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yena yajñastāyate saptahotā tanme manah. śivasaṅkalpamastu ||
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CHAPTER ONE

Motivation

1.1 Background: why control the flow of light?

Modern humans have significantly evolved in the past 300,000 years [1]: from
using sharpened sticks to hunt animals, to building space stations. There is
a direct correlation between recognizing the utility of natural materials and
wielding them into tools and the brain evolution [2]. The discovery of fire [3]
aided the discovery of various materials, accelerating the advances in metal-
lurgical developments [4].

Our ancestral engineers were very ingenious with the naturally avail-
able raw materials. By tinkering with existing materials, they could create
substances with exotic properties. A deeper understanding of the properties
of materials helped in achieving technological breakthroughs. Mechanical
properties of materials were the first to be explored, from the lustre of early
bronze to the strength of the modern carbon infused steel. Advances in met-
allurgy, ceramics, and plastics have resulted in a plethora of new materials
with widely varying mechanical properties. In the past century, we started
controlling the electrical properties of materials. Advances in semiconductor
physics have enabled us to manipulate the conductivity of certain materials,
thereby initiating the transistor evolution [5].

In the last few decades, we started controlling the optical properties
of materials [6]. However, our knowledge on light itself is not recent. The
complete electromagnetic spectrum was discovered towards the end of 19th

century. In the past century, radio waves and microwaves were extensively re-
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2 1 MOTIVATION

searched and numerous applications ranging from communication, position-
ing to cooking were made possible. Advances in nanofabrication, computing
power, numerical modelling, and characterization tools have enabled us to
engineer materials that respond to light waves at optical frequencies.

Controlling the flow of light at optical frequencies by perfectly reflect-
ing them, or allowing them to only propagate in certain directions, confining
them within a specified volume can enable an enormous range of technologi-
cal developments. Optical communication has proven to be much faster than
traditional electronic communication [7], fibre optics network being the best
example. Advances in microscopy have enabled us to resolve objects better
[8], inspect the tiny semiconductor chips and open new vistas in neuroscience
[9]. Optical computers [10], based on polarization states of light rather than
electric currents are potentially capable of a trillion operations per second.

1.2 Genesis of this thesis

This thesis aims to control the flow of light using nanostructured surfaces.
Three main problems, elaborated below, in solar absorption, optical mi-
croscopy and ultra-narrowband spectral filtering are addressed in this thesis.

1) Nanostructured surfaces for light absorption

Completely stopping the flow of light has potential applications in solar cells
for energy harvesting [11], stray light control for instrument calibration [12]
and in high performance sensing [13]. Different design strategies exist to
design an absorber based on the absorption bandwidth. Broadband absorp-
tion is generally achieved by Si nanowires and nanocone arrays [14, 15], or
by using vertically aligned single-walled carbon nanotube (SWNT) [16, 17].
However, the absorption length is of the order of few microns, and the band-
width cannot be tuned. In the past decade, subwavelength patterned metal—
dielectric—metal (MDM) superabsorbers have been demonstrated to com-
pletely absorb the incident light [18–20]. Broadband absorption is realized
by placing multiple resonators in a unit cell and have been demonstrated
at various frequencies extending from optical to terahertz range [21–30].
Specifically, at optical frequencies, Azad et al. [31] experimentally demon-
strated a broadband, polarization independent, wide-angle MDM superab-
sorber accomplishing more than 90% absorption in the 350–1100 nm spec-
tral region.
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MDM superabsorber is particularly interesting as it can be designed to
achieve narrowband absorption as well as broadband absorption. Unfortu-
nately, all previous works on MDM superabsorbers rely on time consuming
full-wave simulations to optimize the key design parameters. Complex opti-
mization routines such as genetic algorithms [32] are routinely used in opti-
mization. The reported broadband performances at optical frequencies are
fewer compared to those at microwaves or THz.
Therefore, one of the problems posed in this thesis is: is there a better way
to design and optimize the performance of an MDM superabsorber at optical
frequencies?

2) Going beyond tight focusing with optical superoscillation

Optical microscopy is an essential imaging technique with a wide range of ap-
plications, such as, microelectronics, mineralogy, and microbiology [9]. Its
fundamental limitation is the restricted spatial resolution due to diffraction
[33]. Abbé, for example, uses the criterion ∆X = λ

2NA to determine the limit
∆X in the spatial resolution while illuminating with light at a wavelength λ

[34]. Consequently, great attempts have been made in the past century to
enhance the spatial resolution of optical microscopy by either decreasing the
operational wavelength or by increasing the numerical aperture (NA) of the
lens. The resulting techniques include a plethora of near-field solutions [35–
40] which achieve super-resolution by capturing evanescent waves, thereby
increasing the NA. The operational wavelength has also been reduced to
deep ultraviolet (DUV) [41] and vacuum ultraviolet (VUV) [42] to enhance the
spatial resolution. Alternatively, there are fluorescence based techniques
[43–45] which rely on quantum emitters to achieve super-resolution.

Optical superoscillation has emerged as a promising technique to
achieve super-resolution in the far-field without the need to capture the
evanescent waves or decrease the operational wavelength. Superoscillatory
lens (SOL) can produce a focal spot much smaller than the Abbé diffrac-
tion limit by carefully tailoring the interference of a large number of beams
diffracted from a nanostructured mask [46]. Thus far, this technique has only
been employed in transmission [47]. Additionally, a major obstacle with SOL
is the existence of a high-intensity region (called sidelobes) close to the cen-
tral sub-diffraction hotspot.
The following question is hence addressed in the thesis: can a SOL be used to
image reflective objects? Do the high intensity sidelobes affect the imaging
properties?
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3) Spectrally controlling the flow of light

Ultra-narrowband spectral filtering are crucial for a variety of applications like
LiDAR [48], optical satellite communication [49], gas detection [50] and mul-
tispectral imaging [51]. Traditionally, ultra-narrowband filters are based on
light interference in multilayer coatings [52]. The main disadvantage is the
tunability of the peak wavelength. Alternatively, ultra-narrowband filters can
be obtained by creating a Fabry-Pérot cavity from two Distributed Bragg Re-
flectors (DBR) [53]. The height of the cavity determines the peak wavelength,
while the number of alternating dielectric layers in the DBR determines the
bandwidth. A typical DBR filter with a Full Width at Half-Maximum (FWHM) of
10 nm consists of ∼10 layers [52].

Spectral filtering is also resonantly possible in metasurfaces by inter-
ference of two different excitation pathways leading to Electromagnetically
Induced Transparency (EIT) [54]. EIT has been observed in both plasmonic
resonators [55–58] and all-dielectric resonators [59, 60]. Plasmonic EIT fil-
ters [61–63] typically consists of subwavelength holes in a single metal layer
which are easier to fabricate. However, plasmonic filters have low trans-
mission efficiency due to losses and have a wide bandwidth. Dielectric res-
onators cannot be used as-is for spectral filtering as the quiet zone (defined
as the spectral region with < 0.01 transmittance) around the sharp resonance
at wavelength λ is typically <λ/30.
We hence ask this following question: is it possible to spectrally control
the flow of light using resonant metasurfaces which have both an ultra-
narrowband transmission peak as well as an acceptable quite zone?

1.3 Outline of this thesis

The thesis is organized into three principal chapters and two appendices, ad-
dressing the three problems explained earlier.

