical and lateral dimensions of the structure and polarization
insensitivity. Designs which have an easy fabrication route, polarization insen-
sitive absorption characteristic and very thin (i.e., subwavelength) geometry are

superior to others. Perfect light absorbers are classified in two categories based



on their spectral coverage: narrowband and broadband absorbers. While the nar-
rowband perfect absorbers are of great use in applications of sensing and color
filtering [14, 15, 16, 17, 18, 19, 20, 21], broadband absorbers are of particular
interest in applications of thermal photovoltaics and photodetection [22, 23, 24],
optoelectronics [25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36], and photoelectro-
chemical water splitting [37].

Optoelectronic applications require strong and broadband absorption in di-
mensions comparable to carrier’s diffusion length, and much smaller than the
light wavelength. Properly designed perfect absorbers provide optically thick,
but electrically thin device for these kinds of applications utilizing nanostruc-
tures in subwavelength geometries. Photovoltaic solar cells are the devices that
produce electricity as output by using electron-hole pairs generated by incoming
light. Acquiring near unity absorption in semiconductor based nanostructured
ultra-thin layers is an efficient approach. Photoelectrochemical water splitting is
a system that contains a photoanode and photocathode made of semiconductor
or metal. Interaction between incoming photon light and photoelectrode design
results electron-hole pairs. The generated electrons move toward electrode and
creates hydrogen. In these applications, reducing the active layer thickness and
carrier’s diffusion length, which are provided by nanophotonics based perfect ab-
sorbers, is an effective approach to increase efficiency of the system. Filters are
made of selective absorption of the electromagnetic spectrum with high efficiency
and narrow bandwidth. If the selectively absorbed narrow wavelength range is in
Visible region, they are called as color filters. Filtering the incoming light can be
attained either with reflection of the narrowband or transmission of it. The rest
of the spectrum is absorbed by the subwavelength structure. Narrowband perfect
absorbers in various cavity designs are used to achieve color filters. In addition,
another important application of narrowband perfect absorbers is sensing. The
resonance of the structure at a specific wavelength spectrally shifts when it in-
teracts with a different surrounding environment instead of air. The amount of
the shift in resonance wavelength depends on the refractive index of the external
medium, and therefore, this can be used to identify the type of the surround-

ing material. Biosensors are one of the most commonly studied areas of sensing



applications.

Perfect absorption in subwavelength dimensions can be attained utilizing differ-
ent mechanisms such as Fabry-Perot (FP) cavity resonance, excitation of surface
plasmon polariton (SPP) or localized surface plasmon (LSP) resonances. FP res-
onance depends on the cancellation of upward and downward propagating electro-
magnetic waves inside a metal-insulator cavity. Spectral position of the resonance
wavelength shifts in accordance with the thickness of the cavity and permittivity
of the materials. Metal-insulator-metal (MIM), metal-insulator-metal-insulator
(MIMI) and multiple metal-insulator (MI) layers are commonly used cavity de-
signs. The bottom metallic layer is chosen thick at least 100 nm to act as a
reflecting mirror in order to reflect all of the light back into the cavity. The top
metallic layer(s) are sufficiently thin that allows the light to penetrate into the
cavity, and the top insulator layer behaves like an anti-reflective coating on the
metal. SPP and LSP resonances are excited using the phenomena of diffraction
and scattering at the metal/insulator interfaces. To achieve the excitation, nanos-
tructures such as nanorings, nanodiscs and nanopatches, are patterned on the top
layer to create a nanopatterned surface which enables diffraction using electron
beam lithography (EBL) technique. Although MIM designs with nanopatterned
top layer present great absorption and bandwidth, fabrication complexity of the
samples due to EBL dependence hinders large scale compatibility and further

improvement of these structures.

Absorption spectrum bandwidth and strength of perfect light absorbers are
leaded by two dominant factors, which are design configuration and material
properties. The design architecture and geometries of the nanostructures deter-
mine which absorption mechanism will be active to confine the light inside the
structure with full efficiency. In addition, the use of the appropriate material in
a proper configuration can provide the desired functionality. Generally speaking,
noble metals can provide narrowband absorption in the visible range while the
lossy ones show an ultra-broadband absorption. Thus, it is of great importance
to understand the ideal permittivity values for a perfect absorber. The perfect
absorption, in the visible (Vis) and short near-infrared (NIR) regimes, requires

a small negative real part of permittivity. While for longer wavelengths, such as
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long NIR and mid-infrared (MIR) spectral regions, the permittivity should have
positive values. Thus, an ideal metal should act as a lossless noble metal in the
short wavelengths and a lossy dielectric in the longer ones. This requirement
cannot be satisfied with any common metal (with large negative real permittivity
values in NIR and MIR ranges).

1.2 Thesis Organization

The rest of this thesis includes design and analysis of a metal-free broadband
perfect absorber and simultaneous realization of broadband absorption and ultra-
high sensitive refractive index sensing. In chapter 2, we present the theoretical
analysis methods that we used in our researches. Overall reflection and optical
properties of an ideal material for a specific design configuration can be predicted
using these methods. Therefore, they are essential to select the ideal material in
designs. Two systematic modeling approaches, transfer matrix method (TMM)

and Bruggeman’s effective medium theory (EMT), are explained in a detail way.

In chapter 3, we explain frequently used simulation tool, fabrication and char-
acterization equipment used in the clean room. Numerical simulations based on
finite-difference time-domain (FDTD) method are carried out in the design and
optimization process of the structures. The fabrication tools to produce designed
structure via numerical simulations, and characterization tools to measure optical
properties and optical response of the fabricated samples are introduced. Many
physical vapor deposition techniques and characterization methods are explained

with operating principles.

In chapter 4, we present a metal-free broadband perfect absorber to be used
instead of metals, which suffer from erosion and oxidation. First, TMM is carried
out to compare optical properties of transition metal carbides and nitrides with
conventional metals. Numerical simulations are employed for each material sep-

arately in two different design configurations, in MIMI and 3-pairs trapezoidal



array structure. In addition, possible challenges faced in the fabrication pro-
cess are considered, and alternative designs are proposed to maintain the same

performance even if problems are appeared during fabrication.

In chapter 5, we present lithography free, double functional, bismuth (Bi)
metal nanostructures which exhibit ultra-broadband absorption in Vis and NIR,
and ultra-high sensitive narrowband response in MIR. First, extraordinary per-
mittivity data of Bi is explained theoretically by conducting TMM and EMT.
Second, the proposed lithography-free fabrication route and creation of random
nanorods are demonstrated using scanning electron microscope images. Simu-
lation and experimental results of the fabricated sample in Vis, NIR and MIR
regimes are presented. Last, the sensitivity of the narrowband response is mea-
sured experimentally and an ultrahigh sensitivity is acquired, which is, to the

best of our knowledge, the experimentally attained highest sensitivity so far.

In chapter 6, we summarize the proposed designs, findings, and possible future

applications and research directions.



Chapter 2

Theoretical Analysis

In this chapter, two systematic modeling approaches to analyze designed struc-
tures theoretically are introduced: TMM and EMT. For a single interface between
two media, the reflected and transmitted portions of the electromagnetic wave
are described by the Fresnel coefficients. When there are multiple layers and in-
terfaces, reflected and transmitted light from an interface once again reflects and
transmits from the next one. Repetition of this process for each interface cre-
ates infinitely many propagating waves upward and downward inside the layers.
TMM is a method used in optics to analyze the total reflected and transmitted
portion of the light from a multilayered structure. It is an efficient method to
calculate total reflection from a planar and multilayer design. Nanostructures
on the top layer bring about additional phenomenon such as diffraction, which
creates plasmon resonances to confine light. Therefore, TMM cannot predict the

overall reflection from the structure in an exact way.

Bruggeman’s EMT is an analytical modeling approach that describes the
macroscopic features of composite materials. It is developed to predict effective
parameters of an inhomogeneous mixture of composite materials using permit-
tivities and filling fractions of the materials in the mixture. It is impossible to
make precise calculations; however, using acceptable approximations derives use-

ful parameters for the composite material as a whole. In overall, this method



replaces the composite materials with one final effective medium whose optical

parameters are predicted through some approximations.

