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ABSTRACT

Efficient absorption of light is required for a large number of applications such as thermo-photovoltaics,
thermal imaging, bio-sensing, thermal emitters, astronomy, and stealth technology. Strong light ab-
sorbers found in nature with high intrinsic losses such as carbon black, metal-black, and carbon
nano-tubes etc. are bulky, not design-tunable and are hard to pattern for micro- and nano- devices.
We developed thin-film, high performance absorbers in the visible, near-, mid-, long-wave - and

far-IR region based on a 3 layer metal-dielectric-metal (MDM) structure.

We fabricated a 3-layer MDM absorber with large band-widths in the visible and near IR
spectral range without any lithographic patterning. This was the first demonstration in the optical
range of the Salisbury Screen, which was originally invented for radar absorption. A Fabry-Perot
cavity model depending on the thickness of the dielectric, but also the effective permittivity of the

semi-transparent top metal gives calculated spectra that agree well with experiment.

Secondly, we fabricated long-wave IR and far-IR MDM absorbers comprising surface
patterns of periodic metal squares on the dielectric layer. Strong absorption in multiple bands were
obtained, and these depended weakly on polarization and angle of incidence. Though such ab-
sorbers had been extensively studied by electrodynamic simulations and experiment in the visible
to far- R regions, there existed no analytic model that could accurately predict the wavelengths of
the multiple resonances. We developed a theoretical model for these absorbers based on standing-
wave resonances, which accurately predicts resonance wavelengths for experiment and simulation
for the first time. Unlike metamaterial theories our model does not depend on the periodicity of
the squares but only on their lateral dimension and the thickness of the dielectric. This feature is

confirmed by synchrotron-based IR spectral imaging microscopy of single isolated squares.
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CHAPTER 1: INTRODUCTION

Absorption of light or electro-magnetic (EM) radiation is highly desired for several applications.
Light is a form of energy. The energy of light is quantized and each quantum is called a photon. The
energy of a photon is given by E = hv, where h and v are Planck’s constant and frequency of light,
respectively. The photon-energy in taken up by the absorber in the form of electronic-excitations
and eventually transformed into thermal energy. Efficient absorbption of light is essential for
several applications such as solar photovoltaics [1, 2] and thermovoltaics [3, 4], thermal imaging
[5, 6], radar-absorbent material (RAM) used in stealth technology [7, 8], sensing [9, 10], and IR
emitters [11, 12]. Strong light absorbers found in nature with high intrinsic losses such as carbon
black, metal-black, and carbon nano-tubes etc. are bulky, and are hard to pattern for micro- and
nano- devices. Also, their applications are limited because of lack of tunability [13]. In lower
wavelength regions of EM spectrum, (long-wave-IR and terahertz (THz)) there is no effiecient EM
absorber materials. Especially, imaging in terahertz is tricky because of lack of easily accessible
electromagnetic responses from naturally occurring materials. Therefore, there is a great demand

for thin-film, high performance absorbers for advanced micro/nano level detectors and sensors.

The attenuation of light in an absorbing medium is related to the thickness and attenua-

tion constant, o of the medium according to Beer Lambart’s law is given by,

T=e, (1.1)

where T is the normalized transmission, and ¢ is the thickness of the medium, and o« = 47wk/\,
where « is the imaginary part of the refractive index of the absorbing medium and ) is the free

space wavelength of light. To find the absorption in the medium it is important to know the re-



flection of light from the surface of the medium. Reflectance of light from a absorbing medium of
complex refractive index 1o = ny + ko on normal incidence from another medium 7, = ny + ik

is given by Freshnel’s law,

- )
R |m 12
niy + No
Thus, normalized absorption or absorptance from a medium is given by,
A=1-R-T, (1.3)

assuming that scattering is negligible for the medium. Eq.(1.3) shows that it is important to reduce
reflection to achieve perfect absorption. Eq.(1.1) suggests that, for a material, the higher the ex-
tinction coefficient (k), the higher the absorption. But, at the same time, higher value of x increases

the Freshnel’s reflection(Eq.1.2) which reduces the absorption of light.

1.1 Plasmonic Absorbers

Absorption of light involves excitation of electrons to higher energy states. Metals have large
number of free electrons, and hence, can be highly lossy. In normal conditions (e.q. simple case of
incidence from a smooth surface), absorption of metal is limited by it’s high reflectance (Eq.(1.3)).
In 1902, Wood reported the anomalous dips in the reflectance spectra of metallic gratings under
illumination of visible light [14]. It was demonstrated later that such absorptions are mainly due to
excitation of surface plasmon polaritons (SPP). SPPs are coherent delocalized electron oscillations
on the interface of a dielectric and a metal which travel along the interface. The dispersion relation

of SPP is given by [15],



EdEm,
kspp = ko[ —"—, (1.4)
Ed T Em

where kg = 27/)¢ is the free space wave-vector of light, ¢, and ¢, are dielectric permittivity
of the dielectric and the metal, respectively. Absorbed energy in this case dissipates into heat if
otherwise channeled-out or out-coupled. SPPs cannot be excited directly by incidence of light; it
requires a prism, or a grating. In case of excitation by gratings, wavelength of absorption depends

on the period of the gratings and angle of incidence [15] as given by,
‘ 2m
kspp = kosind + m—, m =1,2,3.. (1.5)
a

, where 6 is the angle of incidence and a is the period of gratings. One can show that, such modes
can only be excited in case of TM polarization [16]. Periodic plasmonic structures show sharp and
strong resonance absorption because of excitation of SPP modes and has been widely studied both
theoretically and experimentally in metallic gratings [17-21]. But the problem with these absorbers

is that they are highly sensitive to angle of incidence and highly polarization dependent(Eq.1.5).

1.2 Fabry-Perot Type Absorbers

In 1952, W. W. Salisbury invented a triple-layer structure composed of conductor-dielectric-conductor
at radio wavelengths which absorbs EM radiation in multiple bands [22]. Also known as Salisbury
Screen, it has been used to reduce radar cross-sections for military applications [22,23]. The
resonant absorption in such absorber occurs in multiple bands because of light trapping in the
Fabry-Perot cavity formed in the conductor-dielectric-conductor structure. The resonance wave-
length depends on the thicknesses of the dielectric spacer. The condition of destructive interference

of light from the top and the bottom conductor gives rise to zero reflection. This is the same con-



dition as for resonant light trapping with multiple reflections inside the dielectric of a Fabry-Perot
cavity. The trapped energy is consumed by losses in the three media, where the dissipated energy
density is proportional to the frequency, to the imaginary part of the permittivity, and to the square
of the amplitude of the electric field [24]. For such structures, the fundamental absorption band
occurs at A = 4nt, where n and ¢ are the refractive index and the thickness of the dielectric, respec-
tively. This mechanism has been investigated theoretially by Shu et. al. in the visible and near-IR
regions [25]. However, the absorption band obtained by this mechanism is angle dependent and

structures are limited to a minimal thickness of one-quarter wavelength.

1.3 Metamaterial Absorbers

Artificially engineered materials or metamaterials have exotic properties not yet been found in
nature [26-29]. A repeating patterns of conducting structures of sub-wavelength size can act as
an effective medium with effective permittivity, €.y and effective permeability, ji.¢; not seen in
ordinary materials. In conventional materials, material properties derive from their constituent
atoms. Metamaterials acquire it’s properties from their constituent units. Structure size, geometry

and periodicity mainly determines the properties of the metamaterials.

One of the most interesting of such material is negative index metamaterials (NIM)
[26,28-30]. NIMs have potential use in creation of superlens which can significantly improve the
optical resolution beyond diffraction limit [31]. The idea of negative refractive index, —n was first
introduced in 1968 by Victor Veselago with simultaneous negative values of permittivity, € and
permeability, 1 [26]. He showed that if € and . are negative simultaneously, Maxwell’s equations

forces us to choose a negative square root for n,



n = —\/le, e<0,pu<0. (1.6)

In metals, Real(¢) < 0. It was shown that the effective permittivity can be obtained in the form of
Drude model in arrays of wires in much lower frequency regions than the plasma frequency of the

metal as [29,32,33],

2 2
ep — Weo

. ;
w? — w2y + iYeow

ew)=1- i

(1.7)

where w,,, is the electric plasma frequency, w, is the restoring or binding frequency and ~ is the
damping constant. In 2000 Smith et al., experimentally demonstrated that it is possible to obtain
negative effective permeability [28] in artificially structures materials. Periodic split ring resonator
(SRR) structures much smaller than the wavelength was used to achieve negative fi.rs. Similar
to the dielectric permitivity in metals, effective magnetic permeability can be obtained in form of

Drude model [28,29,33],

w2 —w2

-1 mp mo , 1.8
#w) w? — w2 + iYmow (1.8

where w,,,, is the magnetic plasma frequency, w, is the restoring or binding frequency and ~ is
the damping constant. By carefully choosing periodic structure parameters it is possible to achieve
simultaneous negative permittivity and permeability for metamaterials to give negative refractive
index [28]. Currently, metamaterial is a very popular topic of research for potentail use in diverse
applications including antenas [34], absorbers [35], cloaking devices [36,37], superlens [31], spoof

plasmons [38,39], and with many more to be surely discovered in the future.



Metamaterials are lossy because of the complex permittivity and permeability. This
lossy nature of metamaterial has been exploited to achieve near perfect absorption. Landy et al.,
in 2008 demonstrated that by tailoring independent electric and magnetic response in engineered
materials, perfect absorption can be achieved [35]. In their work, periodic arrays of ring resonators
and cut wires were used to achieve an effective medium characterized by ¢ = ¢’ 4 i¢” and 1 =
i1+ ip” so that perfect absorption can be achieved when relative impedance, z = \/r/s is equal
to unity (free space impedance). By this mechanism of impedance matching it is possible to
obtain zero reflection which is not easily achieved with naturally occuring materials. These type
of absorbers are commonly called as metamaterial perfect absorbers (MPA). Motivated by work
of Landy et al., MPAs were demonstrated with up to 99% absorption in the UV [40], visible [33],
near-IR [9,41,42], mid-IR [11,12,43], LWIR [40], terahertz [5, 35,44] and gigahertz frequencies
[45,46]. One of the most interesting characteristics of metamaterial absorber is that it is much
thinner than the resonance wavelength. For example, MPAs have been shown as thin as A\/40 [45],
M67T [43] and M\/69 [46]. Polarization independent and wide-angle absorption bands are achieved
for such absorbers [9,11,33,41,42]. Such properties make metamaterial absorbers useful for many
applications such as solar photovoltaics [1,2] and thermovoltaics [3, 4], thermal imaging [5, 6],
radar-absorbent material (RAM) used in stealth technology [7, 8], sensing [9, 10], and IR emitters

[11,12].



Figure 1.1: Metamaterial absorber with FSS of periodic squares of metal at the top, a dielectric

spacer in the middle and a optically thick metal ground plane on a Si or glass substrate.

MPAs typically consists of 3 layers which are a frequency selective surface (FSS) of
periodic sub-wavelength structues made of metal on the top, a dielectric spacer in the middle
and a metallic ground plane on a suitable substrate. MPAs can be divided in to two categories
on basis of FSS structures; 1) MPA with FSS of split ring resonators (SRR), and 2) MPA with
FSS of squares/rectangles/circles. FSS of MPA with SRR has been popular mainly in the gi-
gahertz(GHz) and terahertz (THz) range. However, in the visible, near- and far-IR, fabrication
of SRR structures by lithography becomes difficult. Hence, simpler FSS structures like period
squares/rectangles/circles have been adopted in higher frequency regions. Fig.1.3 shows a MPA

with FSS of periodic squares.

1.4 Motivation

One of the main objective of our research is fabrication of CMOS compatible absorbers which can

be used for applications such as uncooled thermal detectors. Uncooled thermal detectors sense



heat in form of change in resistivity (bolometric detector) or electric polarization (pyroelectric
detector) of the detector element because of heat induced by radiation. Since, MPAs strongly
absorp radiation, sensitivity of such detectors can be greatly improved by using MPA as coating

for the detector elements.

Uncooled infrared detectors have recently gained wide attention for infrared imaging
application, due to their several advantages such as low costs of fabrication, low weight, low
power consumption, extended spectral response, and long-lasting operating capacity [47—49]. Mi-
crobolometers are most extensively used in uncooled infrared detectors because of their CMOS
compatible processing. They are easy to be monolithically integrated with CMOS circuitry which
has advantage of lower manufacturing costs. Thus, for using MPAs as the coating for such detec-
tor, it has to be CMOS compatible. Since, time constant of a thermal camera is greatly effected by

the thermal mass of the detector element, the absorber needs to be thin.

MPAs absorb radiation on basis of resonance which typically has bandwidth less than
12% of the center frequency [50]. For extended spectral response for thermal detectors wide-band
absorption is required. Although thin MPAs are demonstrated with strong absorption, success in

experimental realization of wide-band absorption is not significant.

We work on developement of a CMOS compatible highly efficient thin absorbers in
the near-, long-wave- and far-IR (THz) region which produce wide-band, polarization and angle

independent absorption bands.

It is found that the physics of MPA is much challenging as it involves sub-wavelength
structures. Although effective medium theory of MPA based on magnetic resonances is commonly
known in the scientific community, alternative theories exist such as interference theory and planar
wave-guide model which deny magnetic resonances. On the other hand, most of the theoretical

work in MPA is based on numerical simulations [5, 11,35,44,51,52]. There is hardy any report



with analytical theory to calculate dependence of resonance on size, periodicity of FSS or thick-
ness of dielectric spacer. We work on development of an analytical model of such absorbers to
quantitatively calculate resonance characteristics such as resonance wavelengths and line-shapes

for the absorption bands.



CHAPTER 2: THEORETICAL BACKGROUND

In this chapter, we briefly present theories involved in our work. We discuss different models of ef-
fective medium theory such as Maxwell-Garnett approach and Bruggeman approach. Bruggeman
approach is used in our work for calculation of effective dielectric permittivity of discontinuous
nano-structured gold thin films. Since we work on development of a theoretical model to explain
absorption mechanism of metamaterial absorbers, we also discuss here some of the existing models
of such absorbption. Since geometrical optics does not work well for sub-wavelength structures,
computational electrodynamics is used widely. Finite difference time domain (FDTD) method is
commonly used for study of electrodynamics of metamaterial absorbers. FDTD simulations are
performed in our work using commercially available software FDTD Solutions 8.9 - Lumerical

Solutions, Inc. We also briefly discuss the basic principles of FDTD method in this chapter.

2.1 Effective Medium Theory

Effective medium theory (EMT) (or effective medium approximation (EMA)) is the theory to find
macroscopic properties of a mixture of materials. A composite medium can be considered to be
homogeneous when the observation scale is sufficiently large (homogeneity is much smaller than
the wavelength of light). EMT calculates macroscopic behavior such as conductivity, permittivity,
and permeability of heterogeneous materials (composites) from the information of the properties
of each medium composing the mixture as well as proportions, and shapes. Maxwell-Garnett
(MG) [53] and Bruggeman theory [54,55] are two widely used effective medium formalisms for
calculating effective permittivity. Below we discus derivation of both the models starting with a

first order approximation using classical Clausius-Mossotti eqaution.
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2.1.1 2-Phase Media

A first order approximation of effective permittivity for a two component medium can be derived
from classical Clausius-Mossotti equation. Clausius-Mossotti equation describes the dielctic con-

stant of an isotropic and homogenous medium as,
————— = —Na(w), 2.1

where a(w) is the polarizability and NN is the number of dipoles per unit volume of a single mi-
croscopic constituent. For a two phase medium with polarizabilities (o, o) and volume dipole

densities, (/V,, V) the effective dielectric constant can be derived from eq.(2.1) as,

Eeprw) —1 _4m
W = 3 [NaOéa<W) + NbOfb(CL))] (22)

Now, using eq.(2.1) in eq.(2.2), we get the effective medium of a two component system given by,

eb(w) —1

eeff(w) -1 _ f z—:a(w) —1
¢ €b(w) +2’

5eff(w) + 2 (23)

+ Jo

where f; = N;/(N, + N,) denotes the volume fraction of ith component. Eq.(2.3) can be used to

calculate effective permittivity of a composite medium of nano-structured material.
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Figure 2.1: Schematic diagrams of 2-pahse (a) dilute system of spherical nano-particles embedded

in a host material (Maxwell Garnett system), (b) connected nano-structures (Bruggeman system)

2.1.2 Maxwell-Garnet Theory

Fig. 2.1.arepresents a two phase medium with spherical nano-particles dispersed in a host medium.
The ideal case for Maxwell-Garnett (MG) theory is such a system of spherical nanoparticles of
metal, insulator or semiconductor of sizes much smaller than the wavelength of light [53]. MG
approximation regime is limited to a relatively dilute system, i.e., the volume fraction of the nano-
particles is relatively low f << 1. For such a medium of spherical nano-particles of permittivity,
g; with volume fraction, f; in a host medium of permittivity, ¢, , the effective permittivity of can

be derived from eq. 2.3 by replacing vacuum permittivity by the host permittivity as given below,

corr(w) —en(w)  , &i(w) —en(w)
Eers(W) +2en(w) I, w) + 2e(w). (2.4)
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Eq. 2.4 can be further simplified to get,

gi(w) —en(w)

ei(w) + 2e,(w) — filei(w) — en(w)). (2.5)

Eeff(w) = en(w) + 3fien(w)

MG model is successful in explaining colors seen in liquids or glasses when metal nano-particles
are dispersed in it [53]. It is reported that the upper limit of f for good agreement of theory and
experiments is f ~ 0.1 [56]. When the volume fraction is high, the system behaves non-linearly
because of interactions of nearby nano-particles. MG model fails for such system as it assumes

that the nano-particles are non interacting.