A novel analytical framework to design a metal—dielectric—metal
(MDM) superabsorber at optical frequencies is presented in Chapter 2. The
developed analytical framework uses Gap plasmon dispersion to get the di-
mensions of the resonators, and then treats the patterned MDM superab-
sorber as stacked layers, by homogenizing the array of resonators into an
effective medium. The stacked layers are then solved using transfer matrix
method. Numerical simulations based on finite element method (FEM) tech-
nique test the effectiveness of the proposed framework. The proposed MDM
superabsorber is fabricated using electron beam lithography and also charac-
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terized experimentally. The chapter also discusses using the analytical frame-
work to design a narrowband absorber.

The first experimental demonstration of a reflection confocal
nanoscope employing a binary metal mask super-oscillatory lens (SOL)
is reported in Chapter 3. The chapter begins with an explanation of the exper-
imental setup and the alignment requirements. The SOL is then characterized
over a range of distances, and a suitable sub-diffraction limited hotspot is
chosen to image a series of objects. The objects, consisting of double-bars,
1D and 2D arrays are designed to determine the influence of sidebands in
the imaging capabilities. The results show that although the SOL can image
objects which fit within the FOV with super-resolution, it has poor imaging
properties while imaging extended objects due to sidelobe illumination. The
effects of which can be reduced using an immersion lens (NA >1).

A metasurface based ultra-narrowband transmission filter at c-band in-
frared is proposed in Chapter 4. The filter, consists of amorphous silicon (a-Si)
rings which supports toroidal resonances coupled in the near-field to a plas-
monic layer consisting of subwavelength holes in Au with a SiO2 spacer layer.
The filter combines the advantages of a high-Q resonance offered by the a-
Si rings with the excellent out-of-band performance of the plasmonic layer.
A radiating two-oscillator model reveals the fundamental resonances which
interfere to produce the narrowband transparency. Multipole decomposition
of the currents in the filter further confirms the dipole-dipole interaction pre-
dicted by the two-oscillator model. The peak transmittance of the filter can be
easily tuned by just changing the periodicity of the unit-cell making it easier
to be integrated in image sensors.





CHAPTER TWO

Nanostructured surfaces for light
absorption: Analytically design-
ing a plasmonic superabsorber1

Plasmonic metasurface based superabsorbers exhibit high absorbance. While the
absorption peak can be tuned by the geometry/size of the subwavelength resonator,
broadband absorption can be obtained by harnessing spectrally shifted resonances
of multiple resonators of various size/shapes in a unit cell. A novel analytical frame-
work is proposed for designing a superabsorber which is much faster than the time
consuming full-wave simulations that are employed so far. Analytical expressions
are derived for the wavelength dependency of the design parameters, which are then
used in the optimization of both broadband and narrowband absorption. The de-
signed superabsorber is polarization insensitive and has a weak launch angle de-
pendency. The proposed framework simplifies the design process and provides a
quicker optimal solution for high-performance superabsorbers.

1Parts of this chapter have been published in [J1], [T1]

7
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2.1 Introduction

Perfect absorption and wave trapping have been major challenges in photon-
ics with numerous potential applications in energy harvesting [11] and high-
performance sensing [13]. Initial interest in absorber design was mainly in
the microwave spectral region. It was useful in improving the radar perfor-
mance and in military for cloaking from enemies’ radar system [64]. With the
development of nanofabrication techniques, metasurfaces have emerged as
a candidate for an absorption at the optical wavelengths (∼400–1000 nm).
Metasurfaces presents additional degrees of freedom for tailoring the elec-
tromagnetic properties of materials [6].

Metasurface absorbers have many names: Metamaterial Perfect Ab-
sorber (MMPA), Metasurface Perfect Absorber (MSPA), near perfect absorber,
electromagnetic wave absorber, almost perfect absorber, among others. Al-
though all concepts are based on the same physics, the names change based
on what is trending in the scientific community. We stick to the term superab-
sorber (yes, it is currently trending) to identify metasurface absorbers.

Superabsorbers can be classified into narrow-band absorbers [65] and
broadband absorbers [31, 66, 67] depending on the absorption bandwidth.
Typically, relative absorption bandwidth

(
∆ f
f0

)
> 50% is classified as a broad-

band absorber. While narrow-band absorbers are generally used in sensing
[68–72] and absorption filtering [73], broadband absorbers find application
in thermophotovoltaics [74] and anti-reflection surfaces [59, 75–77].

Immaterial of the absorption bandwidth, light absorption can be
achieved if all three conditions as shown in Figure 2.1 are satisfied.

Impedance matching There should not be any change in the impedance be-
tween air and the superabsorber surface so that there
are no reflections.

Light confinement The incoming light should be confined within the su-
perabsorber such that there is no transmission.

Energy conversion The confined light should be converted into other forms
of energy such as heating or electricity so that it does
not leak back.

A superabsorber design at optical frequencies typically focusses on
free space impedance matching while using lossy materials. Tapered nanos-
tructures, like nanocones or nanopyramids offer gradual change in the
impedance, and the inherent losses in the material lead to complete absorp-
tion of the incoming light.
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Figure 2.1 : Schematic illustrating the optical absorption process in a su-
perabsorber. Light absorption can be realized when the three conditions
mentioned are satisfied.

Si nanowires and nanocone arrays [15, 78] offer theoretical ultrahigh
absorbance from ultraviolet to infrared wavelengths. However, the fabrica-
tion difficulties limit the practical achievable absorption to ≈ 90%. Verti-
cally aligned single-walled carbon nanotube (SWNT) [16, 17] also offers ultra-
broadband absorption from ultraviolet to far infrared wavelengths. These
SWNT absorbers can be produced on a commercial scale. However, the ab-
sorption bandwidth cannot be tuned.

Light confinement design strategies rely on photonic or plasmonic res-
onances. Fabry-Pérot cavity mode is the most widely used approach. Sal-
isbury screen [79], for example, relies on destructive interference of light
between the two metal layers when the dielectric layer thickness is a quar-
ter of the operating wavelength. The simplest Fabry-Pérot mode exists in
1D Metal—Dielectric—Metal (MDM) cavity. Metallic metasurfaces, based on
surface plasmon polariton interactions exhibit unique optical properties such
as high transmission [80], high field concentration [81], and perfect absorp-
tion [82]. In the past decade, subwavelength patterned MDM superabsorbers
have been demonstrated to completely absorb the incident light [18–20].
Broadband absorption is realized by placing multiple resonators in a unit cell
and have been demonstrated at various frequencies extending from optical to
terahertz range [21–30]. Specifically, at optical frequencies, Azad et al. [31]
experimentally demonstrated a broadband, polarization independent, wide-
angle MDM superabsorber accomplishing more than 90% absorption in the
350–1100 nm spectral region.

Alternatively, plasmonic nanocomposites [83–85], where Au nanopar-
ticles are randomly dispersed and embedded in a dielectric host offer broad-
band absorption at optical frequencies. Although, the device fabrication is
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simpler and do not require e-beam lithography, it is not straightforward to
tune the absorption bandwidth. One other approach is to use ultra-thin layer
of lossy metals like Cr [86] in an MDM stack. However, the required Cr thick-
ness is so low (≈3 nm) that achieving a uniform layer is difficult.