2.1 Transfer Matrix Method

TMM is a systematic modeling approach that calculates transfer matrices of elec-
tric and magnetic fields for multilayer structures. Applying boundary conditions
and solving a bunch of equations result the overall reflection and transmission
coefficients of the whole structure. In order to obtain perfect absorption (i.e.,
low reflection), effective permittivity of the metamaterial must be matched to
the that of medium of incidence (i.e., air). To demonstrate how this method is
carried out, a general scheme of a multi MI-pair structure, see Figure 2.1, will be
analyzed. A thick metallic layer, which is at least 100 nm, is coated to act as a
perfect reflecting mirror to eliminate transmission from the structure. Depending
on the design specifications, N two-layer lossy medium(X)-insulator(I) pairs can
be used to create a perfect absorber. All XI-pairs have the same dimensions and
optical properties. The lossy medium can be a semiconductor, a metal or any
good absorbing material. The schematic representation shown in Figure 2.1 is
called as MI(XI)N. In this description, M,I and X represents bottom metal layer,
insulator and lossy medium, respectively. For example, an MIMI design is cre-
ated using one XI-pair, where lossy medium is chosen as metal. To give another
example, an MIM design contains only lossy medium of the first XI-pair on the
bottom metal mirror layer and insulator. The structure does not have to include

an exact number of XI-pairs.

The overall reflection from a planar multilayer design can be calculated using
TMM if refractive indices of materials and their dimensions are known. Besides,
the ideal permittivity (ex) of the lossy medium in order to achieve a reflection
below a definite value, such as 0.1, can be investigated through TMM. Let me
suppose the structure is bounded with air (whose permittivity is €4 ) and substrate
(whose permittivity is €g), and consider z = 0 plane as the interface between air

and the top insulator layer. The y component of the magnetic field (Hy) is given
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S represent air and substrate, and k, is the wave vector in the z-direction. Dy,
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Dx and D, are the thicknesses of the insulator, lossy and bottom metal layers,
respectively. €; represents the permittivity of different layers. Boundary con-
ditions for transverse magnetic (TM) polarization are solved for the interfaces.
TMM results the relation between incident, reflected and transmitted light with

the following transfer matrix equation:

A Fiy
St (2)
Ay Fiy
Reflection of the incident light from the structure is found as R = |§—i;|2 using
F
equation 2. Here, I = U= A Y LI X XN LM M S where
12
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For transverse electric (TE) polarized incident light, exactly the same results
are obtained because planar designs show polarization insensitive characteristic
under normal light incidence. Using these matrices and information of the dimen-
sions and permittivity data of the materials, we can calculate the overall reflection
from the structure, or we can numerically estimate the real and imaginary parts

of ex to satisfy perfect absorption conditions (which is defined as R < 0.1).



2.2 Bruggeman’s Effective Medium Theory

Effective medium approaches are developed to evaluate microscopically hetero-
geneous metal-dielectric composites as macroscopically uniform medium. These
theories estimate the effective dielectric function of the composite in terms of the
permittivities of the constituents in the composite and their filling fractions. The
Maxwell-Garnett theory (MGT) and the Bruggeman’s EMT are the most widely
used approaches in this field [38]. MGT presents a solution for composites in
which inclusions are embedded in the host material and have very low filling frac-
tion. However, when constituents of the composite have a symmetric distribution
and relatively comparable filling fractions, in other words, it is not obvious which

material is the host, MGT fails and EMT has a successful approximation.

We start with applying Clausius-Mossotti relation [38] to a metal-dielectric
composite. Permittivities and volume filling factors of the two constituents of
the composite are €; and €y, and f; and f5, respectively. Host matrix has a

permittivity of ¢;,. In this case, Clausius-Mossotti relation is modified to

€ — €p Niay  Noao

= 4.
€+ 2¢p, 3€0€n  3€0€p (4.2)

where N and o denotes volume density of the dipoles and polarizability of one
molecule in a material, and € is the effective permittivity of the composite, re-
spectively. After some algebra, the equation (4.a) is arranged as

€ — €y €1 — €p €g — €p
= J1 2
€+ 2€h €1+ 2€h €2 + 2€h

(4.b)

It should be noted that the two constituent materials are inclusions in the com-
posite, which satisfy f; + fo = 1, and the host material is the composite itself;
therefore, we set € = ¢,. Equation (4.b) becomes that:
€ — € €y — €

€1 + 2¢ 2 €9 + 2¢€ -

S (5)

This is the final effective medium expression proposed by Bruggeman. It can be

easily generalized to any number of constituents as follows:

e ROV 0
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The solution of equation (5) is

1
€= —
4

((3f1 — 1)61 + (3f2 — 1)62 + \/((3f1 — 1)61 + (3f2 — 1)62)2 + 86162 (7)

Causality requires positive imaginary part of the effective permittivity. The sign

in the formula is chosen in order to make imaginary part positive to satisfy it.
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Chapter 3

Simulation, Fabrication and

Characterization Tools

In this chapter, we will discuss FDTD based commercial software of ” Lumerical
FDTD Solutions”, fabrication and characterization equipment used in UNAM
(National Nanotechnology Research Center) and NANOTAM (Nanotechnology

Research Center) for research activities.

3.1 Simulation Software

FDTD is a numerical method to solve time-domain differential form of Maxwell’s
equations on a particular cell called Yee cell [39]. These equations are dis-
cretized using central-difference approximation both in time and space in a
leap-frog scheme. Lumerical FDTD Solutions software presents a powerful 2-
dimensional/3-dimensional(2D/3D) solver for nanophotonic devices. The simu-
lation environment basically includes an FDTD region, a source, the design under
consideration and power monitors, as shown in Figure 3.1. The drawn unit cell
can be repeated infinitely many times using periodic boundary conditions on the

sides. The bottom and top of the cell can be adjusted as perfectly matched layer
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Figure 3.1: Lumerical FDTD Solutions simulation environment.

(PML) to mimic real environment. Figure 3.1 illustrates a simple 2D simulation
environment with all the aforementioned components. An z-polarized (in other
words, TM polarized) plane wave source is placed at the top to illuminate the
sample with a broad wavelength spectrum. Two power monitors at the top and
bottom are located to record reflection and transmission, respectively. The struc-
ture is drawn in the zy-plane (which is up to the user) since it is a 2D simulation.
The boundaries in the z-direction are set as periodic to repeat unit cell infinitely
many times, and the boundaries in the y-direction are set as PMLs. The software

optimizes itself all FDTD parameters and converges successfully.

3.2 Fabrication Tools

In the fabrication route of the micro and nanophotonic devices, various deposition,
etching and coating techniques and the corresponding equipment are utilized. In
this section, the fundamental fabrication tools that I used in my research activities

and basics of their operation mechanisms will be explained. These equipments
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Figure 3.2: (a) Evaporation mechanism of thermal evaporator. (b) "MIDAS
PVD 3T” model thermal evaporator of VAKSIS company.

are thermal evaporation, electron-beam evaporation and sputtering systems as

physical vapor deposition (PVD) techniques and EBL.

3.2.1 Thermal Evaporation

Thermal evaporator is a simple PVD system that evaporates the material by
extremely heating up to evaporation temperature with passing very high current
through. The source material is put into a holder, which is heated by high
voltages, at the bottom of the chamber. The sample is placed onto a rotating
holder at the top. The chamber is vacuumed using a mechanical pump and turbo
pump to achieve ultra-high vacuum conditions. When the vacuum level is satisfied
(pressure is very low inside the chamber), mean free path of the molecules becomes
in the order of few meters. This assures that evaporated molecules interact with
each other at the minimum level, and so, coated on the sample. Power of the
voltage source is increased to heat up the material holder and to start evaporation.
The deposition rate and thickness are estimated by an acoustic sensor inside the

chamber [40]. The complete scheme of the chamber and deposition mechanism is
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Figure 3.3: (a) Evaporation mechanism of electron beam evaporator. (b) ”MI-
DAS PVD 1eB” model electron beam evaporator of VAKSIS company.

shown in Figure 3.2(a). We used "MIDAS PVD 3T” model of VAKSIS company,
as shown in Figure 3.2(b).