2.1.3 Bruggeman Theory

The disadvantage of MG formalism is that it does not work for systems with higher volume frac-
tions. This is because with increase in volume fraction, the near-field interactions of adjacent
electric dipoles in the nano-particles becomes stronger. That is, the dipoles can not be considered
as isolated anymore. Bruggeman solved this problem by assuming that for a two phase effective
medium both the host and the inclusions are embedded in the effective medium itself [54]. Eq.
2.3 can be used to derive the effective permittivity (e.s¢) for this condition by replacing the vac-
uum permittivity (which is =1) with .4 itself. This gives a symmetric function for the effective

permittivity which is given by,

Ea(w) — Eepp(w) ep(w) — eeppw)
faea(w) + 2e.1f(w) + bsb(w) + 2e0p(W) 0 (2.6)

where index a,b denotes the two components in the medium. The effective permittivity of the

medium is invariant with interchange in the components. One major advangatge of Bruggeman
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theory is that it can be applied to randomly oriented nano-structures unlike MG formalism (Fig.

2.1.b). Zeng et al. [55], further generalized MG formalism to different shapes of inclusion given

by,
a(W) — Eepp(w) I, ep(w) — eer(w)
a(w) + glea(w) — ccfr(W)] ep(w) + glep(w) — ecpr(w)]

Ja =0; 2.7)

where g 1s a geometric factor which is 1/3 for spherical particles and 1/2 for circular discs. Eq.(2.7)

has two roots for €. ;s (w) given by,

)+ \/ ) +4g(1lg)ea(w)ep(w)
Fear = 21—@

(2.8)

The sign of the roots depend on f;, frequency (w) and ¢; of the system. Positive or negative root
can be chosen based on physically reasonable conditions. We use Bruggeman theory to find the
effective permittivity of thin discontinuous gold films similar to fig. 2.1.b used in fabrication of

our devices.

2.2 Metamaterial Absorbers

Explanations for the resonant absorption in MPA are varied. Some adopt a metamaterials approach,
where as usual for macroscopic electromagnetics permeablility describes the spatially averaged
surface, and strong dispersion due to magnetic resonances creates a surface impedance to match
that of free space [35, 50, 57-62]. Both permittivity and permeability are complex with strong
dispersion that depends on geometry. The design can be tuned such that the surface impedance
matches that of free space at any desired wavelength for minimum reflectivity. This occurs when
permittivity equals permeability. Frequency selective surface (FSS) structure of the absorber can

be designed to achieve polarization independent resonance bands.
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However, alternative descriptions exist, such as the interference approach [51] which
assumes that the anti-parallel currents in the metal layers are a result of interference and superpo-
sition, rather than excited by the magnetic component of the incident electromagnetic fields [51].
Planar wave-guide model given by Peng et al. [52] assumes that light diffracted through the peri-
odic gaps in the top surface of the MA forms resonant standing waves inside the MDM structure
which results in multi-band near unity absorptions. Below we concisely discuss some of the re-
ported theoretical models of metamaterial absorbers such as magnetic resonance theory, interfer-

ence theory and planar wave-guide model.

However, all the reported theories only shows numerical simulation results without an
analytical model to quantitatively calculate the resonance characteristics such as resonance wave-

lengths or strength of absorption.
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Figure 2.2: Schematic diagrams of a unit cell of a MPA with formation of LCR circuit

2.2.1 Magnetic Resonance Theory

Metamaterials are characterized by their magnetic behavior. Metamaterials shows non-unity mag-
netic permeability which arise due to presence of magnetic resonances. Pendry etal., first calcu-

lated the effective permeability for periodic split-ring resonators [27]. Soon efforts were made for
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experimental realization of such materials. Smith ez al. first experimentally demostrated a meta-
material constructed of copper split-ring-resonators with simultaneous negative permittivity and
permeability in the microwave region. It was soon proposed that metamaterials can be fabricated
to achieve perfect absorption using ultra-thin film structures [5,35,44,57]. Most of these absorbers
were designed in the THz and microwave region. However, for absorbers in the visible and IR
regions, slpit-ring-resonator structures were complicated for fabrication and FSS which are easier
for fabrication such as squares [33] [41, 50], crosses [60] or circular discs [9] were used showing
strong absorption of incident light. However, none tried to explain the results with a quantitative

theoretical model.

Ye et al. explained resonance mechanism in MPA using simple electro-dynamics [60].
In a MPA with FSS of squares/rectangles as shown in fig.2.2 magnetic resonance happens due
to an electric dipole and the image dipole in the ground plane. Electrodynamic simulations of
field distribution in MPA has shown such dipoles and image dipoles [41, 50, 60, 62]. Simulations
demonstrate excitation of fundamental and higher order resonances and corresponding absorption
of the driving fields. In the case of the fundamental resonance, the incident electric field excites
an electric dipole in the gold square. An image dipole is excited in the gold film under the spacer
material. The driven current sloshing back and forth between the ends of the square, with opposite
polarity in the ground plane, can be considered as charging and discharging capacitors located at

the ends of the square. The resonant frequency is given by [60],

(2.9)

where L is the mutual parallel plate inductance and C' is the capacitance, which depend on the
thickness of dielectric ¢ and size of the absorber [, permeability, and dielectric permittivity accord-

ing to L = puou,t and C' = pe,1?/2t. The relative permeability has the value unity. From eq. 2.9

16



and the expressions for L and C', we find the fundamental resonance wavelength to be,

Ao = mn(A)] (2.10)

LC resonance theory is simple and has been applied to calculate resonances for metama-
terial absorbers in the IR regions [40,60]. However, LC theory can not explain multiple resonances
seen in MPA and it can not explain dependence of resonance wavelenth on thickness of dielec-

tric [40]. Also, the calculated resonance wavelength is 20% higher than experimental results [40].

2.2.2 Interference Theory

In interference theory, Chen et al., assumes that the unity absorbption is because of multiple reflec-
tions and interference. In this model the anti-parallel currents in the two metal layers are assumed
to arise from multiple reflections between the metal layers Chen et al shows that resonance strength
and wavelength depends on thickness of the dielectric. This is also seen in our experiments. Such
approach is similar to Fabry-Perot cavity absorbers [25, 63]. Interference model does not con-
sider the fact that resonance wavelength depends on the size of the FSS structures such as size
of the squares, length of wire-loop in split-ring-resonators. However, it has been shown that the
resonance wavelength of MPAs linearly depends on the size of the FSS structures [33, 41, 60].
Thus, interference theory fails to explain the observed dependence of resonance wavelength on

FSS structure.
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2.2.3 Planar Wave-guide Theory

Planar waveguide model given by Peng et al., [52] assumes that light diffracted through the peri-
odic gaps in the top surface of the MPA forms resonant standing waves inside the MDM structure
which results in multi-band near unity absorptions. According to planar waveguide model reso-
nance wavelength is proportional to the periodicity of the FSS structure. However, in the case of
a periodic array of squares, experiments show that the resonance wavelength is proportional to the
size of the squares rather than the period [33, 50, 60]. Although, it is shown that in case of peri-
odic arrays with much smaller gaps as compared to the metallic structures of the FSS, resonance
wavelength is proportional to the size of the FSS structure for most of the reports the gaps are
as big as the metal squares [11,33,40,41,50]. Thus planar wave-guide model fails to establish a
connection between the size of the square and the resonance wavelength. Also, this model neglects
the thickness dependence nature of the resonance wavelength. Planar waveguide model is not able

to explain incident angle independent nature of the absorbption bands.

2.2.4 Metal-dielectric-metal (MDM) Cavity Theory

To explain the absorption mechanism of MPAs, we adapted a model similar to the planar wave-

guide model proposed by Peng et al. [52]. The main assumptions of the MDM cavity theory are,

e Each unit cell in the metamaterial absorber is independent i. e., the cells are non-interacting.

e Each unit cell is considered as a MDM cavity where light is trapped in forms of standing

waves.

MDM cavity model is an alternative way of explaining the physics of metametarial absorbers with

FSS of squares, and rectangles without involving magnetic resonances. The in detailed analytical
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derivations for this model is presented in chapter 3. Successes of the model include prediction
of the fundamental and higher order resonance wavelengths, the dependence of these resonances
on square size and dielectric thickness, the independence of the resonances on the period of the

structure, and the insensitivity to polarization or incidence angle.

2.3 Finite Difference Time Domain (FDTD) Method

When characteristic size of the domain of interest is somewhat of the order of wavelength, ray-
optics based methods of solving electrodynamic problems become difficult. That is where numeri-
cal methods come in. The FDTD method first introduced by Yee in 1966 [64], has become the most
popular computational method for many scientific and engineering problems involving electromag-
netic waves. FDTD method has applications ranging from microwave antennas, radar technology,
wireless communication devices, MRI imaging, metamaterials, photonic crystals, plasmonics, soli-
tons and biophotonics [65]. The absorbers fabricated in our work have sub-wavelength structures,
FDTD simulations are performed for supporting development of theory and optimization of design

parameters for the absorbers used.

2.3.1 Finite Difference Method

FDTD involves solving the time dependent Maxwell’s equations using finitie difference method.
In finite difference method differential equations are solved by approximating it to difference equa-

tions. Taylor’s series expansion of f(zo + %) gives us,

h Flzo) (R (o) (R\® | f"(x0) (B)®

19



Using eq.(2.11) we can write,

hy _h m 2
f(l’g + 2) ; f(xO 2) _ f/(xo) + f éfo) (;L) + ... (212)

If h is sufficiently small, 22 and subsequent higher order terms can be neglected. After rearranging

eq.(2.12) we get,

h h
f/(wo) = d";(;) WEIC R ) - Sz~ 5) (2.13)

The central difference is calculated at neighboring points, f(zo + 2) and f(zo — 2) to
give an approximation of the derivative of the function at x,. Since the lowest power of h being
neglected is second order, it is called a second order approximation. This is how a differential

equation is converted in to a difference equation in finite difference method.

2.3.2 Derivation of FDTD Equations

The method begins with solving Faraday’s law and Ampere’s law given by,

. H
Vx FE = —,uaat (Faraday’s Law) (2.14)
and
S E
VX H= 5%t (Ampere’s Law), (2.15)

respectively. For a 1-dimensional case where the electric field varies only in the z direction, assume

that the electric field has component only in the 2 direction. In this case eq.(2.14) and eq.(2.15)
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can be solved to get two scalar equations given by,

OH, OE,
_ - 2.1
"ot = oz (2.16)
OE. 0H,
€ % o 2.17)

Egs (2.16 & 2.17) are now converted to difference equations using finite difference
method for solving numerically. In FDTD method, the electric and magnetic fields are calculated
where one field is advanced then the other. Eq.(2.16) is used to calculate the future magnetic field
in time while Eq.(2.17) is used to calculate the future electric field. This process is repeatedly done

in a leap-frog manner until a steady-state electromagnetic behavior is obtained.

Since FDTD is a time domain method, by using a braod-band pulse as a source, results
can be produced from a wide-range of frequencies which is useful when resonance wavelengths
are not exactly known for a system. In FDTD, electric and magnetic fields are calculated over
all the domain which is useful for creating visual representation of near-field distributions over
sub-wavelength structures. Such features help examine the polarization and field distributions in

metamaterial structures used in our experiments.
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CHAPTER 3: FAR INFRA-RED ABSORBER BASED ON
STANDING-WAVE RESONANCES IN METAL-DIELECTRIC-METAL

CAVITY

In this chaper thin-film resonant absorbers for the far-IR spectral range were fabricated, character-
ized, and modeled. The 3-microns-thick CMOS-compatible structure comprises a periodic surface
array of metal squares, a dielectric spacer and a metallic ground plane. Up to 95% absorption for
the fundamental band at 53.5 microns wavelength ( 5.6 THz) is achieved experimentally. Absorp-
tion bands are independent of the structure period and only weakly dependent on polarization and
incident angle. The results are well explained in terms of metal-dielectric-metal (MDM) cavity

resonances. The structure has application as a wavelength selective coating for far-IR bolometers.

3.1 Introduction

In the microwave region and lower, electrons are the main particles of ineraction. On the other
hand, at infrared and optical / UV wavelengths, the photon is the main particle for choice of de-
vice. However, in the terahertz (0.1-10 THz, A=3mm-30um) regime both electron and photon tend
to interact very weakly with material. This makes THz imaging challenging due to lack of proper
absorber materials. However, THz imaging has wide range of applications such as biomedical
imaging [66], environmental remote sensing [67] , explosives detection [68], materials characteri-

zation [69,70], and astronomy [71].

Bolometric or pyroelectric detection, in which the heat generated by far-infrared ab-
sorption is sensed, is usual in this wavelength range. Sensitivity depends on having efficient

absorbers. Confinement of the absorption to specific wavelengths of interest improves signal-
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to-noise ratios. Far-infrared metamaterial absorbers are studied as potential coatings for bolome-
ters because of their high performance, thinness, and selectivity [5, 11, 35,44,57-62,72]. Thin
MAs are reported with polarization independent and omnidirectional absorption bands [2, 5, 11,
33,35,40,41,44,50,57-62,72]. Typical MAs comprise 3 layers. A periodically patterned metal-
lic top layer, together with a middle dielectric spacer layer and a conducting base layer, create
resonances that achieve a frequency selective absorption. Reported patterns include split ring res-
onators (SRR) [5,35,44,57-62,72], crosses [60], squares and rectangles [2,11,33,40,41,50]. The

absorption band width, polarization dependence, and spectral line shape depend on design.

We present results for a far-IR absorber with a surface pattern comprising a periodic
pattern of squares, which follows known near- [50] and mid-IR designs [41]. There are few prior
reports of periodic square (or rectangular patterns) designed for far-IR absorption beyond ~10
micron wavelengths [2,11,33,40,72]. We observe multiple absorption bands, which are attributed
to fundamental and harmonic resonances. Up to 95% absorption was achieved in the fundamental
band at 53.5 pym wavelength. A strong harmonic band with 98% absorption occurs at 30 pm.
The absorption bands are independent of polarization and incident angle. One distinction between
our device and previously-reported far-IR absorbers, which used polyimide as the dielectric spacer

[5,44,57-62], our device employs only CMOS-compatible materials.

To interpret the experimental far-infrared reflectivity spectra, we adapted a model pro-
posed by Peng et al. [52] based on standing wave resonances in a finite metal-dielectric-metal
(MDM) waveguide. A number of modifications were implemented to improve the accuracy of this
theory. Successes of the model include prediction of the fundamental and higher order resonance
wavelengths, the dependence of these resonances on square size and dielectric thickness, the inde-
pendence of the resonances on the period of the structure, and the insensitivity to polarization or

incidence angle. Finite difference time domain (FDTD) simulations support the interpretation.
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3.2 Theory

Substrate

Substrate

Figure 3.1: (a) Schematic of one unit cell of the structure. The edges of the metal stripes are sources
of isotropically emitted radiation induced by the incident wave. Standing waves are formed under
the stripe with different odd numbers b of reflections from the metal. Such resonances correspond

to odd integer numbers of half-wavelengths along the different paths,(b) 2nd order resonance (b=3).