On the other hand, nanopatterned MDM metasurfaces offer the possi-
bility to tailor the design for a specific absorption bandwidth and can be easily
fabricated with existing nanolithography techniques. They can also be real-
ized over large areas using nanoimprint lithography [87]. However, at optical
frequencies, the metal dispersion hinders the optimization of resonator di-
mensions and geometrical features for broadband absorption. Almost all of
the previous works on broadband MDM superabsorbers [21–31, 66, 67] rely
on time consuming full-wave simulations requiring complex optimization rou-
tines such as genetic algorithms [32], and reported broadband performances
at optical frequencies are lower compared to those at microwaves or THz.
There is a need for an analytical design methodology to get more insights
into the wavelength dependency of the resonator dimensions and other key
design parameters, and to allow a better optimization for broadband perfor-
mance.

In this chapter, we present a novel analytical framework to design a su-
perabsorber at optical frequencies. The developed analytical framework uses
gap plasmon dispersion to get the dimensions of the resonators, and then
treats the patterned MDM superabsorber as stacked layers, by homogeniz-
ing the array of resonators into an effective medium. The stacked layers are
then solved using transfer matrix method. Numerical simulations based on
finite element method (FEM) technique test the effectiveness of the proposed
framework. The proposed MDM superabsorber is fabricated using electron
beam lithography and characterized experimentally.

2.2 Analytical design framework

2.2.1 Mechanism

We first introduce the mechanism of near-perfect absorption in an MDM su-
perabsorber. A typical MDM superabsorber consists of an array of metal res-
onators separated from a ground metal plane by a thin dielectric layer. The
array of resonators very efficiently couples the incoming light into Localized
Surface Plasmon Polaritons (LSPPs) at the metal—dielectric interfaces.
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The resonance wavelength can be tuned by modifying the size of the
resonators, and broadband performance can be achieved by multiplexing
multiple resonators of different shapes in a unit cell. A schematic of an MDM
superabsorber is shown in Figure 2.2 (a). Here, W is the width of the res-
onator, H is the height, and td is the thickness of the dielectric spacer layer.
The average surface roughness is < 5nm, which is much smaller than the op-
tical wavelengths and thus scattering can be ignored.

The role of the top metal layer is to both couple the incoming light into
LSPPs and be impedance matched with free space to have zero reflection. The
middle dielectric spacer layer must be deep subwavelength so that SPPs are
also excited in the ground metal plane and are magnetically coupled. This
ensures that the electromagnetic field is confined within the dielectric as a
magnetic resonance (see Figure 2.15 in page 29) and decays exponentially in
the metal layer. The bottom metal layer should be thicker than the skin depth
of the metal so that there is no transmission.

In this chapter, we extend the analytical model to design an MDM su-
perabsorber for a general resonator—dielectric—substrate system by comput-
ing the required critical design parameters as a function of operational wave-
length (λ) comprising of

Resonator width (W)
Resonator height (H)
Dielectric thickness (td)

We use this framework to optimize the required design parameters for
broadband absorption in a fully analytical approach and to also design a nar-
rowband absorber.

2.2.2 Gap plasmon dispersion

Metallic nanoparticles have a unique ability of enhancing electromagnetic
fields by confining light at subwavelength ranges through the excitation of
SPPs at the metal—dielectric interface [88]. The LSPPs of a metal—dielectric—
metal (MDM) system, depicted in Figure 2.2 (a) can be modelled as a continu-
ous layer gap plasmon resonators as shown in Figure 2.2 (b), where the elec-
tromagnetic field is localized within the dielectric gap due to magnetic cou-
pling between the SPPs at the two metal—dielectric interfaces. The metal—
dielectric—metal interface can sustain bound (confined) SPPs (i.e. LSPPs) as
the field decays exponentially in the metal layers.
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Figure 2.2 : (a) Cross-section of an MDM superabsorber which has a top
layer with a characteristic width W. The LSPPs at the top metal—dielectric
interface are denoted by the exponentially decaying red curve, which in-
duces a mirror LSPP in the bottom metal—dielectric interface. (b) Cross-
section of a three layer metal—dielectric—metal structure in the xz axis.
The exponentially decaying red waves represents the SPPs at the metal—
dielectric interface.

We begin the analytical framework with a general description of electric
and magnetic fields of the Transverse Magnetic (TM) modes in an MDM system
shown in Figure 2.2 (b). The layers are stacked in z axis and the SPPs are
travelling along x axis as shown in the Figure 2.2. The field components in
each layer are derived by solving Maxwell’s equations. The fields are confined
in the dielectric spacer layer and exponentially decay in the metal layers. The
field components for z > td

2 are:

Hy = Aeiβxe−k1z (2.1a)

Ex = iA
1

ωε0εm
k1eiβxe−k1z (2.1b)

Ez =−A
β

ωε0εm
eiβxe−k1z (2.1c)

While for z <− td
2 we get:

Hy = Beiβxek3z (2.2a)

Ex =−iB
1

ωε0εm
k3eiβxek3z (2.2b)

Ez =−B
β

ωε0εm
eiβxek3z (2.2c)
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In the dielectric region, − td
2 < z < td

2 , the modes localized at the bottom
and top interface are coupled:

Hy = Ceiβxek2z +Deiβxe−k2z (2.3a)

Ex =−iC
1

ωε0εd
k2eiβxek2z + iD

1
ωε0εd

k2eiβxe−k2z (2.3b)

Ez = C
β

ωε0εd
eiβxek2z +D

β

ωε0εd
eiβxe−k2z (2.3c)

β is the longitudinal component of SPP wavevector
k0 is the wave vector of light in free space
k1,k2,k3 are the z component of wave vectors in each layer
ε0 is the permittivity of the free space
εm is the permittivity of the metal
εd is the permittivity of the dielectric
ω is the angular frequency given by k0c
A,B,C,D are constants denoting amplitudes

The requirement of continuity of Hy and Ex at z = td
2 and at z =− td

2 leads to a
linear system of four coupled equations:

Ae−k1
td
2 = Cek2

td
2 +De−k2

td
2 (2.4a)

Be−k3
td
2 = Ce−k2

td
2 +Dek2

td
2 (2.4b)

A
εm

k1e−k1
td
2 =− C

εd
k2ek2

td
2 + D

εd
k2e−k2

td
2 (2.4c)

− B
εm

k3e−k3
td
2 =− C

εd
k2e−k2

td
2 + D

εd
k2ek2

td
2 (2.4d)

Furthermore, Hy has to fulfil the wave-equation
∂2Hy

∂Z2 + (
k2

0εi −β2)
Hy = 0 in

the three distinct regions, leading to k2
i = β2 − k2

0εi for i = 1,2,3. Solving this
system of linear equations results in the dispersion equation [89]:

tanh


√
β2 −

(ω
c

)2
εd td

2

=


−εd

√
β2 −

(ω
c

)2
εm

εm

√
β2 −

(ω
c

)2
εd

 (2.5)

The dispersion equation unfortunately does not have a simple analytical solu-
tion for β as a function ofω. However, this equation can be numerically solved
by finding a β that satisfies this equation for a given ω. Figure 2.3 plots the
numerically obtained dispersion curve. The LSPPs of the MDM system were
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Figure 2.3 : Dispersion curve of the MDM system for a spacer thickness td
of 50 nm. The dotted line depicts the air-light line.

modelled as continuous layer SPPs previously. Now, when the top layer has
a finite width W, the SPPs (gap-plasmon) reflect at the boundaries. They are
bounded (i.e. LSPP) when the phase difference is an integral multiple of π.

Fabry-Pérot standing wave condition

φ1 =W
(

2π
λ1

)
+φ= mπ as seen in Figure 2.4.