3.2.2 Electron-beam Evaporation

Electron-beam evaporation technique works similar to thermal evaporation with
the exception of using electron beams to evaporate the material. Evaporation
process takes place under high vacuum conditions. High energy electron beams
interact with the crucible material, lose their energy and heat up the source
material. The crucible and electron gun are cooled by water circulation to prevent
high temperatures. Evaporation rate and thickness are estimated by using a
crystal sensor [40]. The general scheme of inside the chamber and an electron

beam evaporator equipment of VAKSIS company are shown in Figure 3.3.

3.2.3 Sputtering

In sputtering technique, plasma of Argon gas is used to sputter target material
and to deposit on the wafer. This technique is suitable to coat thin layers of

various kinds of materials such as metals with high melting point and dielectrics.
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It can be also utilized for deposition of alloys. RF Magnetron sputtering is the
most widely used version for dielectrics [40]. Schematic of a DC sputtering system

and a sputtering equipment of VAKSIS company are shown in Figure 3.4.

3.3 Characterization Tools

We used Fourier-Transform Infrared Spectroscopy (FTIR) for normal incidence
characterization and Ellipsometer for oblique incidence characterization to find
reflection and transmission measurements of the sample. Also, Environmental
Scanning Electron Microscopy (E-SEM) was used to image and evaluate perfec-

tion of fabricated structures.

3.3.1 Fourier-Transform Infrared Spectroscopy

FTIR can measure reflection, transmission or emission of a sample in Vis, NIR and
MIR regimes. Characterization of the sample is carried out for a broad wavelength
range at one measurement. Therefore, it measures the samples in a brief time

and in a very accurate way. The working principle of the equipment depends on
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Figure 3.5: Bruker - Vertex 70v and Hyperion microscope

Michelson interferometer. The infrared energy is emitted from a glowing black-
body source. Three different beam splitters are used for each regime: Quartz for
Vis, calcium fluoride (CaFsy) for NIR, and potassium bromide (KBr) for MIR.
Four different detectors are used to measure reflection and transmission data
from the sample: silicon diode for Vis, indium gallium arsenide (InGaAs) for
NIR, and mercury cadmium telluride (MCT) D313 and D316 for MIR [41]. We

used " Bruker-Vertex 70v, Hyperion microscope” model, as shown in Fig. 3.5.

3.3.2 Ellipsometer

Ellipsometer is an efficient tool to measure the overall reflection from the sample
at oblique incidence, to measure transmission through the sample, to find deposi-
tion thickness of a layer, or to extract refractive indices of any type of a material
with modeling. The general operation mechanism of the ellipsometer is shown in
Figure 3.6(a). The incident light generated from the source goes through a po-
larization generator. Reflection from the surface changes polarization of the light
in terms of amplitude and phase. The changes in the polarization are analyzed
and detected in the detector [41].

There are two primary working options of the equipment. "R&T Scan” mode
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Figure 3.6: (a) General scheme of an ellisometer. (b) V-VASE and (b) IR-VASE
model of J.A. Woollam Co. Inc.

illuminates the sample in different angles with TE and TM polarized light to
find the normalized reflection and transmission of the sample. ”Spectroscopic
Scan” mode of the device measures the change in polarization of the incident
light as a result of interaction with the sample. The equipment records two
parameter of the detected light: amplitude ratio (¢)) and phase shift (A). After
modeling of the saved data is carried out with a sufficiently low mean squared
error (MSE), the thicknesses of each layer and refractive indices are obtained.
There are many oscillator functions such as Drude, Lorentz, Gaussian and Cauchy
oscillator available in the library. We used J.A. Woollam Co. Inc. V-VASE and
IR-VASE ellipsometers, as shown in Figure 3.6(b-c).

3.3.3 Environmental Scanning Electron Microscopy

SEM is an electron microscope that produces image and identifies composition
of the sample surface by scanning with focused electron beams. Electrons have
much shorter wavelengths than white light, which enables resolution better than

1 nm. The main components of SEM are electron source, lens system to focus

18



Electron gun —

da
—
F7 Electron beam
First condenser lens ﬁ% : g E : !

Spray aperture —

sy ‘ e
Second condenser lens {1 - X CHl )
E @ i RE"
P | -

~——4- X-ray detector ——
Deflection coils == (1
Final lens aperture ..; Ny < Objective lens m = —
2 I
Bmmm'_% - Illllll:ll 1)
electron detector ”|II|||:|”

Sample ——N
Secondary

Vacuum pump electron detector

Figure 3.7: (a) General scheme of the SEM chamber. (b) JSM-7610F Schottky
Field Emission Scanning Electron Microscope.

electron beam onto the surface, sample chamber, electron detector and a computer
and visualization tool. Electrons generated at the top of the source column, are
accelerated under high voltages (~10 kV), and pass through a condenser lens and
aperture system to be focused on the sample surface. As a result of interaction
between focused electron beam and the sample mounted on a stage, secondary
electrons, backscattered electrons and characteristic X-rays are scattered from
the surface. These particles are collected by detectors and image of the surface
is produced after analysis in a computer. Electron beams can penetrate to a few
microns deep of the surface, which allows to analyze material composition of the
sample [41]. A rough schematic of an SEM and an example of the equipment are

shown in Figure 3.7(a-b).
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Chapter 4

All-Ceramic Based Metal-free
Ultra-broadband Perfect
Absorber

This chapter bases on the publication ”All-Ceramic Based Metal-free Ultra-
broadband Perfect Absorber” by M.C. Soydan et al. in Plasmonics (2019). Re-
produced (or Reproduced in part) with permission from Springer Nature and

Copyright Clearance Center.

4.1 Preface to Broadband Perfect Absorber De-

signs

A high-performance light absorber is one of the most studied topics in nanopho-
tonics, leading to different attempts to devise perfect light absorbers, operating
either in narrowband or broadband frequency regimes, by using various materi-

als and structures. As explained in Chapter 1, perfect absorbers have a variety
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of applications in research areas such as sensing [42], spectroscopy [43], photo-
voltaic [22] and thermal photovoltaic [24], solar vapor generation as well as pho-
todetection [44]. Metamaterials, with their exceptional properties that cannot
be observed in nature, are of great use for the purpose of designing the opti-
mum perfect absorber. One of the most commonly used structure in order to
achieve near unity light absorption is metal-dielectric-metal (MDM) architecture
[45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56]. In this structure, dielectric films
are sandwiched by a patterned metal film and a flat thick metal layer. The in-
sertion of the dielectric layer between thin metal layers boosts the absorption
of the structure by efficiently coupling of incident light into the cavity modes of
the MDM design. The bottom metal layer acts as an ideal mirror that reflects
all incoming wave back into the cavity, and the top metallic patterned layer in-
cludes nanoresonant units to couple the light inside the structure. To improve
the bandwidth (BW) of a perfect absorber, different patterning structures such
as nanopatches [57, 58, 59], nanodiscs [46, 60] or nanorings [61] were developed.
These structures can behave as ultra-broadband [51, 52, 53, 54, 55| as well as
narrowband [50] perfect absorbers, and can carry properties such as polarization-
independence [54, 55, 56] and angle-tolerance [62] depending on the pattern of
the top layer and thickness of the dielectric layer. Although great performances
can be attained with these structures, they are large scale incompatible because

EBL is required to fabricate the patterned top layer.

In a recent study, it was theoretically and experimentally demonstrated that
the use of planar metal-dielectric (MD) pair multilayer design can provide
an ultra-broadband light absorption [63]. Many planar, lithography-free and
high performance designs were developed and fabricated using this configura-
tion [64, 65, 66, 37] because it has an obvious advantage of ease of fabrication,
and thus, large scale compatibility. Later, some studies revealed that the light
absorption spectrum can be extended using hyperbolic metamaterials (HMMs)
(67, 68, 69, 70, 71, 72]. A substantial improvement in the absorption BW could
be acquired by tapering this multilayer design. The tapered shape enables cou-
pling of the incident photons in a wide frequency range by gradual matching of

the air impedance into the underlying metamaterial configuration [73]. Lei et al.
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realized an angle-tolerant, polarization-insensitive and omnidirectional absorber
from 200 nm to 3.6 um using an HMM structure with alternating 20 pairs of
aluminium (Al) and germanium (Ge) multilayered films [67]. Besides all these
improvements in perfect absorbers, these multilayer designs suffer from multiple
depositions and complex processes that limit their applicability for large scale
applications. Moreover, in many applications such as thermal photovoltaic and
solar vapour generation, the high operation temperature could deform the layers.
A better option for designing such ultra-broadband absorbers is to replace met-
als with a high temperature tolerant medium since metals have an inherent lossy

nature and exposed to erosion and oxidation under temperature and humidity.