Fig.(3.1) presents a schematic side view of one unit cell of the structure. For simplicity we consider
a 2D model with translational invariance normal to the plane of the figure, so that the top metal-
lization consists of metal stripes of width [ separated by gaps. The stripes are supported by a thin
dielectric layer of thickness ¢. Underlying the dielectric is an optically thick plane of metal. Suc-
cess of this model requires consideration only of one unit cell, and it is independent of the period
of the strip array or the size of the gap between the stripes. Hence, Fig.(3.1) presents a schematic

of just a single unit cell. Far-infrared radiation incident from above, and polarized with the electric
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field in the plane of the figure (transverse magnetic TM), drives a periodic polarization along the
top surface of the metal stripe. An opposite polarization appears along the bottom surface. The
fields are strongly intensified at the edges of the stripes, creating a vertically-oriented oscillating
dipole. These polarized edges comprise line-dipole sources of radiation, as suggested by the ray
stars. This interpretation of the polarization and resulting field distribution was informed by the

electrodynamics simulations of [52] and as shown below.

That width of the gaps between neighboring stripes is unimportant is supported by
agreement of the theory with our reflectivity experiments on a single metal feature, where there
are only edges while gaps are infinite [43]. In experiments reported here, the gaps are just a few
microns wide, i.e. much smaller than the incident wavelengths. Nevertheless, the radiating edge
dipoles assure that electromagnetic energy will appear in the dielectric layer. Existence proof of
such an effect is the phenomenon of “extraordinary transmission” [73-76] through an array of

sub-wavelength slits.

For our structures, the fundamental absorption resonance occurs at a wavelength ( 55
pm) that is much larger than the lateral dimension [ ( 12 um). The thickness of the dielectric
(1-5 pm) in all our structures is also much less than the wavelength, so that we are beyond the
cut-off for TM planar waveguide modes. Thus, the wave that penetrates under the squares is
evanescent and should be strongly damped. However, the propagation distance required for the
wave to interfere with a wave originating from the opposite edge is itself subwavelength. Thus,
waves from neighboring gaps may interfere to form standing waves under the stripes. Waves at

these resonances will experience extra loss due to enhanced interaction with the lossy metals.

Peng et al. [52] presented a model based on multiple reflections of rays and standing
waves within similar sub-wavelength planar waveguides to interpret numerically-simulated ab-

sorption resonances. Methods based on propagation of rays, which hold in the limit of geometrical
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optics, are of questionable validity for subwavelength structures such as those under consideration.
Nevertheless, the ray picture has known pedagogical value in understanding the modes of planar
waveguides even near cutoff when the wavelength is comparable to spacing between the conduct-
ing plates [77], even though this situation is similarly outside the regime of geometrical optics.

Thus, we withhold doubt for the time being until we see how theory compares with experiment.

By symmetry, only an odd number of reflections b (for bounces) is possible from the
top and bottom metals of the waveguide. Fig.(3.1b) present ray diagrams that illustrate resonances
with one and three bounces, respectively. The optical path lengths of the indicated resonances are
different, so that we expect corresponding absorptions to occur at different wavelengths, and for
each closed path defined by odd values of b, we might expect a series of harmonics corresponding

to different numbers of half wavelengths between the end points.

We have assumed negligible contributions from next-nearest neighbor edges and be-
yond, which is reasonable considering the strong attenuation for wavelengths beyond cut-off. Thus,
resonance wavelengths are expected to depend primarily on two critical cavity dimensions, namely
the lateral dimension [ of the stripe and the thickness of the dielectric ¢, but not significantly on the
period (or gap dimension). Ref. [52] ignored the possibility of a dependence on t by considering
resonances based only on the horizontal dimension [, but predictions based on this assumption

agree poorly with experiment.

For rays as indicated in Fig.(3.1a) the optical path length is

A= (b+ 1)\ +12/(b+1)? 3.1)

where n(\) is the wavelength dependent refractive index of the dielectric (SiO; in our devices),

and b is the odd number of reflections. The total phase difference for rays traveling from one edge
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to the opposite edge, including a -7 phase shift at each reflection is

o= —im (3.2)

Standing-wave resonances occur when ¢ is an integral multiple m of 27, so that the m' order

standing-wave resonance occurs at wavelength

2(b+ Dn(N)

Ab,m) = == 2+ 12/ (b+1)2 (3.3)

where m = 0,1, 2,3. The number of half wavelengths along the optical path at resonance is the

odd number 2m + b. The fundamental resonance m = 0 for b = 1 is

A(1,0) = 4n(N\)\/t2 + 12/4 (3.4)

For b = 3, the fundamental m = 0 occurs at

A(3,0) = 8”3@)\/# +12/16 (3.5)

The first harmonic m = 1 for b = 1 is

A1,1) = 4"?()”«/152 +12/4 (3.6)

For the range of ¢ and [ values in our device, we anticipate the three resonances Egs. (3.4) in the
wavelength range of our experiment with magnitudes A(1,0) > A(3,0) > A(1,1) Generally, the
wavelength dependence of n(\) means that equations for the resonance wavelengths A(b, m) must

be solved graphically or numerically.
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Figure 3.2: Calculation of resonance wavelength by graphical method. Blue curve represents
refractive index of SiOs. Green and red lines represents calculated n(\)s for A\(1,0) and A(3,0),
respectively. Intersections of these straight lines with SiO, refractive index gives solutions to

resonance wavelengths.

Fig. 3.2 represents graphical method of calculation of resonance wavelength. Blue
curve represents refractive index of SiO, from ref [78] which shows dispersive nature 20 microns.
Green straight line indicated as A(1,0) is obtained from eq. 3.4 which can be used to calculate
n(A) = A/ (4m) Intersection of this line with the SiO, refractive index is the solution
to the resonance wavelength for A(1,0). For A(1,0) two solutions are obtained at wavelengths
53.6 and 21 microns for a sample with parameters [=11.7 microns and =3 microns. Similarly,
for A(3,0) resonances are obtained at 27.4 and 21.8 microns (intersection of red-straight line and

SiO, refractive index). Solutions for A(1, 1) are calculated similarly at 26.8 microns and 20.5
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microns(not shown in fig. 3.2).

Since the edge polarization is the source of the waves in the waveguide, the theory
predicts that the resonance wavelengths are independent of the angle of the incident light that
excites the polarization. The theory assumed translational invariance out of the plane of the page,
forming a 1D grating of metal stripes, for which edge polarization can be excited only by TM
polarized light. In the actual device, there are two orthogonal arrays of slits, creating a 2D array
of metal squares. Thus, we expect that optical response of the actual devices to be polarization

independent.

The analytic theory predicts the wavelengths of expected resonance absorptions but not
the strengths or widths of the resonances. To obtain these, finite difference time domain (FDTD)
electro-dynamic numerical simulations were performed using Lumerical FDTD solutions (Version
8.9). The optical constants for gold were determined from the Drude model using with parameters
from [79]. SiO, optical constants were taken from [78] for fused silica. In contrast to the analytic
theory, the numerical calculations considered a fully 3D model corresponding to the actual exper-
imental structures. The infinite array of surface squares was treated by considering a single unit
cell with periodic boundary conditions in x and y directions. Perfectly matched layers (PML) —
which absorb plane waves of arbitrary incidence angle, polarization, and frequency — are used to
create perfectly absorbing boundary walls above and below the structure [80]. These PMLs are
required to make sure that the reflected and transmitted light from the sample does not get back
in by reflection from the walls above and below. A normally incident plane wave is considered
with electric field polarized in y-direction, i.e. perpendicular to the edges of the gaps. A frequency
domain field and power monitor is used to measure the specular reflection. The reflectivity was
measured using a 2D field monitor at 0 deg and spanning the unit cell. Transmittance is zero due

to the metal ground plane.

29



The corners on the squares were not accounted for in the analytic theory. Furthermore,
the numerical calculations differ from the actual devices by having perfectly sharp corners and

ideal metal. These may be sources of the small disagreements between theoretical, numerical, and

experimental results.

3.3 Experimental Details

Parabolic
Mmirrors

Flat mirror

Sample
holder

Angles

Figure 3.3: Setup for angle dependent specular reflectance measurements

The ground plain and dielectric were deposited using a multi-pocket electron beam evaporator

without breaking vacuum. First, a 10 nm Cr sticking layer followed by 200 nm of gold were
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deposited on glass or Si substrate. A second 10 nm Cr sticking layer was then deposited followed
by evaporation of the SiO, dielectric spacer. Square patterns of gold were fabricated on the SiO,
film by standard photolithography, DC sputtering, and lift-off. The sputtered gold sticks well to
Si0, without a sticking layer. Square dimensions and array period were determined by scanning
electron microscopy (SEM). Their nominal values were 10 and 20 pm, respectively. The thickness

of the top gold squares is 200 nm as determined from SEM of a cleaved and polished cross-section.

Reflectance was measured using a BOMEM DAS8 Fourier spectrometer with globar
source, 6 micron Mylar pellicle beam splitter, and room-temperature DTGS detector. Two dif-
ferent reflectivity accessories were used within the evacuated sample compartment. The first was
at fixed angle for near-normal incidence, where the initially focused incident beam of the spec-
trometer was collimated by a concave mirror and was incident on the sample at an angle of 8 deg
using a mirror assembly. The reflected light was diverged at the proper acceptance angle for the
spectrometers detector module. The second reflectance accessory enabled variable-angle specular
reflectance measurements for incidence angles of 20, 40, and 60 deg (Fig. 3.3). Reflectance R was
obtained by dividing the raw reflected power spectrum with that of an optically thick smooth gold
film. Transmittance through the sample is zero because the underlying gold film is optically thick.
Thus, absorptance A = 1 — R. We assume negligible scattering because the squares are much

smaller than the wavelength.

3.4 Results

Absorptance A = 1 — R was determined from the numerically calculated specular reflectance R as
a function of geometrical parameters for the device. Fig. 3.4.a presents a color-map of A for square
dimension [/ = 11.7 pum as a function of wavelength and dielectric thickness ¢, which is varied from

1 to 4 pm. Two strong absorption bands are observed to redshift with increasing ¢ in the considered
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wavelength range 20 to 80 um. The longer wave band is identified as the A\(1, 0) resonance, while
the shorter wave band is \(3,0). There is also a weak absorption band with weaker ¢ dependence

that emerges below the lowest strong band at about 25 mum, and this we identify as the A\(1, 1)

resonance.
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Figure 3.4: Colormap of absorptance as a function of wavelength and (a) dielectric thickness or
(b) size of squares. Analytically (dashed line) and numerically (solid line) calculated resonance

wavelengths as a function of (c) dielectric thickness, (d) size of squares.

Additionally, Fig. 3.4 shows evidence of another absorption which stays at 20 pum
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wavelength along the bottom edge for the complete ranges of ¢ and [. This is attributed to secondary
and coincident solutions for A(1,0), A(3,0), and A(1, 1), which appear because of strong dispersion
of SiO, near 20 microns wavelength. These identifications were determined from the graphical
intersection of the refractive index spectrum n(\) for SiO; and the linear curve for n(\) given by

Eqgs.(3.4-6), as was done in [40].

Fig. 3.4.b presents A as a function of A and [ for t = 3um. The identification of the bands
is the same as in Fig. 3.4.a. Comparison of the two parts of Fig. 3.4 shows that the dependence of
1,0) on [ is stronger than it is on ¢, but for \(3,0) the opposite is true. Moreover, the strengths of

the absorptions are sensitive to the value of ¢, but not to the value of /.

Fig. 3.4(c-d) compares the analytically and numerically calculated resonance wave-
lengths. The analytic and numerical calculations used the same values of n(\) from [78]. The
curves calculated from Eqgs. (3.4-6) agree sufficiently well with the numerically-determined bands
to confirm the mechanism of the absorption and the identity of the resonances. The small differ-
ences may be due to the different assumptions in the analytic and numerical calculations already

mentioned.
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and ¢t =3 um.
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Figure 3.5: Colormap shows Re(Ez) for A(1,0), A(3,0), and A(1, 1) for absorber with [ = 11.7 ym

3.4.1 FDTD Simulation Results

34

Fig. 3.5 presents color-maps of real part of the electric field component £z, i.e. the component
normal to the plane of the device, for the A(1,0), A(3,0), and A(1, 1) resonances. The images are
side views of one period of the structure. The ground plane occupies the bottom of each frame.
One of the squares appears centered horizontally near the top of the frame. The normally incident
light is polarized in the plane of the figure, and this causes a polarization along the top surface of
the square. Along the bottom surface, an opposite polarization appears. With charge piling up at

the edges of the squares, a strong vertical polarization appears at each edge. This oscillating dipole



is responsible for radiation that appears in the subwavelength cavity under the square. The plotted
E'z component appears only because of this edge dipole, since the incident wave had no vertical

component. A similar qualitative picture is evident in the simulations presented by [52].

Fig. 3.5 shows that for the A(1,0) resonance, 'z changes sign once in going from the
left edge to the right edge, which is consistent with the observation already made that for this

resonance one-half wavelength should fit along line ABC (Fig. 3.1).

For \(3,0) Ez changes sign thrice from the left edge to right, with a node at the center
line, as expected if 3 half-wavelengths fit along line PQRST in Fig. 3.1. The regions of a particular
sign of the field are unevenly distributed under the square, being high localized near the edge and
more diffuse away from the edge. Note that the color scale is reduced 3x for A(3, 0) in comparison
with A(1,0). Since power loss goes as the square of the field, we expect this shorter-wave absorp-
tion to be correspondingly weaker. This is confirmed in Fig. 3.1, where since the two strong peaks

are both saturated at unity absorbance, the weaker absorption manifests as a decrease in width.

The color scale for A(1, 1) is 30 x smaller than for A(1,0) so that this band should be
much weaker than the others, in agreement with Fig. 3.4. In Fig. 3.5, considerable intensity for
A(1, 1) is found beyond the edges of the square, and it is more difficult to deduce that the expected
3 half wavelengths between the edges. Following the horizontal centerline, Ez clearly changes
sign twice, consistent with 3 half wavelengths from left to right. On the other hand, following a
horizontal slice just below the square, it appears that the field changes sign 4 times, suggesting 7

half wavelengths.
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Figure 3.6: Simulated absorptance as a function of wavelength and period of the squares. The size
of the squares and thickness of the dielectric are /[=11.7 microns and ¢=3 microns, respectively. [

and ¢ remains constant as period varies from 15-40 microns.

The analytical formulas Egs. 3.4-6 for the resonance wavelengths are independent of the
period of the surface structures. To investigate, we performed simulations as a function of period.
Fig. 3.6.4 presents absorptance A = 1 — R found from the numerically calculated R for normal
incidence specular reflectance as function of wavelength and period of the surface structures. The
size of the squares and the thickness of the dielectric were fixed at /[ = 11.7 m and £ = 3 m. Between
20 and 40 micron period, i.e. for gaps of ~8-28 um, there is no change in the position of the A(1, 0)
resonance, in agreement with the analytic theory. Below 20 pm period, for gaps between squares
decreasing from 8 to 3 um, the fundamental resonances red-shifts and slowly weakens. From Fig.

3.5, it is clear that the £z component extends at least 2 microns beyond the edge of each square, so
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it is reasonable to expect that neighboring opposite dipoles begin to load and destructively interfere

with each other at gaps smaller than 8 microns, thus red-shifting and weakening the resonance.
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Figure 3.7: Woods Anomolies of Rayleigh type, where emergence of the pth diffracted orders into
the air above the grating removes intensity from the specularly reflected beam. Black and red lines
represent 1 and 2nd diffracted orders, respectively. Since the simulation was over 15-40 microns

period, 2nd order was not seen in the simulations.