λ1 = λ
neff

is the wavelength in the resonator

neff is the gap-plasmon effective index given by Real
(
β
k0

)
m is the mode index
φ is an additional phase shift upon reflection
W is the width of the resonator

Rearranging:

W
(

2π
λ

)
neff = mπ−φ (2.6)

Equation 2.5 is first solved numerically for a dielectric spacer thickness
(td) of 50 nm (initial guess, which will be refined later). The resonator width
(W) is then computed as a function of resonance wavelength (λ) using Equa-
tion 2.6. The Au ground plane is the significant contributor of absorption at
lower wavelengths. The phase shift (φ) of the SPPs upon reflection from the
ends of the resonators is not straightforward to estimate. It is not an intrinsic
property, and depends on both, the material and the geometry of the res-
onator. Though for simplicity we assumed it to be zero. However, in practice,
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Figure 2.4 : Various bounded SPP modes (m) in a resonator of finite width
(W). The red solid curve represents the SPP, while the dotted curve repre-
sents the reflected wave.
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Figure 2.5 : Width (W) of resonator as a function of resonance wavelength
(λ) computed by numerically solving the gap plasmon dispersion Equa-
tion 2.6 for the metal—dielectric—metal system shown in Figure 2.2 (a)
(in page 12). The dielectric spacer thickness (td) is fixed at 50 nm. Three
shapes of resonators are selected in three different regions of wavelength

the non-zero phase shift results in a small (< 20 nm) shift of the resonance
[90]. Figure 2.5 depicts the dependency of the width of the resonators on
the resonance wavelength for the fundamental mode (m = 1). The relative ab-
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sorption bandwidth of a single resonator—dielectric—metal system is < 10%.
Broadband absorption can be obtained by multiplexing the spectrally shifted
resonances of various resonators. 18 resonators consisting of squares, cir-
cles and crosses (the motivation for using various types of resonators are ex-
plained later in this chapter, see Figure 2.22), with dimensions varying from
40 to 200 nm, in steps of 10 nm, were selected to have a broadband res-
onance at optical wavelengths (see Table 2.1 for dimensions). It is worth
mentioning here that the light confinement, and further dissipation is mainly
due to the excitation of localized SPPs in the MDM system. This confinement,
based on an individual resonator—dielectric—metal system, does not depend
on the periodicity of the unit cell. The periodicity can hence be arbitrarily cho-
sen such that multiple resonators can be accommodated in a unit cell.

Number Square (SQ) Circle (C) Cross (CR)
length [nm] diameter [nm] width [nm]

1 40 100 140
2 50 110 160
3 60 120 170
4 70 125 180
5 80 140 190
6 90 150 200

Table 2.1 : Dimensions of individual resonators used in design.

2.2.3 Supercell design

The gap plasmon dispersion equation gives only the characteristic width (W)
of the resonators, and in principle, it is same for any shape of the resonator
such as circles (diameter), squares (side), and crosses (width). Although a
relatively broadband response could be achieved by using only one type of
resonator [22], a combination of different resonators assists in suppressing
the interparticle coupling between two resonators which leads to dips in the
absorptions spectrum (see Figure 2.22 in page 34). The proposed supercell
design, which is inspired by recent work [31], consists of 36 resonators, in
a 6× 6 grid, with 18 unique resonators consisting of squares (side: 40–90
nm), cylinders (diameter: 100–150 nm), and crosses (width: 140–200 nm,
limb: 50 nm) (see Figure 2.22 in page 34). Cylindrical resonators have been
demonstrated to be optimal at 500–700 nm wavelength [22] and crosses at
NIR wavelength [31, 91]
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Various resonators are placed in a unit cell, such that, the nearest
neighbours are not resonating at close-by wavelengths, so as to avoid cou-
pling between them. The non-coupled resonators should further be placed
sufficiently far away from each other such that the electric field of a resonator
does not leak into the neighbouring resonator. The electric field outside a
metal sphere (of radius a) supporting LSPPs exponentially decays with posi-
tion and is given by the expression [92] for x-polarized incident electric field
(E0).

~E= E0 x̂−
(
εm −ε0

εm +2ε0

)
a3E0

[
x̂
r3 − 3x

r5~r
]

(2.7)

Here,~r is the position vector given by~r = xx̂+ yŷ+ zẑ. Figure 2.6 plots
the intensity of the electric field distribution outside an Au sphere of diameter
120 nm under 600 nm x-polarized illumination. As seen from the Figure 2.6,
the intensity rapidly decreases with position. The decay length is calculated
as the length from the surface for which the intensity drops to

(1
e
)

of the maxi-
mum value and is 8 nm in this case. Similarly, the decay length was computed
for all resonators, and has an average value of ∼10 nm. The centre to centre
distance between two adjacent resonators is hence fixed at 250 nm, which
guarantees an edge to edge distance of at least 75 nm (> 5×decay length).
Polarization independence is achieved by placing the resonators in a fourfold
symmetry as shown in Table 2.2. The periodicity of the supercell is 1500 nm
(6×250nm).

SQ1 CR4 C5 SQ4 C4 CR3
CR2 SQ3 C1 CR6 SQ2 SQ6
CR5 C3 SQ5 CR1 C2 C6
C6 C2 CR1 SQ5 C3 CR5

SQ6 SQ2 CR6 C1 SQ3 CR2
CR3 C4 SQ4 C5 CR4 SQ1

Table 2.2 : Placement of the resonators in the supercell.

2.2.4 Effective medium approximation

The supercell is then modelled as a bulk medium of a certain effective per-
mittivity [93]. This simplifies the MDM superabsorber greatly into a stacked
layers structure, and the transfer matrix method (described in the next sub-
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Figure 2.6 : Electric field intensity distribution outside an Au nanosphere of
diameter 120 nm under 600 nm illumination. The electric field is polarized
along x-axis.

section) can be used to compute the effective resonator height and spacer
thickness required for perfect absorption.

The size of the resonators are much smaller than the impinging wave-
length. Therefore, the top layer can be homogenized with an effective permit-
tivity. It is impossible to homogenize the top layer while considering all the
36 resonators together (analytical solutions only exist for a two-body problem
[94]). We argue that for a given resonance wavelength, only one resonator
has to be included in the effective medium computation as the light does
not “see” non-resonating elements. We, hence compute effective permittivity
separately for each of the 18 resonance wavelength as shown in Figure 2.8.
Although each resonator is repeated twice in a unit cell, they are placed far
away from each other and hence can be treated as “de-coupled”.

The asymmetric Bruggeman formulation is used to homogenize the su-
percell as other classical methods like Maxwell-Garnet or Clausius-Mossotti
formulations converge to it [93]. The effective permittivity εeff is computed at
resonance using Equation 2.8. εm and εh are the permittivity of metal and
host medium (air), respectively. The Johnson and Christy tabulated permit-
tivity [95] is used for Au, and Malitson model [96] is used for SiO2 as shown
in Figure 2.7. It is to be noted here that Equation 2.8 is derived from polar-
izability of a spherical inclusion as it is computationally intensive to derive
equations for various geometry inclusions like crosses, cylinders and cubes.
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Nevertheless, this approach gives a good first approximation as the character-
istic length - which determines the polarization vector - remains the same. The
fill factor ( f ) for different resonator shapes is computed using Equation 2.9,
where L = 1500 nm denotes the lattice period of the supercell, W is the char-
acteristic width of the resonators, and W1 = 50 nm is the width of the limbs in
the crosses. The short limb of the crosses supports higher order LSPP modes
at lower wavelengths. The height of the resonators disappears in the fraction
(in Equation 2.9) as we consider the host dielectric medium to have the same
height. Figure 2.9 depicts the computed effective permittivity. The real part
of the permittivity is close to 1 (black curve), and the imaginary part of the
permittivity (red curve) is close to zero, confirming the free-space impedance
matching which is necessary for absorption.(

εm(λ)−εeff (λ)
εm(λ)−εh(λ)

)
= (1− f )

(
εeff (λ)
εh(λ)

) 1
3

(2.8)

f =


2

(W
L

)2
squares

2π
( W

2L
)2

circles

2
[(

2WW1
L2

)
−

(
W1
L

)2
]

crosses

(2.9)
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Figure 2.7 : Real (black) and imaginary (red) parts of the permittivity of Au
(solid curve) and SiO2 (dotted curve).
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Figure 2.8 : Homogenizing the permittivity of the MDM superabsorber. The
effective permittivity is computed at the resonance wavelength for each of
the resonators using asymmetric Bruggeman formulation.