Ceramic materials are the suitable choices to be used instead of metals to im-
prove the performance of the designed structure because ceramics have less lossy
nature, a higher melting point compared to noble metals, and more durability
against oxidation and corrosion. In recent years, titanium nitride (TiN) has be-
come a promising alternative to metals and has been successfully integrated in
metal-free metamaterial designs in some studies [74, 75, 76, 77, 78, 79, 80]. Recent
reviews also highlighted the tremendous potential of these ceramics in different
light-matter interaction applications [81, 82, 83, 84, 85]. Taking all of these into
account, it is of great importance to design a ceramic based ultrathin design con-
figuration to realize perfect light absorption in an ultra-broadband wavelength
regime where both optical and thermal properties of the metamaterial design will

be simultaneously satisfied.

4.2 Motivation and Novelty

In this work, we reveal the high potential of transition metal carbides (TMCs)
and nitrides (TMNs) to be used instead of metals in ultra-broadband perfect
absorbers making use of their excellent thermal properties (e.g., extremely high
melting point) and superior absorption performance compared to metals in any
configuration. For this purpose, we propose ultra-broadband near unity light ab-

sorber designs based on TMC (or TMN) in two different configurations; planar
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and trapezoidal MD pairs based array structure, and compare the performance of
the proposed designs with metallic based corresponding. We use titanium carbide
(TiC) and vanadium carbide (VC) as TMC, TiN and vanadium nitride (VN) as
TMN, and aluminum oxide (Al;Os3), silicon dioxide (SiO2) and titanium dioxide
(TiOq) as the insulator material. Also different lossy metals such as titanium (T1),
platinum (Pt) and nickel (Ni) are used to compare the performance of metallic-
based and ceramic-based designs. This chapter is organized as follows: In the first
part of this chapter, a systematic modeling approach based on TMM is carried out
to reveal compatibility of permittivity data of TMCs and TMNs for broadband
perfect absorber designs. Afterwards, by conducting FDTD method is employed
to find the optimal geometries for each TiC/VC/TiN/VN and Al,O3 pairs in pla-
nar metal-dielectric-metal-dielectric (MDMD) configuration separately to obtain
the broadest attainable absorption spectrum. It is shown that TiC-Al,O3 pair
offers the best performance among these materials with an absorption BW as
wide as 1090 nm covering from 405 nm to 1495 nm with an average absorption
value of 0.95. This BW is not only significantly wider than TiN based multilayer
designs [74, 78], but also larger than that of the highest reported BW for a metal
based MDMD configuration, where a wavelength range of 400 nm-1400 nm was
absorbed utilizing the optimal case of a chromium(Cr)-SiO, multilayer configu-
ration [86]. Next, trapezoidal array structure is proposed as an option to increase
the absorption BW of the design. Geometries of the structure were optimized
in a similar fashion for each pair of TMCs/TMNs/metals and AlyO3 separately
when 3 MD-pair trapezoidal array structure is in use. VN-Al;Og3 pair offered the
strongest absorption profile with an amount above 0.9 in the wavelength range
from 300 nm to 2500 nm, with a BW of 2200 nm, which is much wider than the
BW of metallic designs. In addition, possible fabrication inaccuracies are consid-
ered, their possible effects are scrutinized and an alternative design is proposed to
preserve the same performance for trapezoidal array structure. Considering their
optical and thermal properties, TMCs and TMNs are excellent choices for ther-
mophotovoltaic and solar vapor generation applications where both high optical

absorption and long-term durability can be acquired.
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4.3 Theoretical Analysis

The schematic illustration of the first proposed multilayer structure is depicted in
Figure 4.1(a). According to this panel, the structure mainly consists of two MD
pairs, which are comprised of the same materials, stacked on top of each other.
The bottom metal layer is thick enough to act as a perfect mirror that reflects
all the light back into the cavity. The bottom insulator layer acts as a spacer
between the bottom and middle metal layers in order to create an MDM cavity.
The top insulator layer, added onto the MDM cavity, behaves like a broadband
antireflective coating to match air impedance to that of an underneath metal

layer.

In this design, the operational performance of the multilayer is mainly deter-
mined by the middle metal layer. The thickness and type of this metal have to
be selected in such a way that it should be thin enough to allow light penetration
into the cavity and it should be thick enough to trap the light inside of it. For
the starting point in designing the multilayer perfect absorber, we first adopted
a modeling approach to find the ideal material for the middle layer in which the
overall reflection from the MDMD structure is zero. To achieve this goal, the
TMM was carried out to find the overall reflection from the design. The gen-
eralized case of TMM, described in chapter 2, was adapted to a 4-layer MDMD
design. For the TM polarization, Hy in that structure becomes that

A;etkaz 4 Aref““‘z, z2<0
Dy1e'*D?* 4 Diye”"FD?, 0<z<Dp
Miiet*m(==Pp) 4 MllefithfDD), Dp <2< Dp+ Dy 1
H,(z) = ( )
Doy e"*DE=(PDFDMI] | Doye=thpl==(PD P, Dp+Dm <2<2Dp + Du
Maye*ME=@PDHDPRI 4 Moye=*M[z=CPDp+PRI . 9Dy + Dy < 2 < 2Dp + Dur + DR
Ate“*‘A[Z*@DDJrDR)]’ 2>2Dp + Dy + Dr

and applying the appropriate boundary conditions, reflection of the incident
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Figure 4.1: Designed structure and ideal material. Schematic illustration of
the proposed (a) multilayer structure and (b) setup to obtain ideal middle layer.
Part (c) depicts the contour plot for reflection value as a function of real and
imaginary parts of permittivity for a 10 nm ideal middle layer at the wavelength
of 1000 nm. Zero reflection point (ZRP) values and tolerable region for R < 0.1
for different middle layer thickness of (d) 5 nm, (e) 10 nm, and (f) 15 nm are

also displayed.

light from the structure can be obtained as R = |1€_E|2 Here, F' =
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and ki—a,p,m) = \/62—‘;’2 — k2 where c is the speed of light, A, D and M represents
air, dielectric and metal, respectively. Moreover, Dp, Dy, and Dy are the thick-
nesses of the dielectric, middle material and reflector layers, and ep and €\ are
permittivities of the dielectric and metal, respectively. As illustrated in Figure
4.1(b), the proposed structure has Pt (with a thickness of 100 nm) as the back
reflector material (i.e., thick bottom metal layer). It should be mentioned that
in this section our aim is to find the best middle layer and bottom layer is only
a reflecting coating. Therefore, in all cases, in this part, the Pt layer is kept
as bottom layer. Two identical Al;O3 layers with the same thickness of 80 nm
have sandwiched the middle ideal metal layer. For each wavelength, the real and
imaginary parts of permittivity of the ideal middle material are found in a way
that the overall reflection from the stack is zero. Figure 4.1(c) illustrates the
contour plot of the reflection (R) as a function of the real and imaginary parts
of permittivity for a 10 nm thick middle layer at the A = 1000nm. This plot
clearly shows a group of centric circles around the zero reflection point (ZRP)
where these circles radii get enlarged for larger values of R. Therefore, to be
able to retain reflection below R = 0.1, the permittivity values (real and imagi-
nary parts) for the middle layer should be located inside the R = 0.1 circle. To
gain a better insight, the values for ZRPs of an ideal metal with thicknesses of
Dy = 5nm, 10nm, 15nm are plotted at Figures 4.1(d-f), respectively. The error
bars are also utilized in these panels to define the range of values for the real
and imaginary parts of permittivity where the reflection stays below 0.1 (more
than 90 percent absorption). As these results illustrate, to have an ideal metal,
the real part of the middle layer permittivity should take small values around
zero (positive or negative) for A < 1000nm and this trend gradually grows to-
ward positive values for longer wavelengths. This is actually the main reason
that restricts the absorption capacity of metal based multilayer designs since, for
most of the metals, the real part of permittivity exponentially approaches large
negative values as we move toward longer wavelengths. However, the imaginary
part shows a relatively flatter response over the entire wavelength range except
the shorter wavelengths (A < 600nm) where the values start to gradually grow
from around zero to the flat response point. Moreover, comparing the extracted

values for different metal thickness shows that the ZRPs are larger for thinner
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Figure 4.2: Ideal permittivity region for perfect absorption. Comparison
between real and imaginary parts of permittivity between (a) Au and Cr, (b)
VN and TiN, and (c) VC and TiC and ideal case. The blue and red highlighted
regions are tolerable real and imaginary values for R < 0.1, respectively.

metal layers but at the same time the range of acceptable values for R < 0.1 is
much wider. The situation is vice versa for thicker ideal metal layers. Therefore,
to guarantee a reflection below 0.1, we need to choose our material in a way that

its permittivity values are within the proposed range.