The resonance near 28 microns wavelength shows considerable structure. A branch
with little period dependence we identify as the resonance. At about 27 um period, a strong
mode with linear period dependence emerges at reaches 42 um wavelength by 40 pum period. A
second weaker mode emerges near 30 pm period and reaches 33 pxm wavelength by 40 pm period.
These two modes represent the loss of specular reflected power due to diffraction, where diffracted

wavelengths depend on period a and resonance order m according to A = asinf/m. Since, angle of
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incidence is 0 deg and R is measured for specular reflection, any diffracted light at angles different

than zero will not be collected by the detector in the simulation.

Figure 3.8: SEM image of a) sample surface, b) cross-section view of a cleaved sample.

The behavior of the band formed by the partially overlapping (3, 0) and weaker A(1,1)
is more difficult to interpret. Most obviously, the redshift observed for A(1,0) at the smallest pe-
riod is missing, presumably due to less interaction between neighboring dipoles for these shorter-
wavelength and weaker fields. Next, at periods greater than or equal to the wavelength, two
branches split off and shift linearly to increasing wavelength with increasing period. These are
diffraction orders, which appear as absorption only because they are not collected by the detector

for specular reflection.

The band at 20 microns wavelength, which corresponds to secondary solutions for the

A(b, m) due to the strong dispersion of SiOs, exists only for periods between 15 and 20 pm, before
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evidently blue-shifting out of the frame. This might be explained by a reduction in the effective
index of the dielectric as proportion of metal is decreased [63], which would decrease the resonance

wavelength according to Eq. 3.4.

Fig. 3.8 presents an SEM images of a) the sample surface and b) a cleaved and polished
cross-section. Such surface images were used to determine the size of the squares and the period,
which are inputs for the analytical and numerical calculations. The latter also depend on the degree
to which the corners were rounded, which was also determined from the images. The cross section

was used primarily to confirm the thickness of the oxide.
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Figure 3.9: Woods anomaly as discussed already in fig. 3.7. Angle dependence of two of the

modes are calculated according to § = sin™'(1 — \/a).

Fig. 3.10 presents reflectance spectra for samples with different SiO, thicknesses ().
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The nominally identical [ values in fact vary from sample to sample by up to 15%, due to exper-
imental processing uncertainties such as baking time, UV light intensity, development time, etc.
With increasing ¢ the peak of the absorption shifts to longer wavelength, as predicted by Eq. (3.4)
for the fundamental A(1,0). The strength of the fundamental A(1,0) absorption varies between 62
and 95% for the different values to ¢. The deepest absorption is achieved at 53.5 microns wave-
length (5.6 THz) when ¢ = 3 microns. This is in agreement with numerical results plotted in Fig.
3.4a. The dashed line represents numerical results for ¢ = 3.5 and [ = 11.7 microns sample at

normal incidence, showing good agreement with experiment.
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Figure 3.10: Experimental reflectance spectra at 8 deg angle of incidence for different samples
with numerical labels indicating SiO, thickness and square size, (¢, [), respectively. Spectra for
successively smaller ¢ values are offset vertically by 0.2 units for clarity. The dashed line is the

result of numerical calculation for structure values (3.5, 11.7) at normal incidence.

The A\(3,0) mode emerges into the frame Fig. 3.10 at 25 microns when ¢= 1.8 microns,
and it redshifts finally to 33 microns with increasing ¢ as predicted. Evidence for the expected
but weak A(1,1) absorption may be the asymmetry of the band due to a short-wave shoulder near
30 microns wavelength when ¢ = 4.5 microns. There is evidence for the secondary solutions of
A(b, m) due to the strong dispersion of SiO at the short wave edge of the frame, as mentioned in

the discussion of Fig. 3.4a.
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Fig. 3.11 plots the experimental peak wavelengths of modes A(1,0) and A(3,0) from
Fig. 3.10 as a function of theoretical resonance wavelengths according to Eqgs. (5.4) and (5.5). The
straight line is A(b,m) = A(exp). The agreement between observed resonance wavelengths and

analytic theory is excellent.
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Figure 3.11: Theoretical resonance wavelengths A(b, m) vs. experimental resonance wavelengths
A(exp) The symbols are the A(1,0) and A(3,0) experimental data for different structure dimensions

{ and t.

Fig. 3.12 presents numerical absorptance spectra as a function of angle of incidence and
wavelength for TM and TE light for a structure with [ = 11.7 and ¢ = 3 microns. At normal incidence
there is no distinction between TM and TE modes, and the calculated spectra are reassuringly
identical. For TM polarization, the strength of the fundamental \(1,0) remains constant up to 70

deg angle of incidence, with the main effect being a 4% blueshift beyond 60 deg. The behavior
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of the A(3,0) band is more complicated. A strong satellite emerges at about 20 deg and redshifts
linearly with angle. This is interpreted as a Woods anomaly as discussed already in regard to Fig.
3.9. This is confirmed using the diffraction equation with the angle of the first diffraction mode 6,
=90, namely § = sin~'(1 — \/a). Otherwise the A(3,0) band shows mainly a small blue shift and

intensity variation with angle.
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Figure 3.12: Numerically calculated absorptance as a function of angle of incidence and wave-

length for (a) TM and (b) TE polarization.

For TE polarization, the position of the modes is almost independent of angle, and the
main effect is a weakening that appears only beyond 40 deg. Interestingly, the strength of the
absorption falls off much more slowly than the projected area of the square on the propagation
direction (cosf)), showing that the incidence light remains effective at driving the surface polariza-
tion that leads to the edge dipoles even at large angles. The diffraction mode that appears for TM

shows up only weakly in TE polarization.

Fig. 3.13 compares experimental and numerical reflectance spectra for TM and TE
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polarization at angles of incidence 20, 40 and 60 degrees. Experimental data match well with
simulations, particularly for the fundamental absorption at 55 microns. The Woods anomaly also
appears in the experimental data, appearing most prominently in TM polarization moving from 30

to 40 microns wavelength with increasing angle.
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Figure 3.13: Angle and polarization dependence of experimental (solid lines) and numerically
calculated (dashed lines) reflectance spectra. Device parameters were [ = 11.4 and ¢= 2.5 microns.

Polarization is TM (left column) and TE (right column). Angle of incidence is indicated.
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3.5 Discussion

The analytical formulas Egs. (3.4-3.6) for the resonance wavelengths are independent of the period
of the surface structures. For fixed square size, as the period gets smaller, the gaps become smaller.
As the edges get closer, the fields from one edge dipole may begin to interact with the neighboring
dipole, and since neighboring dipoles are oppositely oriented, their fields would tend to cancel.
The closing of the gaps should eventually cause the absorption to disappear. As the gaps close, a
weakening and red-shift are expected due to superposition of opposite dipoles and increased inertia
from coupled charge oscillations. Both weakening and red-shift were observed for the fundamental

A(1,0) with reduction in period in the numerical calculations presented in Fig. 3.6.

On the other hand, as the period is increased, different effects would come into play. For
periods comparable to the wavelength, diffraction orders would emerge into the space above the
device, taking some of the power from the specularly reflected beam, an effect known as Woods
anomaly of Rayleigh type [81]. Since both experiment and numerical calculations determine the
intensity of the specularly reflected beam, these diffraction features appear in the reflectance spec-

trum artificially as absorptions, as in Figs. 3.6, 3.12 and 3.13.

For periods much larger than the square size, the absorption for wide beams would be
weakened by the decrease in fill factor, but the strength of the absorption at each square should re-
main about the same. Indeed, diffraction-limited reflection spectral microscopy on isolated squares
shows resonance wavelength and line shape to be the same, though apparently 1.4 times weaker,
than for a measurement on our periodic array with same spot size [43]. Diffraction diffuses the
apparent absorption at the center of an isolated square, explaining the weakness compared to the
period array as a measurement artifact. That the absorption depends only weakly on angle of inci-
dence is explained by the proposed mechanism, in which the incident light polarizes the squares,

leading to oscillating dipoles, which are the sources of new waves that propagate into the dielectric

46



and form lossy standing waves under the squares. The existence of such dipoles is supported by the
electrodynamic simulations (Fig. 3.5). The standing wave model is supported by the agreement
with the dependence on geometrical parameters, including dependence on the dielectric thickness,

which had been previously ignored in [52].

We next contrast our results and interpretation with those of other authors for nomi-
nally similar absorber structures. Hao et al. [33] present numerical results for a periodic array
of Ag squares on Al,O3 on Ag ground plane, which are scaled to have absorption resonances at
visible wavelengths. This group presented experimental demonstration of resonant absorption for
one set of geometrical parameters at one angle of incidence in [50]. Notable similarities to our
work include the appearance of higher order resonances, transmission through the subwavelength
gaps between the squares, and standing-wave field distributions in the sub-wavelength space in the
dielectric beneath the squares. A notable difference is that their calculated resonance wavelengths
increase with decreasing dielectric thickness, opposite to our analytic, numerical, and experimental
results. A second notable difference is that Hao et al.s simulations show horizontal polarizations
on the top and underside of the surface square have the same sign, so that no vertically-oriented
oscillating edge dipoles appear as in our simulations. A hypothesis for the differences is that the
visible spectral regime of [50] is closer to the plasma resonances of their metal squares, and these
lie closer to the ground plane relative to their lateral dimensions. The dependence on dielectric
thickness in [50] is qualitatively similar to the redshift observed in high-electron mobility transis-
tors when the separation of between two-dimensional electron gas and the metal surface gate is
decreased [82-85]. In other words, for the dimensions and wavelengths of [33], a microscopic
model based on plasmons (as indeed suggested in [50]), rather than standing waves, seems re-
quired. Since no comparison of numerical or experimental resonance wavelengths to predictions
of an analytic theory was made in [33, 50], the absorption mechanism remains somewhat specu-

lative. However, our Eq. (3.33) gives resonance wavelengths for the structures in [33] that are
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a factor of 2 too small, even when account is taken for dispersion that causes reflection phase
shifts with magnitudes somewhat smaller than 7 in the considered spectral range. Thus, there are

apparently dimensional and wavelength regimes where the standing wave model works poorly.

Diem et al. [11] presented numerical calculations of an absorber comprising tungsten
stripes on silicon nitride on tungsten ground plane. The structure is nominally similar to the model
structure used for our analytic theory derivations. For the assumed dimensions, the resonance ap-
peared at 4.28 microns in the mid-IR. As in our device all dimensions are subwavelength, and
all the materials used are compatible with standard silicon processing. In contrast to our device,
the width of their stripes was less than the gaps between them and less than the dielectric thick-
ness. Unlike our device, their simulated field distribution does not show standing waves under the
stripes. No analytic formula is given for the resonance wavelength and no comparison to exper-
iment is provided. Our Eq. 3.3 predicts the higher order resonance A\(3,0) at 4.21 microns, but
the near agreement is probably coincidence given the dissimilar field distributions. Since only the
magnitude of the field is given in the field distribution plot, it is impossible to know the nature of

the polarization in the squares.

Chen proposed a theory based on interference between rays reflected from a periodic
metal surfaced pattern and rays reflected from a metal ground plane separated by a dielectric
spacer [51]. Due to the complex permittivity of the metal and dielectric, there are phase shifts
on reflection and transmission that vary strongly with wavelength, allowing destructive interfer-
ence between the partial front-surface reflection and multiply reflected waves in the dielectric,
even though the dielectric thickness is much smaller than the wavelength. This results in a res-
onance with near-zero total reflectance and correspondingly strong absorption. The phase shifts
and wave amplitudes needed in the Fresnel Equation analysis were determined from numerical
simulations. No analytical formula was presented to predict the resonance wavelength, which for

their simulation parameters was 306 microns, and there was no comparison to experiment. Chens
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model does not depend on the size of the front-surface metal features, in strong contrast to what
we and others report. Chens resonance wavelengths red-shift by about the same amount as we
observe with increasing dielectric spacer thickness (10% with 4-fold change in thickness). Chens
condition for destructive interference should depend strongly on angle of incidence, which was not
considered in [51], and this is strongly at variance with the omni-directional nature of the absorp-
tion seen in Fig. 3.13 and widely reported by others. The mechanism proposed by Chen is similar

to that used to describe Fabry-Perot type absorbers [25], such as the optical Salisbury screen [63].

Paper Operating Materials Square Optical Quasi-static | Cross-section of
wavelengt thickness | skin depth | skin depth polarization
h
o =
m(n)w/c —
How
Hao 0.7 Ag 30nm 25nm N/A = =
microns | p = =
=1.6x107%0.m
n=0.2+i4.4 = -
Peng 5 Au 200nm 31nm N/A T =
microns | p -
=24x10"%0m
n=21.4+i27.9 = :
Peng 33 Al 200nm 24nm 26nm < T
microns | p -
=28x10"%0m = =
n="75.4+1217.6
Nath 55 Au 200nm 39nm 34nm T T
microns | o
=24x107%0.m -~ =
n=41+i224.5
Ye 60 Aun 200nm 42nm 36nm = =
microns | p 2 2
=24x107%0.m
n=42.3+i226.8 = -

Ye et al. [60] present an LC' resonance model, in which the self-inductance L for each

Figure 3.14: Comparison of polarization on the square
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unit cell in the periodic array is determined by the magnetic energy stored between surface struc-
ture and ground plane, and where parallel capacitors are formed between each half of the surface
plate and ground plane. The resonance wavelength is proportional to the dimension of the sur-
face structure only, but uncertainty in estimating L and C' values causes the resulting analytic
formula for resonance wavelength to have only order-of-magnitude accuracy when compared to
experiment [40]. Furthermore, the lack of a dependence on dielectric thickness for the resonance
wavelength so estimated, and the absence of higher order resonances, contradict results presented
here and by others. No field distribution in cross section is presented, so it is impossible to compare

the nature of the polarization in the surface structure.

Although the standing wave model proposed by Peng et al. [52] and elaborated here
seems to work well, those authors asserted that resonance wavelengths depend on periodicity. In
fact, it appears that resonance wavelength depends not on period but on the dimension of the metal
squares, which is supported in [33, 40, 41, 43,50, 60]. Peng et al., also ignored the dependence
on dielectric thickness, which has been shown to be significant here and by many authors already

cited.

Fig. 3.14 compares polarization of the top square edges for several reports mentioned in
the table. It is found that when the top film is much thicker than the skin depth, the polarization of
the electric field at each edge are opposite. When the thickness of the square is close to that of the
skin depth similar polarity of the field is obtained. Hao et al. [33], reported simulation results for
films with thickness close to the skin depth which showed similar polarity for the square edge. It is
interesting to see that for this case, MDM theory calculates resonances at much lower wavelength

than the simulation results.
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3.6  Summary

A 3-micron-thick CMOS-compatible structured film comprising an array of metal squares, a
dielectric spacer, and a metallic ground plane was demonstrated to provide 95% absorption for
the fundamental band at 53.5 micron wavelength, with additional resonances appearing at shorter
wavelength. These bands were observed to be only weakly dependent on polarization and incident
angle. The number, center frequency, dependence on square dimension and dielectric thickness,
and lack of dependence on period of the array are all well explained by a model in which the in-
cident beam excites oscillating dipoles at the edges of the squares, which are sources for standing
waves that occur in the sub-wavelength space beneath individual squares. The analytic model and
physical interpretation of edge dipoles and standing waves are supported by numerical calcula-
tions, which give field visualization and spectral line shapes in agreement with experiment. These

structures have application as a wavelength selective coatings for far-IR bolometers.
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CHAPTER 4: OPTICAL SALISBURY SCREEN WITH
DESIGN-TUNABLE RESONANT ABSORPTION BANDS

Wavelength-selective plasmonic and metamaterial perfect absorbers have been studied extensively
for various applications. However, the emphasis has been on three-dimensional structures, which
depend on numerical design and sophisticated fabrication techniques, such as electron beam lithog-
raphy for in-plane patterning. Particularly in the visible and near-IR, nanoscale structures such as
periodic nano-discs [9], squares [41,42, 50], metallic gratings and trapezoids [86], and split ring
resonators [87] have been investigated. However, for visible and near-IR region the structures
sizes are too small for low cost fabrication. This work presents experimental characterization of an

efficient selective absorber formed by three simple layers without any in-plane patterning at all.