2.2.5 Transfer matrix method

The width of the resonators were first computed using gap-plasmon disper-
sion, which required a guess for the dielectric spacer thickness. The height
of the resonators and the optimal dielectric spacer thickness still need to be
computed. Homogenizing the permittivity of the supercell allows us to model
the MDM superabsorber as stacked layers. Transfer matrix method can be
used to derive the optimal layer thickness.

The MDM superabsorber is now modelled as a stack of two layers of
thickness d1 = H and d2 = td with permittivity εeff and εd, respectively, em-
bedded between an air superstrate and metal substrate with permittivity εm
as shown in Figure 2.10. The relative permeability (µr) of the entire system is
1.

Inside the top homogenized layer and the bottom metal layer, the
waves are evanescent and decay in the z-direction, and hence the wavevec-
tors (kz) are purely imaginary, i.e., k1 = ik0

p
εeff and k3 = ik0

p−εm, whereas
k2 = k0

p
εd is the wavevector in the spacer layer. Although the top homog-
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Figure 2.9 : Homogenizing the permittivity of the supercell by asymmetric
Bruggeman formulation. The real part of the effective permittivity is close
to 1 (black curve), while the imaginary part is negligibly small (red curve).

enized layer has a permittivity close to 1, the wavevector in the z-direction
(k1) still has to be purely imaginary such as to excite LSPPs (LSPPs can’t be
excited at the interface between two dielectrics!). This is counter-intuitive, as
one might expect k1 to be real (propagating) from a positive εeff . The effec-
tive permittivity of the top layer only accounts for inhomogeneity in the xy
direction (the height of the layer disappears in Equation 2.9 as we consider
the host medium to have the same height), and hence does not completely
describe what happens in the z-direction.(i.e. εeff = εeff (x, y)).

An exact fix to this problem is to avoid homogenization altogether and
evaluate the complete permittivity tensor. We do not do that for two principle
reasons:

1. Evaluating the permittivity tensor is only possible numerically, using
full-wave simulations.

2. Analytical modelling of an MDM superabsorber can’t be proceeded fur-
ther without simplifying the top patterned layer of resonators.

A simple fix is explored in this thesis by forcing k1 to be imaginary while as-
suming εeff to be positive and isotropic.
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The transfer matrix (M) for each layer is derived based on the tangential
continuity of electric field at the boundary between two layers given by [97]
(see Appendix A for derivations):

M0 =
(

1 1

k0 −k0

)−1

(air superstrate) (2.10)

Mj =
 cos

(
k jd j

) i
k j

sin(k jd j)

ik j sin
(
k jd j

)
cos

(
k jd j

)
 (layers j = 1,2) (2.11)

M3 =
0 ei(d1+d2)k3

0 −k3ei(d1+d2)k3

 (metal substrate) (2.12)

The transfer matrix M of the system relates the inbound
(+EII

)
and outbound(−EII

)
electric field amplitudes in the substrate to the inbound

(+EI

)
and out-

bound
(−EI

)
electric field amplitudes in the superstrate by the following rela-

tion:  +EII
−EII

=M

 +EI
−EI

 ,whereM=
 m11 m12

m21 m22

=M0M1M2M3 (2.13)

Rearranging the terms, +EI
−EI

=M−1

 +EII
−EII

 ,

 +EI
−EI

=
 m22 −m21

−m12 m11

 +EII
−EII



or,

 −EI
+EI

=
 m11 −m12

−m21 m22

 −EII
+EII

 (2.14)

Since there is no wave incident on the substrate
(−EII = 0

)
, outbound

field from the superstrate
(−EI

)
is 0 when m12 = 0.

Substituting the M-matrices and equating m12 = 0 we get Equation 2.15 for
optimal dielectric spacer thickness (td, i.e. d2).

cot
(
2
π

λ
td

√
εd(λ)

)
=



√
−εm(λ)
εd(λ)

+
√
εd(λ)
εeff (λ)√

−εm(λ)
εeff (λ)

−1

 (2.15)
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Figure 2.10 : Scheme of the two layer system embedded in metallic sub-
strate and air superstrate. The top layer (of thickness H) has an effective
permittivity εeff , and the substrate has a relative permittivity εm. The mid-
dle dielectric spacer layer has relative permittivity εd and thickness td. k1,
k2 and k3 denote the wavenumbers in the corresponding layers.

The reflection amplitude can be computed from the transfer matrix of
the entire system [98] and is given by the expression:

r = γ0m11 +γ0γ3m12 −m21 −γ3m22

γ0m11 +γ0γ3m12 +m21 +γ3m22

(2.16)

γ j = ñ j cosθ j
ñ j = n j − ik j is the refractive index of jth layer
θ j is the angle of incidence.

Equating reflection amplitude to zero gives Equation 2.17 for optimal res-
onator height H (i.e. d1) at normal incidence:

tanh
(
2i
π

λ
H
√
εeff (λ)

)
=
√

εeff (λ)
−εm(λ)



√
−εm(λ)
εd(λ)

tan
(
2π
λ

td
√
εd(λ)

)
+1

−
√

εd(λ)
−εm(λ)

tan
(
2π
λ

td
√
εd(λ)

)
−1

 (2.17)

Figure 2.11 (a) shows the computed values of the optimal spacer thick-
ness (td) (black curve) and the optimal resonator height (H) (red curve) as a
function of resonance wavelength (λ). As seen in Figure 2.11 (a), the optimal



24 2 SUPERABSORBER

40 45 50 55 60 65
92

94

96

98

100

  Resonator height (H) [nm]

 50 nm   60 nm
 70 nm   75 nm
 
80 nm

A
v

e
r a

g
e

 a
b

s
o

r p
ti

o
n

 [
%

]

Spacer thickness (td) [nm]

500 600 700 800

10

30

50

70

Wavelength (l) [nm]S
p

a
c

e
r 

th
ic

k
n

e
s

s
 (

t d
) 

[n
m

] 

70

90

110

130

R
e

s
o

n
a

to
r 

h
e

ig
h

t 
(H

) 
[n

m
]

(a) (b)

Figure 2.11 : Optimizing the spacer thickness and the resonator height of
the supercell. (a) Transfer-matrix method results to get the optimal spacer
thickness (td) (black curve) and the resonator height (H) (red curve) re-
quired for perfect absorption at different wavelengths in a 3-layer stack
shown in Figure 2.5 (b) Average normal incidence absorption of the pro-
posed MDM superabsorber structure in the 500–850 nm spectral range for
varying spacer thickness (td) and resonator height (H) quantized in steps
of 5 nm using full-wave simulations. The arrow indicates the optimal value
of 45 and 75 nm for spacer thickness and resonator height, respectively.

spacer thickness (td) has a nearly linear dependence on the resonance wave-
length. The ground Au plane is the significant contributor of absorption at
shorter wavelengths (λ < 530 nm). Figure 2.12 shows the numerically simu-
lated normal incidence absorption of a 200 nm thick Au layer in the 450–950
nm spectral range.