Some nonstoichiometric ceramic materials including transition-metal carbides
and nitrides show high carrier concentration and demonstrate an optical perfor-
mance that is close to metals. However, in general, the real part of their permit-
tivities for these dielectric materials are more close to zero (at the negative side).
Therefore, it is expected that these materials can be an excellent option to replace
metal based multilayer absorbers. The comparison, on how well different metals,
carbides, and nitrides are matched to this ideal model, is presented in Figures
4.2(a~c). The blue and red highlighted areas are the set of tolerable values for the
real and imaginary parts of the permittivity of a 10 nm thick ideal material that
provide a reflection below R < 0.1. In this work, among other transition metal
nitrides, VN and TiN are chosen to be explored. In the case of carbides, VC
and TiC have been the choices of study. Figure 4.2(a) compares the permittivity
values for Cr and Au with the ideal case. The permittivity values of Au and
Cr have been obtained from CRC model. As it can be clearly seen, Au shows
very poor agreement for both real and imaginary parts while permittivity values
of Cr fairly meets the tolerable region for A\ < 1350nm. In fact, this mismatch

is raised from the real part of the permittivity not that of its imaginary part.
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These findings from modeling are in agreement with what was obtained from the
experimental results [86]. The results for the case of carbides and nitrides have
been also depicted in Figures 4.2(b-c). The permittivity values for these four
different materials have been taken from the works of Pfliiger et al. [87, 88]. In
the case of nitride based materials, the real part of permittivity for VN crosses
the border of the highlighted region in longer wavelengths compared to that of
TiN. Furthermore, while the imaginary part is entirely inside the filled area for
VN, it slightly stays out of the region for A < 750nm in the case of TiN. This
matching is the best for the case of transition metal carbide materials. Figure
4.2(c) points out the real and imaginary parts of permittivities of VC and TiC
retained within the range up to 1380 nm. These results clearly elucidate the fact
that transition metal carbides and nitrides are excellent choices to replace met-
als for perfect absorber applications. In addition to their unprecedented optical
behavior, these ceramic materials have superior thermal and chemical stability
and they are refractory materials with an extremely high melting point that is a
main factor to define the long-term stability of an absorber device. For example,
Cr has a melting point of 1907°C" while this value for TiC is 3160°C.

4.4 Designed Structure and Simulation Setup

To evaluate our modeling results, we conducted numerical simulations to find
the optimal configuration for each of the above materials. The role of different
thicknesses in the overall absorption capability of the stack was scrutinized in
the first step by employing numerical calculations using the commercial FDTD
software package (Lumerical FDTD Solutions). Throughout the simulations, the
propagation direction of incident light was fixed to be perpendicular to the xy
plane. A broad plane wave with a linear x-polarized E field was being utilized to
excite the unit cell and reflected (R) and transmitted (7") lights were recorded by
two frequency domain power monitors on two sides of the multilayer structure.
Periodic boundary conditions were also employed in the x— and y— directions,
while boundaries in the z direction were adopted as a PML. 1 nm sized mesh

was added to the related simulation region in both the z— and y—directions.
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Figure 4.3: Schematic illustration of the proposed trapezoidal MD pair
array design (a)Unit cell of the structure in 2D. (b) Perspective view of the
structure in 3D.

The refractive index data of the TMCs and TMNs is fitted using the ”Material
Explorer” tool of the FDTD Solutions. Using fit tolerance as 0.0001 and max
coefficients as 20, the materials were modeled closer to the material data in a

better function. The simulations were performed with this fitted model.

The 2D view of the planar MDMD array and 2D and 3D views of the designed
trapezoidal MD pairs array structure are illustrated in Figure 4.1(b) and Figure
4.3, respectively. They consist of alternating TMC (or TMN) and dielectric layers
and TMC (or TMN) substrate. While planar configuration has two parameters,
which are Dp and D), to be optimized, trapezoidal array configuration has four
parameters, which are Dp, Dy, side wall angle of the trapezoid design («), and
periodicity (P). Periodicity was kept at 250 nm and the geometries of the design
were optimized by altering other parameters for each TMC, TMN, and metal.
The main goal of this design is to cover the visible region and possible longest

wavelength with near unity absorption.

The trapezoidal structure does not have a fine tip, but a tapered top layer.
The width of the top layer is set by the side-wall angles, where the bottom width
of the trapezoid is the same as the P. The side wall angle can be calculated
from the equation of o = arctan g—ﬁ = arctan I’?—g where Ky and Kp are the half
of difference between bottom lengths of subsequent metallic and dielectric layers

(L4 is bottom length of dielectric layer, Ly is bottom length of upper metal layer,
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Figure 4.4: Parameter optimization of nitride materials The impact of (a)
dielectric thickness and (b) middle layer thickness in the absorption capability of
the multilayer and (c) average light absorption and normalized BW for different
material thickness in the case of VN multilayer. The impact of (d) dielectric
thickness and (e) middle layer thickness in absorption response of the multilayer
and (f) average absorption and normalized BW values for different TiN thickness.

and L¢ is bottom length of upper dielectric layer), as shown in Figure 4.3(a). To
be clear, if we call bottom and top width of a TMC/TMN layer as Ly and Lg,
respectively, and top width of the upper dielectric layer as L, mathematically,
Ky = #, Kp = % Ky and Kp values are different to keep the side-wall

angle constant since the thickness of the layers are different.

Absorption (A) was calculated using the equation of A =1 — R —T. Con-
sidering the fact that the bottom reflecting layer thickness is much thicker than
that of light skin depth at our operation frequencies, we can suppose T to be zero
(this has been verified during our simulations). Consequently, the absorption can

be found by the following simplified equation of A = 1 — R.
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Figure 4.5: Parameter optimization of nitride materials The impact of (a)
dielectric thickness and (b) middle layer thickness in absorption capability of
the multilayer and (c) average light absorption and normalized BW for different
material thickness in the case of VC multilayer. The impact of (d) dielectric
thickness and (e) middle layer thickness in absorption response of the multilayer
and (f) average absorption and normalized BW values for different TiC thickness.

4.5 Simulation Results & Discussion

4.5.1 In Planar MDMD Architecture

In planar MDMD configuration, we first optimized Dp in a way that the perfect
absorption covers the whole visible range for all of the cases. In other words, its
lower edge should be located at around 400 nm. During this optimization step,
Dy was fixed at 10 nm. Taking A = 0.9 as the BW threshold, we can also define
the upper edge of the regime. It should be noted that in all of the simulations
the configuration has four layers. The bottom layer was chosen to be the same
as the middle material coating with a thickness of 100 nm. Throughout this
section, Dp — D)y — Dp annotation was employed to refer to a configuration of
planar array (as an example, 75-10-75 means the dielectric layer thicknesses are