4.1 Introduction

Triple-layer structure composed of conductor-dielectric-conductor also known as a Salisbury screen
at radio wavelengths has been used to reduce radar cross-sections for military applications [22,23].
The Salisbury screen was invented by Winfield Salisbury in 1952. It was used in sleath technology
as a radar absorbing material. High absorption of radar prevents detection of the object because
of reduced intensity of the reflected light. A salisbury screen absorber consists of 3 layers such
as a partially reflecting material at the top, a quarter-wavelength-thick (\/4) lossless dielectric,
and a perfectly reflecting ground plane. The working principle of salisbury screen is similar to
the concept of a Fabry-perot cavity. Up on incidence of coherent light on the absorber, the top
layer partially reflects while the transmitted light travels through the dielectric. The gound plane
reflects the transmitted light back thought the dielectric which again partially transmits through the

top layer. Thus reflected light from the top surface and the ground plane interfere. A destructive
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interence will force light to be trapped inside the dielectric in multiple reflections and eventually
be absorbed due to dissipation. By carefully choosing the reflectivity of the top layer perfect ab-

sorption can be achieved. The absorption can be tuned by adjusting the thickness of the dielectric.

Adaptation of this technology to visible and near-IR wavelengths has been investigated
theoretically by Shu et al. [25]. Unlike metamaterial absorbers, the device consists of unpatterned
thin metal and dielectric films, which can be fabricated by any suitable means of blanket depo-
sition. On the other hand, a possible disadvantage is that this type of absorber is 3 to 10 times
thicker than previously reported metamaterial absorbers [9,41,42,50]. In principle, freedom from
lithographic patterning enables application to arbitrarily large areas by wet chemical methods. The
resonant absorption occurs in multiple bands because of light trapping in the Fabry-Perot cavity.
The resonance wavelength depends on the thicknesses of the dielectric spacer and the top metal,
while the deposited thickness of the latter strongly controls the resonance width without signifi-

cantly affecting the absorption strength.

For applications, there has been significant effort to broaden the absorption in reso-
nant plasmonic/metamaterial nano-structures [41, 86, 87]. Ref. [41] used a multiplexed periodic
checkerboard of metal squares to achieve 200 nm absorption band width at 3.45 pm wavelength.
Ref [87] employed crossed gratings and trapezoid structure to achieve 250 nm band width in the
visible. Ref [86] investigated split ring resonators (SRR) to realize 800 nm band width at 1.3 um
wavelength. All structures required electron beam lithography, which is unsuited for large areas or

mass production.

A non-lithographic approach to broad absorption was presented in [88], where nano-
composite Si0, / Au films were co-evaporated. Strong absorption was achieved from 400 to 800
nm wavelength. However, the design-tuning range realized by changing the volume fraction of

metal was only 100 nm.
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In contrast to the metamaterial and composite approaches, the simple three-layer Salis-
bury screen presented here provides a wide range of possible center wavelengths and absorption
widths, simply by changing the thicknesses of the depositions. Yet all investigated variations main-
tain a peak fundamental absorption of at least 93% and up to 97%. No sophisticated lithography is

required. In principle, low-cost wet chemical deposition could replace vacuum methods to achieve

large area coverage.

gi) ] Au
ye&=x [ ]sio,
] Si substrate
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a4 & Medium 1
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111110007000077107)

Figure 4.1: Schematic diagram of the triple-layer metal-dielectric-metal absorber.

4.2 Theory

Fig. 4.1 represents a schematic of the 3-layered metal-dielectric-metal absorber, whose reflectance

is [25]

1 o1 — -
R=|— 4 — ro1)2 4.1
|T‘01 * % +1 | @D
where
1 — 2 p2ikozds
¢ = 21'2 do\ p2ik1.d (4.2)
7’12(1 — p2ika: 2)6 ik1d1
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and r; ;41 are the angle- and polarization-dependent Fresnel amplitude reflection coefficients for
light travelling from medium 7 to medium ¢ + 1. Thicknesses d; and relative permittivities ¢; are as

indicated in fig. 4.1. The normal component of the wave vector in medium ¢ is,

2
ki, = ;\/a — sin26 4.3)

where 6 is the angle of incidence on the top layer and A the free-space wavelength. Light that is
partially reflected at the semitransparent medium 1 interferes with light that makes a round trip
through medium 2 and is again transmitted by medium 1. The condition of destructive interference
places a node at medium 1, which is the same condition as for resonant light trapping with multiple
reflections inside the dielectric of a Fabry-Perot cavity. The trapped energy is consumed by losses
in the three media, where the dissipated energy density is proportional to the frequency, to the
imaginary part of the permittivity, and to the square of the amplitude of the electric field [89].
This absorption mechanism for Fabry-Perot type metamaterial absorbers has also been described

by Hao et al. [33].
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Figure 4.2: Calculated reflectivity (R) as a function of dielectric thickness d for d; = 20nm.

Fig. 4.2 presents calculated reflectivity spectra at normal incidence according to Eq.4.1.
The relative permittivity of bulk Au and SiO, are taken from reference [79,90]. As the oxide
thickness is increased, the fundamental resonance red shifts, and higher order resonances enter the
spectral range. The resonance line width is independent of the oxide thickness, but the depth of

the fundamental is dependent. The highest absorption of 99.99% occurs for d; = 300 nm.
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Figure 4.3: Calculated reflectivity (R) as a function of top metal thickness d; for dielectric thick-

ness d, = 300 nm.

Fig. 4.3 presents the dependence of calculated reflectivity spectra on the thickness of
the top gold layer (d;). As d; decreases, the resonance red shifts and broadens and strength of
absorption decreases. However, much larger red shifts and broadening are experimentally observed
than predicted by these calculations. And, interestingly in the experiments there is little change
in the absorption strength for change of top gold layer (d;) from 20-10nm on contrary to these
calculations (Fig. 4.3). The reason for the large red shift and strong broadening in experiments
than theory is that the bulk permittivity values used here for the top gold films are inaccurate for
very thin films, which are discontinuous. The observed length scale of the discontinuities is much

less than our shortest wavelength (Fig. 4.4), so that macroscopic electrodynamics holds with an
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appropriately averaged permittivity, and we may neglect scattering.

Figure 4.4: SEM images of (a) 20- and (b) 10-nm-thick gold films.

The averaged permittivity is found by effective medium theory [53, 54], where the
Maxwell-Garnett approximation (MGA) [53] and Bruggeman effective medium approximation

(EMA) [54] are the most commonly used formalisms. The latter is preferred for our films since
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MGA assumes a dilute system of non-interacting isolated nanoparticles [54,55]. For normal inci-
dence, we approximate our system as a 2-dimensional array of flat circular plates. Using eq. 2.8

the effective permittivity is [55]
Eeff =S+ /8 +Eau (4.4)

where, s = (1 +e44)/2 + f(1 — €4y) — 1, f is the volume fraction of gold, € 4, is the complex
frequency-dependent permittivity of bulk gold, and the permittivity of air has been taken to have
the value unity [55]. Positive or negative roots in Eq. (4.4) are chosen based on the physical
requirement that Im(e.r;) > 0 always. For f > 0.5, Re(e.sr) < 0, though its magnitude is smaller
than that of the bulk metal. For the films with f = 0.85 and 0.54 studied here, over our spectral
range, the Re(e.ss) is smaller than for bulk by factors of 1.4 and 25 at 2.5 microns wavelength,
respectively. The Im(e.f¢) is smaller than for bulk by factors of 1.5 and 3 respectively, except in

the short wave part of the spectrum where it is actually larger than for bulk when f = 0.54.

Fig. 4.5 presents real and imaginary parts of the effective permittivity for gold-air com-
posite films having gold area fractions f = 0.54 and 0.84 calculated according to Eq. 4.4. These
values are close to those determined for the discontinuous gold films used in our experiments
(Fig.4.4). For the smaller area fraction, the real part reaches a value of only about -20 at 3 microns
wavelength, and it’s magnitude is everywhere smaller than the imaginary part. For the higher area

fraction, the imaginary part has a minimum value at about 700 nm wavelength.
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Figure 4.5: Calculated effective permittivity of the discontinuous gold films for d;=10nm (black-

line) and d;=20nm (red-line)

For non-normal incidence, the thickness of the metal becomes important due to shad-
owing of the open gaps in the film. This effect can be accounted for by increasing the gold fraction
f in the calculations. This is clear if one considers grazing incidence where the beam skims the top
surface of the gold while the open spaces remain hidden (fig. 4.6). A very simple 1D model of the
decrease for rectangular gaps in their apparent volume caused by hard shadowing, which ignores

the semi-transparency of gold at the thicknesses considered, gives

d1 (1 — fo)tanﬁ

fe) = fo+ n (tanf < a/dy) 4.5)
. _ CL(]_ — f())
=1 Sdtant (tanb > a/d,) (4.6)
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where fj is the apparent volume fraction at normal incidence, and a is the characteristic size of the

gaps.
~
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Figure 4.6: Schematic model of angle dependent porosity. f(¢) changes with angle because of the

decrease in rectangular gaps in their apparent volume caused by hard shadowing.

4.3 Experimental Details

To fabricate devices, a 150 nm layer of gold was deposited by electron-beam evaporation on a Si
substrate with a 10 nm Cr sticking layer. SiO, dielectric was deposited by plasma enhanced chem-
ical vapor deposition (PECVD) from a liquid Tetraethyl-orthosilicate (TEOS) source. PECVD
oxide and gold stick well without Cr. The thickness of the PECVD oxide film is determined from
interference fringes measured in reflectance using a UV-Vis-NIR Cary500i spectrometer before the
top metal deposition. The thin top layer of gold was deposited by DC sputtering, with thickness
determined from the sputtering time, which was calibrated by step profilometry. Atomic Force
Microscopy (Digital Instruments Dimension 5000U) was used to characterize the final surface
roughness of the structures (fig. 4.7, 4.8). Specular reflectance at near normal incidence was mea-
sured using a BOMEM DAS Fourier spectrometer with Si (visible) or InSb (near IR) detectors,

quartz or KBr beam splitters, and quartz-halogen or globar sources, respectively. Angle dependent
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specular reflectance was measured using the Cary5001 UV-Vis-NIR spectrometer. Reflectance
(R) is obtained by dividing the raw reflected power spectrum from the sample with that from a
freshly-evaporated, optically-thick silver film on an optically-polished flat. The initially focused
incident beam of the spectrometer is collimated by a concave mirror and is incident on the sample
at an angle of 8 deg using a mirror assembly. Reflected light is finally diverged at the appropri-
ate acceptance angle to the detector collection optic by another concave mirror. The absorptance
A =1 — R, since transmittance 7" = 0, and we neglect scattering. The volume fraction of gold
for the films, and characteristic dimension of the inhomogenities, are determined from scanning

electron microscope images using imageJ software [91].
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Figure 4.7: AFM image of sample with d;=10nm a) topographical image, b) height histogram
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4.4 Results and Discussion

Fig. 4.4 presents SEM images of two different preparations of the top gold film. Bright parts of
the image are gold and dark parts are subsurface SiO,. As thickness decreases, the film becomes
more and more discontinuous. ImagelJ analysis of 20 nm thick gold films gives a value for the gold
volume fraction f = 0.85 £ 0.05, where f is determined by the ratio of extreme dark and bright
areas of the image and the uncertainty comes from setting thresholds for brightness and contrast.
For the 10 nm film, we find the area fraction f = 0.54 &= 0.01. The uncertainty is smaller here due
to higher image contrast. Atomic force microscopy images collected over a 1 micron x 1 mocron
area reveal similar characteristics of the films. Fig. 4.3 represents height profile of a 10nm thick

Au film which is discontinuous.

Fig. 4.9 compares experimental and theoretical (Eq. 4.1) reflectance spectra, both for 8
deg angle of incidence. Calculations performed at 0 and 8 deg angle of incidence are indistinguish-
able in comparison to the measurement uncertainties. Resonance peaks at these two angles differ
by less than 0.003 pm wavelength, or 0.27%, for all sample conditions. The experimental spec-
trum was measured for an unpolarized beam, and the calculations plotted are an equally weighted

average of TE and TM polarizations.

A number of trends are clear for calculated spectra that assume bulk permittivity values
(dotted curves) [90]. As the oxide thickness ds is increased, the fundamental resonance red shifts,
and a higher order resonance enters the spectral range. The resonance line width is independent
of the oxide thickness, but the depth of the fundamental is dependent. As top metal thickness d;
decreases, the resonance red shifts and broadens modestly, and strength of absorption decreases

significantly.

Fig. 4.9(a) and (b) compare reflectance spectra for absorbers with d; = 20 nm and d, =
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203 or 320 nm, respectively. The positions and widths of the resonances calculated without EMA
(black dotted line) agree poorly with experiment. The agreement is much better when the EMA
permittivity is used (gray dotted lines) with f = 0.84 and 0.81 for samples with d = 203 nm and
ds = 320 nm, respectively. The f values that gave best fit to the experimental reflectance spectra

agree with the f value determined from the SEM image (Fig.4.4) within the uncertainty.
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Figure 4.8: AFM image of sample with d;=20nm, a) topographical image, b) height histogram

Fig. 4.9(c) and (d) present reflectance spectra from samples with d; = 10 nm and d,
= 172 and 320 nm, respectively. Peaks are significantly broadened and red-shifted compared to
the d; = 20 nm data by much more than predicted by theory based on bulk permittivity, while the
decrease in peak absorption is much less. However, EMA permittivity values from Eq. 4.4 with f
values as indicated in the plots give good match between theory and experiment. These fit values
for f agree with the value determined from image analysis (Fig. 4.4.b) within the uncertainty, even

though this uncertainty is smaller for this film. For the sample with d; = 20 nm and ds = 320 nm,
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the fundamental is at 1.14um. Its 93% peak absorption is maintained when d; is halved, but the
wavelength range over which the fundamental absorption exceeds 90% becomes 50 broader. For

the sample with d; = 20 nm and ds = 203 nm, the experimental fundamental absorption at 0.81 pum

wavelength is 97% deep.
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Figure 4.9: Reflectance spectra for samples with d; and d» values as indicated. Calculations based

on bulk or EMA permittivity values are compared to experiment for 8 deg angle of incidence.
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Fig. 4.10 presents angle dependent reflectance spectra with TM and TE polarizations
for two of our samples. In comparison with Fig. 4.9, the spectral range is somewhat shorter on the
long wave side due to the limitations of the different spectrometer used. Resonances are observed
to red shift with increasing angle. The degree of agreement between theory and experiment is
comparable to that in Fig. 4.9. As in that case, the single parameter used to match the theory to
the experiment was the gold volume fraction f. It was necessary to treat the apparent gold fraction
f as being angle dependent. This parameter is varied manually until the shape and position of the
resonances simultaneously agreed as closely as possible to the experimental result, as judged by

eye.

The f values that gave the best fit are plotted vs angle in Fig. 4.11 and compared to
curves obtained from Eq. 4.6. The gap sizes a were determined from ImageJ to be 37 and 13 nm
for d;= 10 and 20 nm, respectively. The normal-incidence f; values used in Eq. 4.6 were those
determined from the SEM image, namely 0.54 and 0.85, respectively. For the 20 nm thick top-
layer, the very simple model for apparent gold fraction appears to work fairly well. At the highest
angle of incidence, the apparent volume fraction is nearly unity, so that the permittivity approaches

that of bulk gold.

For the 10 nm thick top-layer, the model curve is 2-10% higher than the best-fit values.
Perhaps here the neglected semitransparency of the gold becomes more important. Alternatively,
the difference might be attributed to uncertainty in measured film parameters. For instance, by
increasing the experimental value of the gap size a by just a few percent, the curve shifts downward

sufficiently to considerably improve the agreement.
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Figure 4.10: Angle- and polarization-dependent reflectance spectra. The top (bottom) four plots
correspond to thicknesses d1=20 nm and d»=203 nm (d;=10 nm, do=172 nm). The left (right) col-
umn of plots is for TM (TE) polarization. Theory and experiment are as indicated. All resonances

shift to longer wavelength as angle of incidence is increased in the sequence 20, 40, and 60 deg.

Numerical finite element time domain (FDTD) method, informed by 3D microstruc-
ture from Atomic Force Microscopy (AFM), might possibly provide a more accurate agreement
with experiment and improved intuitive understanding. However, typical AFM tips would have

difficulty navigating the deep narrow gaps in our surface films [92], so that obtaining accurate 3D
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morphology would be a challenge. Indeed, AFM measurements on our samples show height his-
tograms with a single peak having a width that indicates a surface roughness of 2 nm, which is the

same as that of the commercial polished Si substrate.
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Figure 4.11: Apparent gold volume fraction as function of incidence angle. Calculated values
are presented by solid lines. Values used to fit the experimental reflectance spectra are given as

symbols.