The optimal spacer thickness (td) of the supercell is chosen as the av-
erage value of td in the 530–850 nm wavelength range, which gives a value
of 42 nm, refining the initial guess of 50 nm. Equation 2.17 is computed with
this value for td. The optimal height of the resonators (red curve) is greater
at shorter wavelengths (as can be seen from Figure 2.11 (a)) but is relatively
flat elsewhere. Again, considering the significant contribution of ground Au
plane in absorption at shorter wavelengths, the height of the resonators (H)
chosen as 78 nm is optimized for the wavelength range 600–850 nm, where
the height (H) has a linear dependence on the wavelength. Hence, for broad-
band performance the optimal spacer thickness of the proposed MDM super-
absorber is 42 nm, while the optimal height of the resonators in the supercell
is 78 nm. Numerical simulations (elaborated in the next section) were per-
formed to test the effectiveness of the proposed framework. The thickness
of the spacer layer, and the height of the resonators were swept from 40–65
nm and 50–80 nm, respectively in steps of 5 nm. Figure 2.11 (b) shows the
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Figure 2.12 : Numerically simulated absorbance of a 200 nm thick Au layer
at normal incidence.

average absorption at normal incidence obtained in the 500–850 nm spectral
range as a function of spacer thickness and resonator height. The absorption
is maximum for a spacer thickness (td) of 45 nm, and for resonator height (H)
of 75 nm, matching quite well with the analytical results.

2.3 Numerical simulations

The optical absorption of the proposed MDM superabsorber has been simu-
lated using finite element method (FEM) with a commercially available soft-
ware COMSOL Multiphysics. The structure consists of 36 Au resonators each
of height 75 nm with dimensions given in Table 2.1 (in 16), arranged in a 6×6
supercell of periodicity 1500 nm as shown in Table 2.2 (in 16). The super-
cell is separated from the ground Au layer (thickness 200 nm) by a 45 nm
SiO2 layer, and a 5 nm Cr adhesion layer. The edges of the resonators are
rounded by 5 nm to account for imperfections in the fabrication. The Johnson
and Christy tabulated permittivity [95] is used for Au and Cr, and Malitson
model [96] is used for SiO2. In the 3D FEM simulation, Floquet boundary con-
ditions are employed in both x and y directions, and perfectly matched layer
boundary conditions are employed in the z direction. TE mode has E-field
along y-axis, while TM mode has E-field along x-axis. The 200 nm thick bot-
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tom Au layer modelled with an impedance boundary condition in COMSOL.
This avoids modelling Maxwell’s equations in the interior of the ground Au
layer by assuming that the currents flow entirely on the surface 2. This tech-
nique reduces the simulation time considerably without affecting the results.
The absorption is calculated as A (λ)= 1−R (λ), where R (λ)=

∣∣S11
∣∣2 is the re-

flection (diffraction orders are ignored for now, see section 2.5), as there is no
transmission in the entire wavelength range. The simulated normal incidence
absorption of the proposed MDM superabsorber structure for both TE (blue
curve) and TM (red curve) fundamental modes in the 450–950 nm spectral
range is shown in Figure 2.13. Although the analytical model was designed
for the 500–850 nm spectral region, we can observe that the average absorp-
tion is above 0.97 for both polarizations in the 450–950 nm spectral region,
with near unity absorption between 550 and 850 nm. The ground Au layer
(see Figure 2.12) accounts for high absorption in the lower wavelength range,
and the non-zero phase shift acquired upon reflection from the ground Au
layer is attributed to the red shift.
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Figure 2.13 : Simulated normal incidence absorption for the TE mode (blue
curve) and TM mode (red curve) for the proposed MDM superabsorber. The
inset shows the direction of E-field for both polarizations.

2https://www.comsol.com/blogs/modeling-metallic-objects-in-
wave-electromagnetics-problems/ Accessed Jan 8, 2020.

https://www.comsol.com/blogs/modeling-metallic-objects-in-wave-electromagnetics-problems/
https://www.comsol.com/blogs/modeling-metallic-objects-in-wave-electromagnetics-problems/
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The dip at ≈ 800nm in the TE mode is attributed to a weak coupling be-
tween Square-4 and Cross-6. Figure 2.14 plots the simulated magnetic field
norm at the plane containing these two resonators for both TE and TM modes
under 816.5 nm planewave illumination clearly showing the coupling for the
TE illumination. This leads to a small peak in the reflection spectra. Numeri-
cal simulations can be carried out to determine the optimal placement of var-
ious resonators in the supercell. However, such simulations might result in
a structure which has a strong polarization dependency. Placing the various
resonators in a 4-fold symmetry is both quick and an effective way to avoid
this problem.

The simulated electric and magnetic field patterns at various cut planes
for different wavelengths are shown in Figure 2.15. At shorter wavelengths,
all square resonators and limbs of some cross resonators contribute to the
overall absorption, with the smallest square resonators providing maximum
contribution as shown in Figure 2.15(a) for λ = 500 nm. Medium-sized res-
onators i.e. cylinders are excited and dominate the absorption process at
intermediate wavelengths, as shown in Figure 2.15(b) for λ = 700 nm. At
λ = 900 nm only the larger cross resonators are excited–the distribution of
the electric fields are shown in Figure 2.15(c). Hence, homogenizing the per-
mittivity at resonance is valid as the incidence wavelength does not “see”
non-resonating elements. The magnetic field pattern at the centre of the di-
electric layer is shown in Figure 2.15(d,e,f) for various wavelengths. The mag-
netic resonances are clearly observed. The electric field at the ground metal
layer shown in Figure 2.15(g,h,i) are similar to the ones at the bottom of the
resonator confirming the LSPP coupling. This confined energy is dissipated in
the metal layers as joule heating. For wavelengths ≤ 500 nm, Au substrate is
penetrated more by the light field due to lack of optimal resonators as seen
in Figure 2.15(g), but the overall absorption performance is high due to inter-
band components of Au permittivity (see Figure 2.12).

The angular behaviour of the proposed MDM superabsorber is numer-
ically simulated for both polarizations and is shown in Figure 2.16 (a),(b).
This demonstrates that the MDM superabsorber has a weak polarization and
launch angle dependence, and has high performance up to 45◦ (average ab-
sorption is 0.896 for TM and 0.943 for TE). The incident angle dependent ab-
sorption of the superabsorber is depicted in Figure 2.16 (c),(d) for both po-
larizations from 12◦ to 24◦ (step size 0.3◦) as a function of wavelength. The
dispersion is almost flat except for the dip centred around 850 nm which is
attributed to the coupling between Square-4 and Cross-6 as explained previ-
ously. This coupling becomes more pronounced at higher angles.
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(a) (b)

Magnetic Field Norm [A/m]

(b)

(a) TE Mode, λ = 816.5 nm

TE Mode, λ = 816.5 nm

(b) TM Mode, λ = 816.5 nm

Figure 2.14 : Simulated Magnetic field norm along planes (a) and (b) indi-
cated by red lines in the MDM superabsorber unit cell (left) for impinging
wavelength of 816.5 nm.