75 nm and the middle layer is 10 nm thick). Figures 4.4(a-c) show the results for
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VN absorbing layer. According to the Figure 4.4(a), to ensure complete visible
regime coverage, the thickness of the AlyO3 was fixed at 75 nm and to optimize
the absorption BW and strength, thickness of the metal was swept from 6 nm
to 16 nm, as shown in Figure 4.4(b). According to these panels, the largest
BW belongs to 75-10-75 configuration covering from 405 nm to 1375 nm with an
overall BW of 970 nm. To have a better qualitative comparison, the normalized
BW values for different metal thicknesses are presented in Figure 4.4(c). The
BW of the multilayer is decreased to 0.85 moving from the metal thickness of 10
nm to 16 nm. In addition to this, the average absorption over the corresponding
BW of each configuration is calculated and plotted in this figure. As it can be
clearly seen, the average absorptions for all the cases are above 0.96 which proves
a near unity absorption from this configuration. The corresponding results for
TiN case is also presented in Figures 4.4(d-f). Choosing the Al,O3 dielectric
layer thickness (Dp) as 75 nm, the best performance was attained in the material
thickness of Dp = 12nm in which a BW of 695 nm can be accomplished (400
nm-1095 nm). Using this number as a normalization factor, the BW drop trend
for thicker layers was also depicted in Fig 4(f). For this material, the average
absorption stays above 0.94 throughout its operation BW. These results are also
in line with our findings discussed in the modeling section. For instance, based
on our theoretical calculations, the imaginary part of permittivity of TiN stays
out of the R < 0.1 region for 500nm < A < 800nm. This can be confirmed by
our numerical simulations where a dip in the absorption spectrum was observed
in this wavelength range. Moreover, the fact that the absorption upper edge
was located at longer wavelengths in the case of VN is also predicted by Figure
4.2(b). It is noteworthy that the theoretical findings have assumed an Aly,O3
dielectric thickness of 80 nm while the results at Figure 4.4 are found for optimal
Dp thickness of 75 nm. The same systematic study was also carried out for
carbide materials. The optical behaviour for carbides is even better as shown in
Figures 4.5(a-f). For the case of VC, in the optimal configuration of 75-10-75,
the multilayer stack absorbs light over a broad wavelength regime of 415 nm-1480
nm that corresponds to a BW of 1065 nm. Similar to VC, TiC has also superior
light absorption capability, introducing absorption above 0.9 from 405 nm up to
1495 nm. In fact, the optimal multilayer configuration of 75-8-75 for TiC has the
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Figure 4.7: BW improvement with increasing number of pairs. The ab-
sorption spectra of 2 pairs (MDMD) and 3 pairs (MDMDMD) configurations for
the cases of (a) VN, (b) VC, and (c) TiC multilayers.

highest BW among all of the other choices with an average absorption above 0.95
throughout its BW, which is also wider than reported highest BW of metal based
MDMD designs, where a range from 400 nm to 1400 nm is absorbed utilizing the
Cr-SiO multilayer configuration [86].

To elucidate the mechanism of the absorption in this multilayer geometry,
a contour plot displaying the amount of absorbed light in different parts of a
multilayer for the optimal case of TiC is plotted in Figure 4.6(a). As it can be
clearly deduced from this panel, most of the light is concentrated in the middle
absorbing layer. This is an expected result taking the high absorption coefficient

of the nitride and carbide materials. Moreover, only a small portion of light in the
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lower wavelength values is absorbed using the bottom reflector layer. The oblique
angle absorption response of the multilayer design is also plotted in Figures 4.6(b-
c¢) for TM and TE polarization cases. As it is clearly illustrated in this figure,
when the light is incident at wider angles, both the upper and lower edges of
the absorption approach each other and, consequently, the absorption BW gets
smaller. This case is more pronounced in the case of TE polarized incident light.
However, in general, the absorber keeps its light absorption capability high over
all oblique angles. This shows that this structure is not only an ultra-broadband

absorber but also it shows a wide angle response over all incident angles.

Light absorption BW can be further extended utilizing larger number of MD
pairs. Figures 4.7(a-c) depict the absorption spectra for MDMD and MDMDMD
configurations for three optimal cases of VN, VC, and TiC. For both configura-
tions, the thicknesses of layers are chosen as their optimal values found in the
previous part. As Figure 4.7(a) shows, the absorption BW can be extended to
1685 nm using 3-pair multilayer architecture. An upper wavelength edge, as long
as 1715 nm, can be obtained by employing VC based MDMDMD configuration,
see Figure 4.7(b). BW extension is the largest for TiC where the absorption above
0.9 can be achieved in a wavelength range of 370 nm-1895 nm (Figure 4.7(c)).
These findings reveal the capability of these materials to absorb light in an ultra-
broadband regime where adding the number of pairs can extend the absorption
BW toward longer wavelengths. However, a better approach to achieve broadest
absorption response, while keeping the overall thickness the same, is to use ta-
pered multilayer designs instead of planar ones. Therefore, a trapezoidal array
structure comprised of 3 MD-pairs was designed and optimized for each TMC
and TMN material to present higher performance of metal-free ultra-broadband

perfect absorbers, and to reveal their superiority over commonly used metals.

4.5.2 In Trapezoidal Array Architecture

In the MD pairs based trapezoidal array structure, we initially attained a good

absorber using cursory parameters to understand the capability of the material
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Figure 4.8: Optimization process of TiC. (a) The impact of o when other
parameters are Dy = 35nm, Dp = 40nm. (b) The impact of the thickness of
the dielectric layer when other parameters are Dy = 35nm, a = 74.05°. (c) The
impact of the thickness of TiC layer when other parameters are Dp = 44nm, o =
74.05°.

in that geometrical shape. After the first set of results were obtained for each
material, they were optimized in order to obtain the broadest absorption band.
In all of the cases, we first optimized the side wall angle of the trapezoid since
a change in the optimal angle influences optimum values of the other parame-
ters. Then, Dp was optimized considering that perfect absorption (above 0.9) is
achieved in the visible region because Dp has a determining effect on the absorp-
tion at shorter wavelengths. Afterwards, D), was optimized to have the broadest
band. All of the structures were designed at the same period which is 250 nm.
The designed structure for different materials was optimized in a way that its
absorption spectrum fully covers the visible region and reaches to the possible
longest wavelength. It should be noted that all of the simulations were carried
out under TM polarized incident light. For TE polarization, absorption spectra

becomes different.

Figures 4.8(a-c) demonstrate the optimization process of the TiC. The first
result is obtained when Dy = 35nm, Dp = 40nm,a = 74.05° and then o, Dp
and D), were optimized, respectively. According to Figure 4.8(a), side wall angle
of the trapezoid can be chosen either 74.05° or 72.55° since their results are
above the 0.9 absorption. For o = 74.05°, absorption decreases to below 0.9 at
some wavelengths; however, it can be compensated with altering the thicknesses
of the dielectric and TiC layers. Considering the purpose of having the largest
BW, the a = 74.05° side wall angle has better performance compared to the
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Figure 4.10: Optimization process of TiN. (a) The impact of a« when other
parameters are Dy = 35nm, Dp = 60nm. (b) The impact of the thickness of
the dielectric layer when other parameters are Dy = 35nm, a = 75.58°. (c) The
impact of the thickness of TiC layer when other parameters are Dp = 60nm, o =
75.58°.

others. As shown in Figure 4.8(b), Dp has a significant effect on absorption
at shorter wavelengths but it is insignificant at longer wavelengths. To ensure
absorption is always higher than 0.9, this geometry is selected as 44 nm. A higher
value can be chosen to increase the absorption at the Vis region; however, this
causes a reduction on the BW. As shown in Figure 4.8(c), absorption stays above
0.9 and has the widest spectrum when Dj; = 35nm, which is the wavelength
range of 380-2240 nm. Similar to TiC, the corresponding results for VC are
shown in Figures 4.9(a-c). Its optimization process started with the parameters
of Dy = 33nm, Dp = 44nm,a = T74.74°. The values of o and Dp keep the
absorption sufficiently high from 0.9 and D,; = 33nm provides the broadest
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Figure 4.11: Optimization process of VN. (a) The impact of o when other
parameters are Dy = 36nm, Dp = 50nm. (b) The impact of the thickness of
the dielectric layer when other parameters are Dy = 36nm, a = 75.96°. (c) The
impact of the thickness of TiC layer when other parameters are Dp = 50nm, a =
75.96°.

absorption spectrum. Therefore, the best performance is attained with these

parameters in which absorption above 0.9 covers a range of 380-2290 nm.