Rapid design is well served by simple analytic models. All wavelengths considered are
at least 10x longer than any microstructure, so we are clearly in the regime of macroscopic elec-
trodynamics, in which optical properties are determined by an appropriately-averaged permittivity.
The simple effective permittivity described here, with the resonance theory of Shu et al., predicts
with remarkable accuracy the positions, widths, and peak strengths of the absorption resonances.

However, the model tends to over-estimate the absorption between the resonances.
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Figure 4.12: Reflectance as a function of angle modeled according to eq. 4.1, 4.4 and 4.6. Sample

parameters are indicated in the right side of the figures.

Fig. 4.12 represents numerically calculated reflectance spectra as a function of angle of
incidence both for TE and TM polarization. The calculation is performed using eq. 4.1, 4.4 and
4.6. Theory takes care of angle dependent roughness of a realistic sample and calculated reflectance
using effective medium approach. The top (bottom) four plots correspond to thicknesses d;=20 nm

and d»=203 nm (d;=10 nm, d»=172 nm) similar to fig. 4.10. With increase in angle of incidence,
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the resonance wavelength blue-shifts and the bands become sharper for both samples.

For sample with d;=20 nm and d>=203 nm, there is 33% of blue shift in the resonance
wavelength. For TE polarization the resonance strength weakens with increase of angle, at 70
degrees there is little absorption. At 90 degrees, there is a mode at 600nm. For the TM mode,
the fundamental mode at 800nm blue shifts by 33% while the resonance strength increases and

becomes maximum at 70 degrees and reduces to zero strength at 90 degrees.

Fig. 4.12(c-d) represents angle dependent reflectance for TE (c) and TM (d) polariza-
tion with sample parameters of d;=10 nm and d,=172 nm. The resonances blue-shift, and change
in band-with is more dramatic as compared to the previous sample (4.12(a-b)). Resonance wave-
length blue shifts from 1250nm to 600nm for change in angle of incidence from 0 to 90 degrees.
The blue-shift is more than 50%. The resonance bandwith decreases by more than 90% for the
same change in angle. The resonance strength remains strong up to 70 degrees for both polariza-
tion. Both TE and TM polarization produces similar absorption bands for this sample. The trend
of reduction in absorption band width can be explained from dependence of gold fraction in the
top on angle of incidence. With increase in angle of incidence, fraction increases because of shad-
owing effect and becomes unity at 90. Thus for higher incidence angle, the top gold film behaves

more like a continuous film and produces sharper resonances.
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4.4.1 Metal Nano-discs

Au nano-discs

Si0,
Au

Figure 4.13: Schematic diagram of triple layer absorbers with Au nano-discs

Experiments were also done using Au nano-discs instead of thin films on top for such 3-layer ab-
sorbers which produce similar absorption bands. Such absorbers with metal nano-particles and
nano-discs were reported with triple layer metamatertial structure producing perfect absorption in
the visible [88,93,94]. Fig. 4.13 represents an absorber with metal-dielectric-metal-nano-discs
structure. These absorbers are reported for lithography free, large area producible and thermally
stable visible/ near -IR absorber for potential use in solar energy harvesting. The absorption mech-
anism is explained to be plasmonic enhancements and magnetic resonances [88,93,94]. We show
that these absorption bands are simple fabry-perot cavity resonances. We explain such absorp-
tion using eq. 4.1 and effective medium approaximation. Although plasmonic resonances might
be present in the Au nano-discs, we show that the main effect responsible for such absorption is

Fabry-perot cavity.
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Figure 4.14: Scanning microscope images of gold nano-islands on oxide for a sputtered gold film

di= 10 nm. The films was annealed at 300°C for 24 hours. Particle size distributions are plotted

adjacent to the SEM image.

Fig.(4.14.a) presents an SEM image of the gold nano-discs film. Such nano-discs are
formed by annealing thin gold films. The films are deposited by DC sputtering with thickness of
10 to 30nm. The bar graph in Fig.(4.14.b) represent the island size distribution which is estimated
by Imagel analysis. The peak of the distribution depends on the initial thickness of the gold
film before annealing to form islands. Size of the nano-discs depends on thickness of the films.
Annealing is done at 300°C for 24 hours. When the thickness of Au film is 10 nm, the average
particle size is 71.5 nm. When the film thickness was 30 nm, the average particle size is 282.3 nm.

When the film thickness is more than 30 nm, annealing does not produce such nano-discs.

Fig. 4.15 shows reflectivity spectra from a 3-layer sample with Au nano-discs in the top
surface. Thickness of the SiO, dielectric spacer layer is do= 70nm. The thickness of the top Au

layer before annealing was 10 nm which is similar to a film shown in fig. 4.4.a with area fraction
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f=0.53. After annealing at 300,C for 24 hours, the discontinuous Au film becomes randomly
oriented Au nano-discs as shown in fig. 4.14.a. Imagel particle analysis gives f=0.39. After
annealing the area fraction is reduced from 0.53 to 0.39. Where does the gold go!? This happens
because of change in structure of the Au film from network structure to hemispherical Au nano-
discs. Thus the thickness of the Au nano-discs can be determined from change in the area fraction
as finitial X dinital = frinat X dfinar- Hence dying = % = 13.6 nm. The average particle
size is 71.5 nm as shown in Fig.(4.14).a. Thick lines represent reflectance spectra from samples

with gold nano-islands, while dashed lines represent spectra calculated using eq. 4.1 with EMA

approaximation.
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Reflectance

Figure 4.15: Reflectivity spectra from a 3-layer sample with Au nano-discs in the top surface. The
average particle size is 71.5 nm as shown in Fig.(4.14).a. Thick lines represent reflectivity spectra

from samples with gold nano-islands, while dashed lines represent spectra calculated using eq. 4.1

with EMA.

Inset in fig. 4.15 shows theoretical and experimental spectra from 0.45 to 2 microns
for a sample with parameters d;=13.6nm and d>=70nm and f=0.39. Peak absorption of 98% is
obtained at 0.7 microns for the experimental spetrum with strong wide band absorption of more
than 90% from 0.45 to 0.7 microns. Thoery using EMA is able to explain such absorption pretty
well in the visible. From 0.8 to 2 microns, thoery shows higher absorption than experiments. At

2 micorns, experimental absorption is 60% while theoretical absorption is 90%. This might be
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because our theory is not able to consider different geometries of the nano-structures. Trial of
Maxwell-Garnet approximation leads to even worse prediction due to higher volume fraction of
the nano-structure. However, theory predicts resonance wavelength and line shape in the range

from 0.45 to 0.7 microns pretty well.

Fig.(4.16)(left) presents reflectance spectra for the near-UV and near-IR samples. For
the near UV sample (d;=13.6 nm,d>=30 nm,and f=0.39) absorption peaks at 95% for 360 nm
wavelength. Reflectivity spectra of samples without gold nano-islands are represented by thinner
lines in fig.(4.16), and both samples reveal thin film interference pattern. With the addition of
the gold nano-disc films these band strength increases. Trapped light is wave-guided in the film
and dissipates into heat. Despite gold being partially transparent in UV, Fabry-perot mechanism
of absorption occurs in UV with gold nano-discs. Fig.(4.16)(right) present reflectivity spectra for
near-UV and near-IR samples for different angles of incidence from 20 to 50 degrees. Strong
absorption is sustained to wide angle of incidence and the absorption blue shifts as this angle is

increased which is in agreement with our theory.
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Figure 4.16: (a) Reflectivity spectra in near-UV and near-IR. Thick lines represent reflectivity
spectra from samples with gold nano-islands, while thinner lines represent spectra from samples
without the gold nano-islands. (b) Reflectivity spectra with varying angle of incidence, as indicated

in deg in the legend.

4.5 Summary

One of the primary objectives of this work was to experimentally test the predictions of the ana-
lytic theory presented recently by Shu et al. [25]. When the deposited thickness of our top-layer
metallization is at least 20 nm, the film is more or less continuous, and theory agrees fairly well
with experiment. On the other hand, for thicknesses much below 20 nm, the discontinuities in
our films become significant, such that the theory of [25] is inapplicable. In fact, experiment then

differs very strongly from that theory.
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A second objective of this work was to extend the theory of [25] to the case of discontin-
uous top metal films. Our hypothesis is that the theory will work if the discontinuities are smaller
than the wavelength, such that macroscopic electrodynamics still applies, with suitable optical
constants. We find that use of permittivity values obtained from effective medium approximation
(EMA) [53-55] restores the substantial agreement with experiment, especially with respect to the

wavelengths of the resonances, their widths, and their peak absorption.

It would be very interesting and useful for applications to extrapolate the optical Salis-
bury screen to mid- and long-wave infrared wavelengths. Such might use (e.g.) dielectric films of
infrared-transparent glass such as AsSe [95]. Such an IR effort would be timely, as suggested by
the recent demonstrations of the two-dimensional thin-film total absorbers n™ Si on sapphire [96],

heated VO, on sapphire [97], and Ge on n™ Si [98].

In summary, a strongly absorbing optical Salisbury screen, based on metal-dielectric-
metal resonator, has been experimentally demonstrated at visible and near-IR wavelengths. Maxi-
mum absorption was in the range 93 to 97% for all resonances. Experiments confirm the theory of
Shu et al. [25], which we have successfully extended to the case of discontinuous top metal films
by using permittivity values from effective medium approximation with input from microscopy.
These absorbers require no in-plane patterning, yet give performance and design-tuning of reso-
nance position and width comparable to much more sophisticated metamaterial absorbers. Hence,
low cost fabrication over arbitrarily large areas may be achieved by wet chemical methods, in prin-
ciple, i.e. as a wavelength-selective, ultra-black paint. Potential applications include cloaking of

(e.g.) military targets that might otherwise be susceptible to laser-marked guided munitions.
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CHAPTER 5: WIDE-BAND LONG-WAVE INFRA-RED (LWIR)
METAL-DIELCTRIC-METAL THIN FILM ABSORBER

In this chapter, we discuss experimental result of a CMOS compatible thin metamaterial broad-
band absorber in the range from 8-14 microns (long-wave infrared, LWIR) with bands up to
98% absorption. The thickness of the absorber is only 1.3 microns which is 10 times smaller
than the highest wavelength. LWIR range is important in IR detectors because IR radiation can
travel greater distance without being absorbed by the atmosphere. The absorber has a 3 layer
metal-dielectric-metal structure which is fabricated using vacuum deposition methods and stan-
dard photo-lithography. SiO, is used as the dielectric spacer which provide strong dispersion in
the refractive index at ~10 microns to achieve multiple absorption bands. MDM cavity theory
explains observed resonances. FDTD simulations are used to optimize design parameters for the
absorber. Angle dependent reflectivity measurements confirm wide-angle absorption bands which

weakly depends on polarization.

5.1 Introduction

Uncooled bolometers are resistive IR detectors which detect change in resistivity due to heat gener-
ation by IR radiation. Uncooled infrared detectors have recently gained wide attention for infrared
imaging application, due to their several advantages such as low costs of fabrication, low weight,
low power consumption, extended spectral response, and long-lasting operating capacity [47-49].
Microbolometers are most extensively used in uncooled infrared detectors because of their CMOS
compatible processing. They are easy to be monolithically integrated with CMOS circuitry which
has advantage of lower manufacturing costs. Highly efficient thin film IR absorbing coating is

required for such absorbers. Thin metamaterial absorbers are studied for potential use in such
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bolometers [11,41,50].
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Figure 5.1: Atmospheric transmission of electromagnetic radiation from visible to infra-red.(Re-

drawn and modified from Wikipedia.org: Infrared Window.)

Atmospheric absorptions from molecules such as H,O, CO3, Oy, O3 and NO allow
only some parts of the electro-magnetic radiation to transmit. Fig. 5.1 represents atmospheric
transmission measured from earth as a function of wavelength from 0.2 to 15 microns [99, 100].
There exist small transmission windows in the spectrum such as visible (0.4-0.7 microns), near-
IR (1.5-1.55 microns), mid-IR (3-4 mcirons), and LWIR (8-14 microns) where electromagnetic

radiation can travel longer distances. IR detectors aim to collect light in these windows.

LWIR from 8-14 microns is an important band in IR spectrum. First of all, atmosphere

transmits very well in this range. Hence, the detectors in the this range have long distance vision.
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Secondly, the peak of black body radiation spectrum of room temperature (298K) falls in this range.
Earth is emitting IR radiation in this range which is useful for hyper-spectral imaging of earth and
environmental monitoring [101]. In figure 5.2, the blue line represents black-body radiation at
298K. Red line in figure 5.2 is black-body radiation spectrum at 310K, the temperature of human
body. For a 4% change in temperature (298K to 310K), there is 23% change in intensity in the
black-body radiation spectrum. Because of the nature of black-body radiation, slight change in

temperature above room temperature can be detected in this range.
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Figure 5.2: Black-body radiation at 298 and 300K temperatures according to Planck’s radiation

law.)

Metamaterial absorbers with thin layers of metal-dielectric-metal structure have been
reported to produce polarization insensitive strong absorption with sharp bands over wide angles.
However, obtaining broadband absorption for applications with such absorber has been a challenge

so far. There are several intrinsically lossy materials which strongly absorbs IR light in broad-
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band such as graphite, metal-black, carbon nanotubes etc. However, the deposited thickness of
these materials to achieve strong absorption is very high such as 10-100 microns in the longer
IR regions [13]. Such thick films become problematic to be used in detector pixel because of
difficulty in patterning. Also, these materials are not design tunable and mechanically stable. Thin
film wavelength-selective metamaterial absorbers have been studies widely for applications in such
detectors [35,41,44]. Typically, metamaterial absorbers consists of a periodic metallic squares, a
dielectric spacer layer and a metal ground plane as shown in figure 1.3. The resonance frequency
depends on the size of the surface structures, thickness and refractive index of the dielectric [33,60].

The resonant absorption typically has bandwidth less than 12% of the center frequency [50].

There has been several reports trying to achieve absorption in resonant metamaterial
and plasmonic nano-structures in the near and mid IR [41,61,87]. However, most of the works has
complicated structures which need electron beam lithography and only offers bandwith of upto
800nm [61, 87]. Such bandwidth can hardly be useful for real commercial detectors. Salisbury
absorbers without photolithography for broadband absorption bands are reported in [63]. However,
these type of absorbers show strong polarization and angle dependent properties. Also, for LWIR
range, the thickness of the absorber has to be more than 2.5 microns which is much thicker for

detectors [9, 33,50].

We experimentally demonstrate a wide-band IR metamaterial absorber absorbing up to
98% of the incident radiation with a bandwidth from 8-14 microns. The absorber is a 3 layer struc-
ture of periodic squares of gold, SiO, dielectric spacer and a gold ground mirror. The absorber
is 1.3 micron thick which is 10 times thinner than the operating wavelength. We show that the
absorption bands are weakly dependent on polarization. Strong absorption is obtained up to 70 de-
grees of angle of incidence. No complicated structures are necessary for the absorber. Fabrication

is done by standard photolithography which is also compatible with CMOS/MEMS processing.
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5.2 Theory
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Figure 5.3: Black and red curves represent experimentally measured refractive index, n and absorp-

tion coefficient, k respectively as a function of wavelength for SiO, using a VASE IR ellipsometer.

Figure 1.3 presents a schematic of the considered structure. Gold is used as metal and silicon
dioxide as the dielectric spacer. The absorber is designed according to the MDM cavity theory
of far IR absorber presented in chapter 3. We use the same design principles but in the LWIR
region. According to the theory, the absorption in such absorber occurs because of absorption
of light in forms of standing waves in MDM cavities. The cavities can absorption in multiple
bands. We showed that resonance wavelength depends on cavity size and the refractive index of
the dielectric spacer. For the absorber in chapter 3, the operating wavelength was 20-80 microns.
Two strong absorption bands were obtained which were identified as the A(1,0) at 53.5 microns

and A(3,0) at 27.4 microns. For most of the operating wavelength region, the refractive index
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of the dielectric spacer (SiO3) remain more or less constant n ~2, except 20-25 microns region
where SiO, dispersive. We showed that because of dispersive behavior of the dielectric there can
be secondary absorption related to a mode. That is, one resonance mode can produce more than

one absorption bands (fig. 3.2).
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Figure 5.4: Graphical solutions for resonance wavelength for A(1,0) , A(3,0) and A(1, 1) as indi-

cated for a sample with parameters t=1.3 microns and /[=3.2 microns.