2.4 Experimental characterization

The proposed MDM superabsorber structure was fabricated on a silicon sub-
strate using electron beam lithography. A silicon substrate is chosen to pro-
vide the necessary mechanical support. A flexible polymer substrate can also
be used [99]. A 200 nm thick gold film, along with a 5 nm chromium adhesion
layer was first deposited on the silicon wafer using DC Magnetron sputtering,
followed by chemical vapour deposition of a 45 nm thick SiO2 film. A 200 nm
thick poly-(methyl methacrylate) (PMMA) 495 A4 resist layer was then spin
coated at 2000 rpm for 45 s and baked at 180 ◦C for 5 minutes to harden the
resist. The resist was exposed with a pattern of the supercell by an electron
beam with 20 kV accelerating voltage and a 10 µm focusing aperture. The
active area of the exposure is 300µm×300µm. The exposed resist was devel-
oped in a 1:3 solution of methyl isobutyl ketone (MIBK) and isopropyl alcohol
(IPA) for 90 s and rinsed in IPA for 60 s. A 5 nm chromium adhesion layer and
a 75 nm gold layer was then sputtered sequentially on the patterned resist.
The resist was later removed by acetone lift-off. This nanofabrication process
flowchart is shown in Figure 2.17.

A false coloured scanning electron microscopy (SEM) image of the sam-
ple is shown in Figure 2.18. Squares, colour coded by yellow in the SEM image
seem to have rounded edges, as anticipated. Some of the squares with size
40 nm are missing as they likely have been washed away in acetone lift-off.
Circles, colour coded by red, are slightly elliptical. This could cause a weak
polarization dependency. The chief artefact in the device fabrication are the



2.4 EXPERIMENTAL CHARACTERIZATION 29

S
U

P
ER

A
B

S
O

R
B

ER

(a) 500 nm (b) 700 nm (c) 900 nm

|E| at the resonator base  

(d) 500 nm (e) 700 nm (f) 900 nm

|H| at the center of dielectric  

(g) 500 nm (h) 700 nm (i) 900 nm

|E| at the surface of ground metal

Figure 2.15 : (a, b, c): Simulated moduli of electric field at the base of the
resonator. (d, e, f): Simulated moduli of magnetic field at the centre of
the dielectric (g, h, i): Simulated moduli of electric field at surface of the
ground Au layer for impinging wavelengths of 500 nm, 700 nm and 900 nm
respectively. The unit of electric field is V/m, and the unit of magnetic field
is A/m.

crosses which are colour coded by blue. The centres of the crosses seem to
be overexposed resulting in a diamond like shape.

The polarization and angle dependent reflection of the fabricated sam-
ple is measured using a near collimated (< 0.3◦ divergence) halogen lamp
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Figure 2.16 : Simulated angle dependent absorption of the proposed MDM
superabsorber structure for the (a) TM mode and (b) TE mode. Dispersion
for the TM and TE modes are shown in panels (c) and (d), respectively. The
dip in the spectrum centred around 850 nm is due to the coupling between
Square-4 and Cross-6 which becomes more pronounced at higher angles.

(450–950 nm) source with 120 µm spot and a USB-2000 fibre spectrome-
ter (Ocean Optics). The schematic of the experimental setup is shown in Fig-
ure 2.19. It is to be noted here that “near-collimation” of a white light source
is difficult as the light tends to spread out. The halogen bulb in hence placed
in an enclosure with a narrow slit of 1 inch diameter to reduce the solid angle
of the illumination beam. The size of the pinhole (PH1, 10 µm) is critical in de-
termining the divergence of the output beam. The lenses L1–L4 shrinks down
the beam to 120 µm diameter. The light is polarized using Glan-Thompson
polarizer (PO)(Thorlabs). The sample is mounted on a rotation stage. The re-
flected light is picked up by L5 and coupled to a fibre spectrometer. The angle
of incidence is limited to 20◦–45◦ due to mechanical constraints of the setup.
L5 is also mounted on a rotation stage with a pivot on the sample plane. L5
and the fibre can be moved axially mimicking a 2-axis diffractometer.
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Figure 2.17 : Nanofabrication process flowchart for the proposed MDM su-
perabsorber.

200 nm

Figure 2.18 : False coloured SEM image of the fabricated MDM superab-
sorber. Squares, circles, and crosses are coded by yellow, red, and blue,
respectively. The white scale bar represents 200 nm.

Sample reflection spectra were source normalized, from which we de-
rived the sample extinction. As there was no measurable transmittance
(see Figure 2.21) and non-specular reflection (see next section) in the en-
tire spectral range studied, it is assumed that the extinction is equal to the
absorbance. Figure 2.20 plots the experimentally measured absorbance for
both TM and TE white-light illumination. At 20◦ incident angle, we report an
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Figure 2.19 : Schematic of the experimental set-up used to measure reflec-
tion from the MDM superabsorber (yellow).

average absorption of over 98% for both polarizations in the 450–950 nm
spectral region. Average absorption measured for various incidence angles
match well with simulations, and is tabulated in Table 2.3. The uncertainty in
the reported experimental data is 0.05%. The artefacts/inhomogeneity in the
device fabrication, and the possible deviations from the tabulated permittiv-
ity of Cr can explain the marginally better experimental performance, and the
broadening of the dips in the spectrum (more pronounced at 45◦).
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Figure 2.20 : The experimentally measured angle dependent absorption
A = 1−R of the fabricated MDM superabsorber for the (a) TM mode and
(b) TE mode white-light illumination.
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Figure 2.21 : Experimentally measured normal incidence Transmittance of
the MDM superabsorber for unpolarized illumination. The observed trans-
mittance is negligibly small.

Numerical simulations reported in Figure 2.22 were carried out for a
normal incidence TM planewave to illustrate both, the necessity of using mul-
tiple types of resonators, and to model the effects of inhomogeneity in the
device fabrication. All the resonators were replaced with cylinders of appro-
priate dimensions (see inset Cylinders in Figure 2.22 for a schematic), and all
crosses were replaced with diamonds of appropriate dimensions along with
a 10% ellipticity in the horizontal axis of all cylinders. (see inset fabricated
supercell in Figure 2.22 for a schematic). Clearly, resonators with different
shapes perform better, and help in suppressing the reflection due to inter-
particle coupling. The proposed supercell reports a 5% increase in the av-
erage absorbance compared to that of only cylinders. Although the experi-
mentally realized crosses have significant inhomogeneity, the experimental
results agree better with simulations having crosses rather than diamonds.
Device fabrication was carried out as a proof of concept and optimizing the
dimensions was not the prime objective. It can further be improved by imple-
menting strategies reported in [100], and techniques such as PEEL [101] (a
combination of phase-shifting photolithography, etching, electron-beam de-
position and lift-off of the film) and substrate conformal imprint lithography
(SCIL) [102] can be used for large area fabrication.
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Figure 2.22 : Comparison of absorbance of the proposed supercell (black
line) with a supercell consisting of only cylinders of appropriate dimensions
(see inset) (dashed red line), and one mimicking the fabricated supercell,
where cylinders have 10% ellipticity along horizontal axis, and the crosses
are replaced by diamond shaped elements (see inset) (dashed green line),
at normal incidence for TM mode illumination.