In the case of TiN, the optimization process is shown in Figures 4.10(a-c). The
starting values were Dy = 35nm, Dp = 60nm,a = 75.58°. Since absorption is
not much below 0.9 at shorter wavelengths, o was not changed. To compensate
for the dip that occurred around 700 nm wavelength, the dielectric thickness
must be increased sufficiently. Dp = 60 nm is enough to keep absorption a little
higher than 0.9. It can be increased to guarantee that it does not fall below 0.9;
however, we kept it as 60 nm for the sake of broadest BW. Then, absorption above
0.9 in the wavelength range of 380-2265 nm is attained when Dy, = 35nm. As
demonstrated in Figures 4.11(a-c), VN performs superior light absorption than
other TMC&TMN materials. For parameters of Dy = 36nm, Dp = 50nm, o =
75.96°, the designed structure has absorptivity above 0.9 in the wavelength range
of 380-2500 nm, even more (we could not simulate longer wavelengths since we do
not have refractive index data of the materials). Although VN is not a commonly

used material, it is the only one that has such a performance with this design.

As the best performances of TMC&TMN materials are compared in Figure
4.12(a), VN shows the best performance (i.e., the broadest BW) in the trapezoidal
array configuration among TMCs&TMNs. Furthermore, the type of the dielectric

used in the design can also affect the absorption spectrum. Simulations were
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Figure 4.12: Comparison of the best performances of TMCs,TMNs and
metals. (a) Comparison of the largest absorption spectrum attained with TMC
(TiC, VC) and TMN (TiN, VN) materials. (b) The impact of the dielectric layer
type on absorption when VN is used. (c¢) Comparison of the best performances
of VN, Ti, Pt, and Ni.

repeated replacing AlyO3 with SiOs, and TiOs and results are plotted in Figure
4.12(b) when VN is used. TiO, has more absorption strength and can have a
longer spectrum if data of the materials would be available. Nevertheless, all

three of them satisfy the valid wavelength range, which is 380-2500 nm.

To have a comprehensive study on the potential of these ceramic materials
in the absorber design, the performance of the commonly used metals and VN
should be compared. VN has higher melting point and resistance to oxidation and
erosion compared to metals; however, its optical performance also has a crucial
importance. Similar simulations were repeated to find the optimal geometries for
each metal in trapezoidal array structure. As a result, while the optimal config-
uration of Ni with parameters of Dy = 32nm, Dp = 54nm, a = 72.65° exhibits
an absorption above 0.9 between 380-2070 nm, Pt with best parameters for the
optimum absorption Dy = 32nm, Dp = 50nm, a = 71.03° performs perfect ab-
sorption between 380-1990 nm and optimized Ti structure with parameters of
Dy = 33nm, Dp = 52nm, o = 74.75° shows perfect absorption in the wavelength
range of 380-2125 nm. Therefore, VN performs better absorptivity than all lossy
metals, as presented in Figure 4.12(c), besides being more durable to temper-
ature and oxidation. That makes it a perfect candidate for high temperature

broadband perfect absorber applications.

In order to understand how and where electromagnetic waves are absorbed
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Figure 4.13: Electric and Magnetic Field Distributions. Magnitude square
of E field distribution when (a) wavelength is 684 nm, (b) wavelength is 1350
nm, (c) wavelength is 2500 nm. Magnitude square of H field distribution when
(d) wavelength is 684 nm, (e) wavelength is 1350 nm, (f) wavelength is 2500 nm.
Absorbed power distribution when (g) wavelength is 684 nm, (h) wavelength is
1350 nm, (i) wavelength is 2500 nm.

by the designed perfect absorber, we examined the electric and magnetic field
distributions and absorbed power profiles at several wavelengths throughout the
absorption spectrum. Electric fields are mainly localized at the edges of metallic
and dielectric layers and in the air gaps around metal, as shown in Figures 4.13(a-
c). While the electric field is mostly localized near the top of the trapezoid at
684 nm wavelength, it is concentrated at each metal-dielectric cross-section and
increased toward the bottom at 1350 nm, and it is mostly localized at the bottom
of the trapezoid in the air gap when the wavelength is 2500 nm. As it is inferred

from Figures 4.13(a-c), electric field strength is improved with longer wavelengths
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and the localization region moves toward the bottom of the trapezoid. Contrary
to the electric field, the magnetic field is localized between metallic layers, namely
inside the dielectric, as shown in Figures 4.13(d-f). When the wavelength is 684
nm, the magnetic field is mainly localized in the air (just above the top metallic
layer) and a part of it is localized at the boundary of dielectric and metal in the
middle. Figures 4.13(e-f) demonstrate that the magnetic field is localized inside
the structure in dielectrics as the wavelength becomes longer. Similar to the
electric field, the magnetic field gets stronger and localized near the bottom of
the structure as the wavelength becomes longer. Absorbed power at these three
wavelengths, shown in Figures 4.13(g-1), reveals a confinement profile in parallel
to fields. While electromagnetic waves with shorter wavelengths are absorbed by
the top portion of the structure, longer wavelengths are absorbed with increasing
strength at the air gaps between bottom parts of the trapezoids. Therefore, in
this tapered design, in every wavelength range, the active region of the absorber
changes. The superposition of these responses leads to such ultra-broadband light
perfect absorption. We can deduce here that if the number of VN-Al,O3 pairs is

increased, this structure can absorb even longer wavelengths.

Fabrication Considerations

Another important feature that should be considered in this design is its fabrica-
tion considerations. In this part, we will present some possible fabrication errors,
their effects on the results and alternative solutions to compensate their negative

effects and to obtain the same performance as mentioned before.

The first possible problem is difficulties in achieving adjacent trapezoids (with
zero spacing) in a periodic fashion. The existence of a space may be unavoidable
depending on the fabrication route used. The modified structure considering
this factor and the resulting absorption spectrum are shown in Figures 4.14(a-b).
Longer wavelengths cannot be absorbed perfectly anymore and absorption BW
gets significantly narrower. This is due to the fact that a part of the incident light

fully reflects from these spacing regions. To compensate for the disadvantage of
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Figure 4.14: Possible problems encountered in fabrication. (a) The new
3D view of the structure if space is left between trapezoids. (b) Resulting ab-
sorption spectrum if space is left between trapezoids. (c) Proposed new design
to compensate fabrication error and obtain the same result as before. (d) Op-
timization of m. (e) Optimization of d. (f) Absorption spectrum while space
left between trapezoids is changed from 0 to 100 nm when the designed MDM is
present under the trapezoidal structure.

fabrication feasibilities, we proposed a new design to replace the substrate with an
MDM design which is composed of the same dielectric and material (i.e., Al,O3
and VN), as shown in Figure 4.14(c). The MDM layer was designed for the case
when 50 nm space is left between the adjacent trapezoids. The optimization
process of geometries of the MDM structure is shown in Figures 4.14(d-e). The
bottom thick VN layer was chosen as 100 nm and the dielectric and thin VN
layers were optimized one by one. At first, the dielectric layer was fixed to 100
nm and the thickness of the upper layer was swept from 5 nm to 30 nm. As shown
in Figure 4.14(d), many of them result in absorption above 0.9, so we chose 10 nm
to have the largest BW and tolerance to fabrication errors. Then, VN thickness
was fixed to 10 nm and the dielectric thickness was swept from 80 nm to 120 nm.
As shown in Figure 4.14(e), all of them again satisfy the requirements. Increasing
the dielectric thickness gives a rise in absorption in longer wavelengths; however,

causes fall in shorter wavelengths. To have a tolerance in both ways, we chose
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Figure 4.15: Effect of side-wall angle error on absorption spectrum (a) 2D
view of the structure if one side-wall is not fabricated correctly. (b) Absorption
spectrum if one side-wall is steeper than expected. (c) Absorption spectrum if
one side-wall is less steep than expected.

a 100 nm thick dielectric layer. The resulting absorption spectrum of the design
for different spaces between trapezoids is demonstrated in Figure 4.14(f). Thus,
if the fabrication of designed ceramic-based trapezoidal array does not function
as simulated due to fabrication limitations, adding a simple MDM layer increases

its performance back into the desired levels or even better.