Fig. 5.3 represents experimental refractive index of SiO, used in our experiments. The
complex refractive index was measured using a IR-VASE ellipsometer for a 1.4 microns thick e-
beam evaporated SiO- film on a 200nm smooth gold film. Red and blue lines represent real part of

the refractive index (n) and absorption coefficient (%), respectively.

In chapter 3, we have derived the resonance wavelengths for metamaterial absorption
bands based on MDM cavity model. Eq. 3.3 calculates resonance wavelengths for a cavity with

parameters square size ([), thickness (¢) and refractive index n()\) of the SiO, dielctric spacer.
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Multiple resonances are obtained for different values of (b, m) where m is the order of resonance,
and b is the possible odd number of reflections from top and bottom metal layers (see fig. 3.1). In
chapter 3, we showed that the resonance wavelengths can be calculated graphically. To find the
resonance wavelength for a mode, refractive index of SiOs is plotted with calculated n(\) accord-
ing to eq. 3.3 for corresponding mode. Intersection of the SiO, refractive index with calculated
n(\) gives the solutions for the corresponding modes. Same approach is applied for finding the
resonance wavelengths in the LWIR region where the absorber parameters are [=3.2 microns and

t=1.3 microns.

Fig. 5.4 represents graphical solutions of resonance wavelengths for modes A(1,0) ,
A(3,0) and A(1,1). Blue line represents the wavelength dependent refractive index n(\) of SiOy
dielectric and straight lines indicated by legends of corresponding mode represents calculated func-
tion () according to eq 3.3. It can be seen that because of the presence of strong dispersion of
Si0, refractive index there are several solutions for a single resonance mode. Thus, modes A(1,0),
A(3,0) and A(1,1) have 3, 3 and 1 solutions for the resonance wavelength, respectively. If we care-
fully choose the thickness and the size of the squares, these multiple bands can be merged together

to obtain broadband absorption.
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Figure 5.5: Colormap of absorptance as a function of wavelength and (a) dielectric thickness for

[=3.5 microns and (b) length of the squares for t=1.4 microns.

5.3 FDTD Simulation Results

Fig. 5.4 represents graphical solutions for the resonance wavelengths of A(1,0), A\(3,0) and A(1, 1)
modes. However, MDM cavity theory does not give information about the line-shape and strengths
of absorption bands. FDTD simulations can provide information of strengths and band-widths for
the absorption. To find optimum parameters for the highest and wide-band absorption FDTD sim-
ulations are performed for the structure using commercially available lumerical FDTD solutions
(v9.1). Permittivity for gold is used from Drude model presented in chapter 3. Permittivity for

Si0O, is used from experimentally measured data (fig. 5.3). The details of the simulation method is
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explain in chapter 3, sec.3.4.1. Fig. 5.5.a represents numerically simulated absorptance spectra as
a function of wavelength and dielectric thickness while size of the squares, /= 3.5 microns remains
constant. As predicted by theory, several absorption bands appear in the simulated spectra. With
increase in dielectric thickness the resonances shift towards longer wavelength. The strength and
width of the absorption band increase with increase in t. When the dielectric thickness is from
1.2-1.6 microns maximum absorption of more than 90% is obtained for several bands in the range

8-15 microns.

Fig. 5.5.b represents colormap of absorptance as a function of size of squares (/). The
thickness of the dielectric is 1.4 microns which is determined from fig 5.5.a for the condition
of strongest absorption. With increase in [, the resonances red-shift. For [=3-3.5 microns, the
overall absorption covers a wide region from 8-14 microns. However there is a region of width
of 1 microns from 9-10 microns where there is no absorption bands. This gap appears because of

absence of strong resonance modes which is also predicted by theory (fig. 5.4).
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Figure 5.6: Colormap of absorptance as a function of periodicity of the squares arrays. The pa-

rameters for the sample are [=3.5 microns and ¢=1.4 microns.

Fig. 5.6 represents colormap of absorptance as a function of periodicity of the square
arrays while the other parameters for the sample are [=3.5 microns and ¢=1.4 microns. Fig. 5.6
shows that for range of periods from 7-8 microns maximum absorptions are obtained. Again, as
predicted by our theory there is little dependence of periodicity on the resonance wavelengths for
such absorbers. From simulation results, the optimum parameters for the absorbers are determined

as [=3.5 microns, t=1.4 microns and periodicity, p= 7.5 microns.
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5.4 Experimental Details

We fabricated absorbers using standard photolithography and deposition of metal and SiO, by e-
beam evaporation. A 150 nm thick layer of gold was deposited by electron beam evaporation on a
glass or Si substrate. Then, Si0, was deposited as dielectric spacer by electron beam evaporation.
For the sample with evaporated SiO,, a 10 nm layer of Cr was also deposited before deposition
of Si0, as a sticking layer. Thicknesses of the e-beam evaporated films are controlled by a thick-
ness monitor followed by cross-checking of step profilometry. Surface squares are patterned by
photolithography. Metalization for the square arrays are done using DC sputtered gold. The gold
thickness is 200nm which is determined from sputtering time. Dimension of the squares and their
period were determined by confocal microscopy. Samples were similarly prepared without the

surface squares for comparison.

Figure 5.7: Confocal microscope image of the sample surface. Measured sample parameters are

given by [=3.2 microns, t=1.3 microns and periodicity,a=7.5 microns.
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Reflectance measurement was performed using BOMEM DAS FTIR spectrometer. The
setups for the normal incidence and angle dependent reflectance are the same ones used in far-
IR measurements in chapter 3. For measure the reflectance in the LWIR region a liquid nitrogen
cooled MCT detector. A globar source with KBr beamsplitter is used to illuminate the sample.
Optically thick smooth gold film was used as the reference spectrum. Absorptance, A of the is
calculated using the relation A = 1 — R, assuming scattering to be negligible because the particle
size is much smaller than the wavelength of incident light. There is no transmission through the

sample because the gold ground plane is optically thick.

5.5 Results and Discussion

Fig. 5.8 represents experimental reflectance spectra with and without gold squares on the top
surface. Blue solid and dashed lines represent reflectance of samples with square surface patterns
and without patterns, respectivley. The sample without squares (dashed line) shows prominent
absorption bands at 3, 6.2, 8.5, 10 and 12.34 microns and some unresolved bands ~10 microns.
These absorptions are because of phonon vibrations in SiO,. Strongest absorption from SiO,

appear at 10 microns with 98%.

In fig. 5.8 solid blue line represent experimental reflectance spectrum for a sample with
parameters t=1.3 microns and /[=3.2 microns with surface square patterns as shown in fig. 5.7.
Several strong absorption bands appear other than the SiO, bands. Dashed vertical lines represents

the resonance wavelengths calculated according to eq. 3.3 as shown in fig. 5.4.
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Figure 5.8: Dashed and solid lines are spectra from samples without squares and with squares,
respectively. Dashed vertical lines represent theoretically calculated resonance wavelengths. The
sample parameters, as determined from SEM images, are t=1.3 microns,/=3.2 microns and a=7.5

microns.

Table 5.1 represents calculated and experimentally measured resonance wavelengths
for modes A(1,0) ,A(3,0) , and A\(1,1). Theory shows excellent match with experiments. The
fundamental resonance wavelength for A(1,0) is obtained at 13.8 microns which is also predicted
by theory at same wavelength. The absorption strength for this mode is 97%. Secondary resonance
for A(1,0) at 9.1 microns is not distinctly seen in the experiment. This is because of overlapping of
the resonance band with the native absorption band of SiO, at ~10 microns. The third resonance
for A(1,0) at 7.6 microns is present in the experimental spectrum which appears slightly towards

the longer wavelength by 0.5%.
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For mode \(3,0), theoretical resonances are obtained at 9.95, 9.4, and 5.5 microns.
Resonances at 9.95 and 9.4 microns overlap with SiO; native absorption at 9.5 microns and are not
resolvable in the experimental spectrum. Experimental spectrum shows resonance at 5.5 microns

with 85% absorption which is also predicted by theory at same wavelength.

For mode A(1,1) theoretical resonance occurs at 4 microns wavelength. Experimental
spectrum however does not show any absorption band at 4 microns. There is a weak band with

60% absorption strength at 2.8 microns.

Table 5.1: Resonance wavelengths

Sample parameters A(1,0) A(3,0) A(1,1)
Theory [=3.2,t=1.3 13.8,9.1,7.6 9.9,94,5.5 4.0
Experiments (=3.1,t=1.3 13.8,— 76 99,—,55 3.0

(Unit= microns)

There is a strong absorption band in the experimental spectrum of samples with squares
at 12.34 microns with 85% absorption strength which is not predicted by theory. This band is a
native SiO, band which is seen in SiO, reflectance spectrum however with much weaker strength.
According to MDM cavity theory, the MDM cavity only allows light at specific wavelengths to
form standing waves. The native absorption bands due to SiO, increases with thickness of the
dielectric according to by Beer Lambarts law. When the squares are present, light takes a longer
path though the cavity 2\/m as compared to 2¢ for sample without squares. This produces
enhanced absorption from SiO,. This effect will show only when the resonance is close to the
Si0, absorption band. 12.34 microns is close to the fundamental resonance mode at 13.8 mcrons,
so some light is allowed at this wavelength to form standing waves and trapped. Since SiO, is

highly absorbing in this range, because of increased path length in the cavity as compared to
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without cavity (without squares), the absorption is enhanced. This effect is also seen for the band
at 8.7 microns. SiO, shows an absorption band at 8.7 microns wavelength (fig. 5.8(dashed line)).
Because of the cavity, this band is also enhanced and shows up as a shoulder with 75% absorption
with the resonance at 7.6 microns in the experimental spectrum for the sample with squares. The
absorption band at 5.5 microns also shows same effect. The weak bands present in the SiO, show
up with enhanced absorption which make the absorption band at 5.5 microns look more flat and

rippled (fig 5.8, solid line).
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Figure 5.9: Colormap of numerically simulated absorptance as a function of incident angle for a
sample parameters of t=1.4 microns, [=3.5 microns and a=7.5 microns for (a) TM polarization, (b)

TE polarization.

Fig. 5.9 represent experimental reflectance spectra as a function of incident angle for

a sample with ¢=1.4 microns, [=3.5 microns and a=7.5 microns. For TM polarized light (fig.
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5.9.a), the absorber maintains strong absorption up to 80 degrees. For most of the absorption
bands there is little shift in the resonance wavelength with increase in angle of incidence from
0-80 degrees but one at ~7.5 microns for which the resonance wavelengths increases linearly with
angle. This band can be identified as a diffraction mode similar to the Wood’s anomaly obtained
for the far IR absorber. For the first order diffraction mode Wood’s anomaly of Rayleigh type gives
A = a(1 — sinf). For 0 degree incidence the diffraction order is seen at 7.5 microns which is

almost the same as seen in the simulations.

For TE polarization strong absorption is sustained up to 70 degrees of angle of incidence
(fig. 5.9). The resonance wavelength does not change with increase in angle of incidence. Wood’s
anomaly of first order is seen at ~7.5 microns for TE polarization too, however, with much weaker

strength.
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Figure 5.10: Experimental reflectance spectra (solid lines) as a function of incident angle for a
sample with ¢=1.3 microns and /[=3.2 microns. (a) TM polarization, (b) TE polarization. Dashed

lines represent numerically calculated spectrum.
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Fig. 5.10a and b represents experimental reflectance spectra for a sample with ¢=1.3
microns, [=3.2 microns and a=7.5 microns for TM and TE polarization, respectively. The angle of
incidence are 20, 40 and 60 degrees as indicated in the legends in the respective plots. Dashed lines
represent numerically calculated spectra for the same sample parameters. At 60 degree angle of
incidence, the resonance strength reduces for both the polarization by ~20%. Also, the fundamen-
tal resonance wavelength red-shift by ~7%. For the angle dependent reflectance measurements, a
bigger sample of area 1 inch x 1 inch is used. Such big samples show non-uniform size of squares.
The non-uniformity is because of limitation of our mask aligner non-uniform intensity UV radia-
tion which creates a gradient in the size of the squares. In the angle dependent measurement, the
beam illuminates different areas of the samples with change in the angle. This might be a possible

explanation for the red-shift and mismatch of simulated and measured reflectance.

5.6 Summary

We have experimentally demonstrated strong design-tunable absorption bands in the LWIR wave-
length regions for a surface composed of gold squares separated from a gold plane by a Si02
dielectric layer. The positions of the resonances are predicted with reasonable accuracy using a
simple analytic model. Optimum thickness of the dielectric is required for the perfect absorption
to occur. This absorption is sustained to wide angle of incidence up to 80 degrees. More than
80% of absorption is achieved in the range of 8-14 microns which includes the LWIR atmospheric

transmission window. This can be useful for thermal detectors working in this range.
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CHAPTER 6: SYNCHROTRON INFRA-RED SPECTRAL
MICROSCOPY OF METAL-DIELECTRIC-METAL CAVITY

METAMATERIAL ABSORBERS

In this chapter, we present experimental results of synchrotron IR micro-spectroscopy on thin
MDM absorbers in the mid-IR region. We fabricate absorber with a single isolated surface square
and compared reflectance with periodic array of surface squares of same size. IR micro-spectroscopy
was used to collect hyper-spectral data with diffracted limited spatial resolution using the Infrared
Environmental Imaging (IRENI) beam line at the Synchrotron Radiation Center (SRC), Univer-
sity of Wisconsin, Madison [102, 103] . This is the first time measurement of absorption from a
single unit cell of such an absorber. It shows that there is no need of any periodic structure for
such absorption. We show that there is negligible interaction among the unit cells which affects

the resonances.

6.1 Introduction

A sychrotron is a cyclic particle accelerator where magnetic fields are synchronized with with
the increasing kinetic energy of the particles to account for relativistic increase in mass when the
speed reaches close to that of light. This way charged particles can reach ultra-high-relativistic
speed [104]. A synchrotron is a strong source of electro-magnetic radiation. These radiations are
generated by highly energetic electrons which move in large circular tunnels or storage rings in
a synchrotron. The main principle behind such radiation is that a moving charge emits radiation
when it changes direction or accelerates. Depending up on the energy of the moving electron it can

emit broad-band radiation in X-ray, visible and infra-red regions or in principle in the entire range
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of electro-magnetic spectrum. In a synchrotron, electrons are accelerated to ultra-high energy and
then make them change direction periodically to produce extreme high intensity, highly collimated

photon beams.

Fourier transform infrared microspectroscopy and imaging have emerged as extremely
useful techniques for microscopic scale, non-destructive analysis of chemical-composition of ma-
terials with wide range of applications such as analysis of graphene-based materials [105, 106],
rocks, bio-minerals [107], and asteroid-rock analysis [108, 109], and pharmaceuticals [110]. Due
to low intensity thermal sources, conventional FTIR microscopy has limitations in spatial resolu-
tion, signal to noise ration, image area, and acquisition time [102]. Globar is currently the most
popular source of broad-band thermal source for IR spectroscopy while using point-detectors. Glo-
bar is a SiC bar which is heated to temperature of ~1000-1650°C which give out radiation with
spectra behavior closely matched with Plancks radiation. However, the intensity obtained is low
for modern Focal Plane Array (FPA) based imaging purpose. Multi-beam Synchrotron radiation
is useful for such imaging which can produce highly collimated IR radiation with ~1000 times
higher brightness than globar [102] which enable truly diffraction limited imaging with high spec-

tral quality and spatial resolution [102].