Side-wall angles of the trapezoid are hard to fabricate exactly as expected.
Having tolerance for that is a precious property. We examined the effects of
fabricating different side-wall angles on the absorption strength and spectrum.
One of the side walls was drawn as planned in the optimal configuration, which
is a = 75.96° for VN, and the angle of the other wall was selected as higher
and smaller values. In other words, the symmetric design of the trapezoids was
distorted to an asymmetric one. The primitive shape of this error is shown
in Figure 4.15(a). When one wall becomes steeper than optimal configuration,
problems with shorter wavelengths occur, as shown in Figure 4.15(b). While
the absorption strength is increased in the NIR region, it decreases below 0.9 in
the visible region. When one side-wall angle becomes less than expected, while
absorption in the visible region is increased, absorption at longer wavelengths
decreases but still stays above 0.9, as shown in Figure 4.15(c). Therefore, the
side wall angle has 2° tolerance for bigger angles and 4° tolerance for smaller
angles when one wall is produced as planned. Even if the angle is distorted more,

bigger or smaller, in both cases the absorption stays above 0.85.
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Chapter 5

Simultaneous Realization of
Visible and Near-infrared
Ultra-broadband Absorber and
Ultra-High Sensitive
Mid-infrared Refractive Index
Sensor Using Lithography-Free

Random Bismuth Nanostructures

This chapter is based on the submission ”Simultaneous Realization of Visible and
Near-infrared Ultra-broadband Absorber and Ultra-High Sensitive Mid-infrared
Refractive Index Sensor Using Lithography-Free Random Bismuth Nanostruc-
tures” to Advanced Optical Materials journal of Wiley.
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5.1 Preface to Broadband and Narrowband Per-
fect Absorber Designs

As explained in ”Preface to Broadband Perfect Absorber Designs” section of
Chapter 4, metamaterials, which have exotic properties that cannot be observed
in natural materials, are of great interest in designing high performance light ab-
sorbers utilizing subwavelength geometries and designs. Many application areas
such as sensing [42], spectroscopy [43], photovoltaic [22], thermal photovoltaic
[24] and photodetection [44] require high performance perfect absorbers. For this
purpose, several designs were developed in various shapes, sizes and architectures
to attain narrowband and broadband perfect absorbers. Landy et al. proposed
perfect absorber based on a metallic split ring resonator [13]. Wen et al. im-
proved the absorption profile of this design [89]; however, their proposed designs
were limited to a narrow operating wavelength, absorbing a small fraction of the
solar irradiation due to lack of any trapping mechanism. Light confinement inside
the structure was achieved introducing a new architecture which is MIM cavity
design. This configuration is based on the cancellation of upward and down-
ward moving lights between two metallic layers. Aydin et al. designed an MIM
structure whose top layer was comprised of crossed trapezoid array with sub-
wavelength thickness, and attained average 0.71 absorption in the range of 400
nm-700 nm [55]. In the light of this work, many broadband perfect light absorbers
with larger bandwidth and stronger absorptivity were designed by changing the
top layer pattern and structure geometries. Nanodiscs [46, 90, 60, 54], nanor-
ings [61] and nanopatches [57, 58, 50, 59] are some examples of choices as top
layer pattern in the literature. However, these designs have a complex fabrica-
tion route and they are not large scale compatible, because they require EBL
for realization of the top nano unit layer. Mattiucci et al. theoretically and ex-
perimentally proved that planar MI pairs can be used to obtain ultra-broadband
perfect light absorber, and adding new MI-pair extends the absorption spectrum
toward longer wavelengths [63]. Many multilayer planar structures were designed
and fabricated using this fact [65, 53, 91, 92]. Ghobadi et al. proposed a planar

two MI-pair structure composed of Pt and Al,O3 which yields absorption above
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0.9 in the range of 400 nm-1490 nm [64]. Although this architecture provides
lithography-free fabrication route and broadband response, the absorbed power
is not accessible due to being confined mostly in the middle metallic layer. Also,
depositions require high precision because 1-2 nm changes in the thickness of the

metallic layer have a significant effect on the absorption performance.

Recent studies demonstrated that randomly distributed and disordered struc-
tures can have on par performance with periodically ordered structures [93, 94,
95, 96, 97, 98, 99, 100], or even surpass them. Hedayati et al. proposed an
MIM structure whose top metallic layer is neither planar nor patterned layer but
randomly distributed nanocomposites. A black sample with broadband perfect
absorption above 0.9 in the range of 400 nm-700 nm was attained experimentally
[101]. They also produced the first broadband perfect absorber by using copper
(Cu) and nanocomposites made of Cu utilizing sputtering and evaporation tech-
niques which has absorption above 0.9 in the range of 300 nm - 700 nm [102].
Although fabrication process of this work is straightforward, BW of the absorber
is significantly limited. Ghobadi et al. demonstrated an ultra-broadband perfect
absorber which has absorption 0.97 on average in the range of 300 nm-1100 nm
using randomly oriented and densely packed dielectric scaffold metallic nanowires
fabricated using chemical vapor deposition (CVD) technique [64]. Bae et al. de-
signed a flexible thin-film black gold triangular prism coated around dielectric
scaffold to attain absorption above 0.9 in the range from 400 nm to 2500 nm
[103]. Chemical processes such as wet etching is utilized to widen the pores and
to extract periodically distributed dielectric triangular prisms at desired geome-
tries by controlling the etching time and temperature; however, fabrication of
these kind of structures are challenging because all fabrication parameters have
to be adjusted precisely during the entire process [104, 105]. As an alterna-
tive to chemical processes, Jen et al. used oblique-angle deposition approach
with e-beam evaporation technique to fabricate densely packed Al - silver (Ag)
nanohelices [106]. Although they attained absorption above 0.8 in the range of
400 nm-2000 nm, their fabrication includes many steps and complexity due to
controlling many parameters, such as substrate spin rates, radius of curvatures,

pitch lengths.
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On the other hand, some studies intend to design narrowband absorbers which
have an absorption peak at single resonance wavelength, contrary to broadband
absorbers. Many different nanopattern configurations were employed for achiev-
ing high-sensitivity narrowband absorbers [45, 107, 108, 109, 110, 111, 112, 113,
114, 115, 116, 117]. Liu et al. designed an MIM nanodisc narrowband perfect
absorber with sensitivity of 400 nm/refractive index unit (RIU) [45]. They also
developed a planar metamaterial which has cut-out structures in a thin gold film
as analogue of an optically bright dipole antenna and an optically dark quadrupole
antenna [107]. This metamaterial sensor based on coupling effects experimentally
yields a sensitivity of 588 nm/RIU. Lee et al. designed a 7x7 gold nanoslit arrays
on a glass substrate which demonstrates sensitivity of 668 nm/RIU [110]. Di
Meo et al. designed a polarization insensitive cross-shaped plasmonic nanoan-
tennas based chemical sensor with a sensitivity of 600 nm/RIU [111]. Yong et
al. theoretically proposed a unit-cell with four very close cylindrical nanodiscs
MM architecture which can operate as a refractive index sensor with a sensitivity
of 885 nm/RIU [112]. Pang et al. designed a nanohole array surface plasmon
resonance (SPR) biosensor which can reach to 1520 nm/RIU sensitivity for cer-
tain cases [113]. Jin et al. demonstrated a highly sensitive integrated optical
biosensor based on two cascaded micro-rings resonator with sensitivity of 1300
nm/RIU [114].

5.2 Motivation and Novelty

In this work, we propose a facile fabrication route to realize single Bismuth (Bi)
metal nanostructure based, lithography-free double functional design which has
ultra-broadband absorption in the Vis and NIR regimes, and narrowband absorp-
tion in MIR regime. The designed structure is a metal-metal (MM) configuration,
which comprises of a thick planar bottom layer to ensure zero transmission and
a layer of disordered and densely packed nanorods. We utilize FDTD method to
investigate the impact of parameters on the absorption spectra of the design, light
confinement mechanism inside the structure and superiority of Bi over other met-

als. To explain compatibility of Bi to broadband absorber designs, a systematic

46



modeling approach is conducted. TMM is carried out to find the ideal permittiv-
ity region of the top layer upon a thick metallic substrate for perfect absorption,
and Bruggeman’s EMT is used to predict the effective permittivity of the metal
nanorod-air composition for different metals such as Ni, Cr, gold (Au), tungsten
(W) and Bi. It is shown that extraordinary optical properties of Bi provides
perfect absorption with the widest BW in Vis and NIR ranges. A simple and
lithography-free fabrication route is followed using thermal evaporator technique.
Oblique-angle deposition approach is utilized to produce disordered and densely
packed nanorods using the self-shadowing effe