The main objective of this work is to test MDM cavity theory of metamaterial absorbers.
In chapter 3, we showed that periodicity of the squares in metamaterial absorber does not effect the
resonance mechanism. Numerical simulation in the far-IR region (fig. 3.6) showed little change of
resonance wavelength with increase in periodicity of the structures while other sample parameters
t and [ remained constant. When the squares are far apart, the overall intensity from the sample is
reduced which is because of reduced fill factor. Conventional FTIR microscopy with poit-detector
can not measure absorption from isolated squares because of small size and low absorption strength
of the absorber. We use synchrotron based IR micro-spectroscopy to measure absorption of a single

unit cell of a metamaterial absorber.
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6.2 Theory

Microscopy of sub-wavelength structure is limited by diffraction limit given by [111],

A
~ 2nsind

6.1)

where d is the maximum size of the radius of a spot to be resolved, and n is the refractive index
of the medium through which light converges to the spot at angle of 6. And, nsinf is called
the numerical aperture (NA). Considering a NA of 1. The diffraction limit is d = A\/2. In our
case of far- and LW- IR MDM absorber, the operating wavelength is 5 times higher than the
structure size (square length, /). Hence, resolving an individual surface squares at the operating
wavelength is beyond the diffraction limit even for highest possible NA of ~1.5 with oil immersion
technology [112]. Imaging of an isolated square and comparison with periodic array can give

information of effect of periodicity on the absorption mechanism.

Multibeam synchrotron Infrared Environmental Imaging (IRENI) beam line at SRC
has capability of performing diffraction limited imaging using FPA detectors in the entire mid-IR
range. We design and fabricate MDM absorber samples in the mid-IR range with isolated squares
of size ~2 microns which shows the fundamental absorption at ~6.5 microns. 100nm thick SiO,
was used as the dielectric spacer layer, and 200nm thick gold was used as the conductor layer both

for the square and the ground plane.
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Figure 6.1: SEM image of (a)3 isolated squares of varying size from 1.5, 2.1, and 2.2 microns
separated by ~10 microns (b) periodic array of squares of size 2.2 microns and periodicity of 3.2

microns.

6.3 Experimental Details

At SRC multiple beams (up to 12) are combined to achieve high brightness of up to ~1000
times more than globar source [103]. A Brucker Vertex FTIR spectrometer equipped with a 128
128 pixel FPA is used to collect data over 900-3700 cm~ (2.7-11.1 mcirons wavelength) with

4 cm™!

spectral resolution. A Hyperion 3000 infra-red microscope was used, equipped with a
Schwarzschild objective with 20x, 0.65 numerical aperture (NA). With this set-up data can be col-
lected from an area of up to 60 micron x 40 microns illuminated by the collimated beams in one
scan. IRidys (Infrared Imaging and Data Analysis) software was used to extract data from different
pixels. The individual pixel size in the FPA is 0.54 microns x 0.54 microns [102, 103]. According

to eq. 6.1, for NA=0.65, at 2.7 microns wavelength, the diffraction limit d=2.1 microns. Hence,

individual pixels of size 0.54 microns x 0.54 microns give truly diffraction limited imaging at the
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lowest wavelength of 2.7 microns. Pixels are ~4 times smaller than the diffraction limit. Specular
reflection was collected for the measurements. The angle of incidence is calculated from NA, using

n=1 for air, giving §=40.5 degrees.
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Figure 6.2: Optical images of (a)the sample surface taken by a digital camera, small dots in the
in-set shows the periodic arrays. (b) optical microscope image of periodic array of squares of area

300 microns x 300 microns, ¢) magnified optical microscope image of the square arrays.

The absorber has a 3 layer MDM structure as shown in fig. (1.3). 10 nm of Cr is
deposited on a Si wafer using electron beam lithography followed by deposition of 200nm of gold
followed by another 10nm of Cr and 100nm of SiO, without breaking vacuum. Thickness monitor
was used to control the thickness of the deposited films. Step profilometry was then used to cross-
check the total thicknesses of the deposited films. Isolated squares of variable size from 1.5-2.2
microns are then patterned using electron beam lithography. The squares are isolated from each

other by at least 10 microns distance. Periodic arrays of areas 300 microns x 300 microns of the
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same squares are also patterned in the same sample 2 mm away from the isolated squares. 150
nm of DC sputtered gold is then deposited on the sample. Thickness of the DC sputtered gold is
calculated from deposition time which was calibrated for the instrument. Then lift-off is performed
using acetone and sonication for 3 minutes. Fig. (6.1.a) shows SEM image of 3 isolated squares of
varying size from 1.5, 2.1, and 2.2 microns separated by ~10 microns. Fig. (6.1.b) show periodic
array of squares of size 2.2 microns and periodicity of 3.2 microns. Figs (6.2) a,b and ¢ show
optical images of the sample surface taken by a digital camera, (small dots in the in-set shows the
periodic arrays), optical microscope image of periodic array of squares of area 300 microns x 300

microns, and magnified optical microscope image of the square arrays, respectively.

The absorptance of the samples can be found by using A = 1 — R, since transmission
(1) through the sample is zero because of the optically thick ground gold film. Since the structure

size is much smaller than the operating wavelength, scattering is assumed to be negligible.
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Figure 6.3: Synchrotron IR micro-spectroscopy data. a) an SEM image of the isolated square, b)IR
image of the square at 6.3 microns wavelength, c) graphical calculation of resonance wavelengths
for A(1,0),A(3,0) and A\(1, 1). Refractive index, n is measured by ellipsometry, sample parameters
are [=2.1 microns and ¢=0.1 microns. For modes A(3,0) and (1, 1), resonance solutions overlap
each other. d) reflectance spectrum of a pixel at the middle of the square in the IR image for highest

absorption.

6.4 Results and Discussion

Fig. (6.3) shows synchrotron IR micro-spectroscopy data for a single isolated square absorber

with parameters of [=2.1 microns and ¢t=0.1 microns. Fig. (6.3.a) shows a SEM image of the
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square. Fig. (6.3.b) represnts a IR image of the isolated square at 6.3 microns. In the IR image,
the aquare is more than 2 times bigger than the actual square shown in fig. (6.3.a). The IR image
is constructed of reflectance values as a function of x and y distance at 6.3 microns wavelength.
According to eq. (6.1), the diffraction limit at 6.3 microns wavelength is d=4.8 microns. Since the
square is smaller than the diffraction limit the IR image is not resolved, looks diffuse and as big as

4.8 microns.

fig. (6.3.c) represents graphical solution of resonance wavelengths for A(1,0),A(3,0)
and \(1, 1) according to eq. (3.3). Black line represnts refractive index, n of SiO dielectric layer
which is measured using a IR-VASE ellipsometer for 1.4 microns thick e-beam evaporated SiO-
on 200nm smooth gold film. Sample parameters are (=2.1 microns and t=0.1 microns. Red, blue
and green straight lines represent theoretically calculated n(\) using eq. (3.4-6) for A(1,0) ,A(3,0)
and A(1,1) modes. Intersection of these staight lines with the experimental refractive index give
solutions for the resonance wavelengths for the corresponding modes. Fundamental resonance
A(1,0) is obtained at 5.7 microns. For modes A(3,0) and A(1, 1), resonance solutions overlap each

other, and is obtained at 2.1 microns.

Fig. 6.3.d represents reflectance spectrum for which data was extracted at a pixel in
the middle of the IR image of the square which shows strongest absorption. Reflectance spectra
shows two prominent dips at 6.3 microns and 2.5 microns which are identified as A(1,0) and
A(3,0) resonance modes, respectively. Dashed vertical lines represent theoretically calculated
resonances wavelengths for A\(1,0) and A(3,0). Theory predicts experimental spectra at slightly
smaller wavelength. Theory is off by 10% towards the shorter wavelength. No A(1, 1) mode is
observed in the reflectance spectrum as theory shows that resonance wavelength for mode \(1, 1)

overlaps with that of A(3,0).
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Figure 6.4: Synchrotron IR micro-spectroscopy imaging data. a) an optical image of the square
arrays with square size [=2.2 microns and periodicity of 3.2 microns, b) IR image of the pe-
riodic structure at 6.6 microns wavelength, ¢) graphical solution of resonance wavelengths for
A(1,0),A(3,0) and A(1,1) according to eq. (3.3), (d) reflectance spectrum at a pixel with high-
est absorption of 93% for the fundamental absorption band. Dashed horizontal lines represent

theoretical resonances.

Fig. (6.4) represents IR micro-spectroscopy imaging data for periodic array of the
squares. Fig. (6.4.a) represents an optical image of the sample used for alignment. IR imag-

ing for the sample is done in several area scans as shown in the image with red boxes. Area of
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each scan is around 20 microns x 10 microns. Fig. (6.4.b) represents IR image of the sample at 6.6
microns wavelengths. Figs (6.4.a) and b can be compared and identified to be same sample. Area
without the squares looks red in the IR image, and area with squares looks blue showing strong
absorption. When the collimated beam moves from one scan to the other, there is slihgt shift in
reflectance base line. Because of this off-set in reflectance with change in scanning area a mosaic

structure is seen in the image.

fig. (6.4.c) represents graphical solution of resonance wavelengths for A(1,0),A(3,0)
and A(1, 1) according to eq. (3.3)with sample parameters /=2.2 microns and ¢=0.1 microns. Fun-
damental resonance A(1,0) is obtained at 5.9 microns. For modes A(3,0) and A\(1, 1), resonance

solutions overlap each other, and is obtained at 2.2 microns.

Fig. 6.4.d represents reflectance spectrum for which data was extracted at a pixel from
the most absorbing part of the absorber in the IR image (blue part in the right). Reflectance spec-
trum shows one prominent dip at 6.7 microns and several low absorption bands at 4.5, 4.1, 3.6,
3.3 and 2.6 microns. Dashed vertical lines represent theoretically calculated resonances for A(1, 0)
and \(3,0). Absorption band at 6.7 with 93% absorption can be identified as A(1,0). Similarly,

absorption band at 2.6 microns with 48% absorption is close to theoretical mode A(3,0).

Table 6.1: Comparison of resonance wavelengths

Sample parameters ~ Theory Experiments
Single square [=2.1, t=0.1 A(1,0)=5.7 A(1,0)=6.3
A(3,0)=2.1 A(3,0)=2.5
Periodic array [=2.2, t=0.1 A(1,0)=5.9 A(1,0)=6.7
A(3,0)=2.2 A(3,0)=2.6

(Unit= microns)
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Table 6.1 compares resonance wavelengths for single and periodic arrays. SEM imaging
reveals that the size of the single square is smaller than the periodic square by 5% which can be
considered negligible. The experimental resonance wavelength for the fundamental mode is 6.3
microns and 6.7 microns for single isolated square and the periodic square, respectively. For the
periodic squares, the experimental fundamental mode appear at 6% higher than the isolated square.
For theoretical calculations, this difference is 4%. The theoretical difference comes from difference
in size of the isolated square ([=2.1 mcirons) and the size of the periodic squares ([=2.2 mcirons).
Adjusting for this 4% difference in the we can say that there in only 2% difference in experimental
fundamental resonance wavelength difference between isolated square and periodic squares. This
proves our assumption in standing wave based MDM cavity thoery of metamaterial absorbers that

the squares are weakly interacting.

The slight redshift in fundamental resonance for periodic square arrays can be explained
by interaction of oppositely oriented dipoles. In chapter 3, it was seen that the polarity of the top
square edge for two adjacent squares are opposite. When they come too close, both dipoles at the
adjacent squares tend to cancel each other. Because of this effect, the energy needed to drive these

coupled dipoles is smaller. Hence, the resonance wavelength red-shifts.

Similarly for experimental \(3,0) mode, resonance is redshifted by 4% for the periodic
arrays as compared to isolated square. For theoretical calculations resonance wavelength for A(3,0)

is 5% redshifted for the periodic arrays as compared to isolated square.

Calculated resonance wavelengths for A(1,0) and A(3,0) modes are off by ~10% towards
the shorter wavelength. MDM cavity theory is not in good agreement in calculating the resonance
wavelength. However, it did predict number of resonance orders correctly for the isolated squares.
The red-sift in the experimental spectrum can be because of plasmon resonances as seen in [82,

83,85,96]. With decrease in thickness, the plasmon modes on the top square and ground plane
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tend to cancel each other resulting in red-shift in absorption. Also, one significant difference of
this absorber from the far-IR absorber in chapter 3 is that, the thickess of the dielectric is 67 times
thinner than the wavelength as compared to 18 times for the far-IR absorbers. This case is similar
to ref [33]. Hao et al., shows that for ultra-thin absorbers in the visible with decease in thickness
of the dielectric spacer the resonance red-shifts [33]. Which might be the case for these mid-IR

absorbers.

MDM cavity theory can not explain the multiple resonance orders seen between modes
A(1,0) and A(1,0) in the experimental spectrum. These bands might be arising because of the weak

interaction between adjacent squares which is neglected in our calculations.

One prominent difference in experimental spectrum of isolated square and periodic
squares 1is that, the absorption for periodic squares is more than 2 times higher for the funda-
mental than the isolated square. This can be explained by the diffraction limit. At 6.3 microns
wavelength the calculated diffraction limit is 4.8 microns. Anything smaller than 4.8 microns is
not resolvable and appears diffuse. Hence, the 2.1 micros size square is seen as the a bigger square
of more than twice its actual size. The reflectance is distributed over a larger area which reduces

the reflectance at individual pixels although data is collected from a pixel at the center.

6.5 Summary

Standing wave based MDM cavity theory of metamaterial absorber works excellent in the far-
and LW- IR regions for absorbers with dielectric thickness ~15 times thinner than the resonance
wavelength whcih was presented in chapter 3. For the first time we perform IR micro-spectroscopy
on absorber with isolated squares and tested MDM cavity theory in the mid-IR region. Theory

predicts number of resonances correctly for an isolated square. Reflectance spectrum of single
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isolated square and periodic arrays produce similar absorption bands and resonance wavelengths.
Periodicity has negligible effect on the resonance wavelengths of the absorber. Predicted resonance
wavelength is blue-shifted by 10% from the experimental resonances. The absorber is ~67 tjmes
thinner than the wavelength. For such thin absorbers coupling of surface plasmon modes from the
top square and the bottom ground might be a possible explanation for the observed blue-shift for

theoretical resonance wavelengths.
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CHAPTER 7: CONCLUSION

We have experimentally demonstrated thin-film triple layer metal-dielectric-metal (MDM) struc-
tures for absorption of electromagnetic radiation in the UV, visible, near-, mid-, LW- and far-IR
regions with absorbption of up to 97%. All the absorbers were fabricated with CMOS compatible
processing. We have also developed a novel theoretical model of such absorbers based on stand-
ing wave resonances in MDM cavity. Theory successfully explains experimental results for the

absorbs we fabricated.

We have experimentally demonstrated a thin far IR absorber with up to ~95% absorp-
tion for the fundamental band at 53.5 m wavelength (5.6 THz). The thickness of the absorber is
only 3 microns which is 18 times smaller than the resonance wavelength. Absorption bands depend
weakly on polarization and angle of incident. FDTD simulation results and theory show excellent

agreement with experimental results.

We have also experimentally demonstrated an triple layer MDM absorber in the visible
and near IR range with large band-widths up to ~1 microns which does not need any lithographic
patterning. Observed fundamental-resonance absorption strengths are in the range 93 to 97%.
A theoretical model based on effective medium approximation was developed to explain such

absorbers with thin discontinuous metal films on the top surface.

We also succeed in achieving strong wide-band absorption up to 97% in the range from
8-14 microns using simple 3 layer MDM structures with periodic squares as surface pattern. Mul-
tiple overlapping aborption bands cover the entire range of LWIR band important for thermal
imaging. The absorber is 10 times thinner than the operating wavelength and absorption bands are

weakly dependent on polarization and angle of incidence.
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To farther test the MDM cavity theory experimentally, we measured the spatial distri-
bution of absorption for a single unit cell of a MPA, using diffraction-limited synchrotron-based
infrared spectral microscopy in the 2-8 micron wavelength range. Our theoretical model was suc-

cessful in prediction of periodicity independent nature of the resonances.

In summary, we demonstrated fabrication of thin CMOS compatible perfect absorbers
useful for commercial detectors in the IR regions. We also developed a theoretical model of MPA
based on standing wave resonances in MDM cavity. MDM cavity model can calculate resonance
wavelengths for experiments with excellent agreement in the mid- to far-IR regions. However,
resonance wavelengths for MPAs in the visible obtained by MDM cavity model occur at much
higher frequency than reported simulation results. Future work in this field will be modification
of MDM cavity to explain absorption of MPAs in the visible, and application of fabricated MPA

coating to IR bolometers for enhancement of performance.
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