Angle of
incidence

Numerical Simulation Experiment

TM mode TE mode TM mode TE mode
0◦ 97.92% 97.30% – –

20◦ 97.64% 97.89% 98.85% 98.60%
30◦ 95.64% 97.67% 96.73% 96.97%
45◦ 89.60% 94.30% 88.30% 92.92%

Table 2.3 : Average absorption in the 450–950 nm spectral range.

2.5 Diffraction orders

The MDM superabsorber consists of various resonators in a supercell which
support LSPPs. Placing these resonators in a periodic arrangement leads to
diffraction due to in-phase interactions between distant particles. However,
when these periodic resonators are placed near a reflective metal substrate,
diffracted beams cancel out due to interference with the reflected diffraction
orders from the substrate. Hence the presence of a substrate suppresses
diffraction orders [103, 104]. The effects of diffraction were hence not in-
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cluded in the numerical simulations mentioned previously. Moreover, it is
computationally intensive to simulate as diffraction orders increases the num-
ber of ports required, which exponentially increases the simulation time. Ex-
periment measurements using a fibre based white-light did not detect any
non-specular reflection. In this section, we treat the effects of diffraction
both numerically and experimentally. One can expect diffraction orders to
be present in the 450–950 nm wavelength range due to periodicity of the su-
percell being 1500 nm. The superabsorber shown in Figure 2.23 has a square
unit cell and hence can be considered as a superposition of two 1D gratings
in X and Y .

The grating equation in reflection half space for X can be written as:

kx (m)= kx,inc −mKx (2.18a)

k0nref sin
[
θ (m)

]= k0ninc sin(θinc)−m
2π
Λx

(2.18b)

ninc sin
[
θ (m)

]= ninc sin(θinc)−m
(
λ

Λx

)
(2.18c)

ninc = nref = 1 is the refractive index
θinc is the angle of incidence
m is the diffraction order
Λx is the periodicity
Kx is the grating vector with

∣∣K∣∣= 2π
Λx

k0 in the incident wavevector

A similar equation can also be written for Y . At normal incidence, the grating
equation simplifies to:

sin
[
θ (m)

]=−m
(
λ

Λx

)
(2.19)

The maximum allowed diffraction order in X is hence mmax =
⌊
Λx
λ

⌋
. Similarly,

the maximum allowed diffraction order in Y is nmax =
⌊
Λy
λ

⌋
. The total number

of diffraction orders is given by N = (2mmax +1)× (2nmax +1). Figure 2.24 plots
the total number of diffraction orders as a function of wavelength expected
from a 2D grating with periodicity of 1500 nm for normal incidence. There are
many diffraction orders between 450–500 nm spectral range, second order
diffraction is expected in the 500–750 nm spectral range, and only first order
diffraction is present above 750 nm.

Numerical simulations were performed using COMSOL Multiphysics to
study the effects of diffraction. The model was built as described in the pre-
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Figure 2.23 : Schematic of the superabsorber illustrating diffraction orders.
The light blue curve represents the incident wave and the specular reflec-
tion. The dark blue curve represents the various diffraction orders in the
reflection half space. The transmitted diffraction orders are not shown as
they are all absorbed by the bulk Au substrate.

vious section, but the ports now contains 49 diffraction orders which also ac-
counts for a possible rotation of polarization as the wave gets diffracted. Each
diffraction order consists of two orthogonal polarizations, the In-plane (IP)
and Out-of-plane (OP) components. The OP vector component is the diffracted
beam that is polarized out of the plane of diffraction (plane defined by surface
normal and kinc), while the IP vector component has the orthogonal polariza-
tion. Thus, if the IP component is non-zero for a particular diffraction order,
this means that the incoming wave experiences a rotation of polarization as it
is diffracted.

The simulation results for TE mode are shown in Figure 2.25. The max-
imum diffraction intensity is ∼4% near 800 nm and 900 nm, right below the
two peaks in specular reflection. Third and higher order diffractions are not
shown as they were all zeros. Although many diffraction orders were expected
in the 450–500 nm spectral range, the bulk gold substrate seems to effec-
tively quench all diffraction orders till 550 nm. Second order diffraction is
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Figure 2.24 : The total number of diffraction orders (N) as a function of
incidence wavelength in the reflection half space for a 2D grating with a
periodicity of 1500 nm at normal incidence.

prominent in the 550–750 nm spectral range with a peak intensity of 2% and
first order diffraction is significant beyond 750 nm. Although, each diffrac-
tion order has an average intensity of < 1% their summation is not negligibly
small! We sum up the intensities of all the diffraction orders and compare
that with specular reflection in Figure 2.26. The average total diffraction in-
tensity in the 450–950 spectral range for TE illumination at normal incidence
in 6.7%. The total hemispherical reflectance can hence be obtained by adding
the specular reflectance (black curve) with the diffraction (red curve).

The diffraction intensities were experimentally measured at 632.8 nm
and 355 nm by illuminating the sample with a 10 mW randomly polarized
laser beam. A white A4 sheet was placed 0.5 m away to record the diffraction
pattern shown in Figure 2.27. There were only 10 diffraction orders under
632.8 nm illumination. There were no visible diffraction orders at 355 nm.
The diffraction intensities were measured using a laser power meter. The first
order diffraction has an average intensity of 10 µW (0.4% of incident power
at the active area of the absorber) and the second order diffraction has an
average intensity of 8 µW (0.32% of incident power). The total diffraction in-
tensity is 96 µW, which corresponds to 3.87% of the incident power. This
is represented by the red star in Figure 2.26. The experimentally measured
diffraction is 33% lower than the numerical simulations. Artefacts in the de-
vice fabrication, mismatch in the Cr permittivity from the tabulated values and
small mismatch in the periodicity (∼50 nm) due to the stitching errors of the
write-fields in the e-beam lithography are the reasons for this deviation.
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Figure 2.25 : Simulated normal incidence diffraction for the TE mode. The
specular reflection R (0,0) is shown in the black curve. OP and IP represents
Out-of-plane and In-plane modes for the diffraction order. The second order
diffraction is predominant between 550–750 nm and first order is predom-
inant beyond 750 nm. All diffraction orders are negligibly small till 550 nm.
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Figure 2.26 : Comparison of the total diffraction intensity with specular re-
flection for TE mode at normal incidence. Although each diffraction order
has an average intensity of < 1% of the incident light intensity, their sum-
mation is mostly higher than specular reflection. The red star represents
the experimentally measured total diffraction intensity at 632.8 nm
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Figure 2.27 : Experimentally recorded diffraction pattern under (a) 632.8
nm and (b) 355 nm laser illumination (random polarization) at normal inci-
dence. The screen (A4 paper) is placed 0.5 m away from the sample. The
diffraction pattern is captured using a smartphone and the power of each
diffraction order is measured with a laser power meter.

It is to be noted here that the average diffraction order intensity is still
< 1%. The designed MDM superabsorber can be used as is for applications
where the stray light requirements are ∼1–2%. The superabsorber can be
redesigned with a shorter periodicity to have complete control on the stray
light (diffraction orders) intensity. However, reducing the periodicity implies
reducing the number of resonators. This could result in reduction in reduced
absorbance and there are fewer resonators in the desired bandwidth.

2.6 Narrowband superabsorber design

The proposed analytical framework works for any metal—dielectric—metal
system and can also be used to design a narrowband superabsorber. As a
proof of concept, we show a design of a narrowband superabsorber at 600 nm
using an Al cylinder—SiO2—Al MDM superabsorber as shown in Figure 2.28.
We first compute the width of the resonator using gap-plasmon dispersion.
As mentioned earlier (section 2.2), the initial guess for the spacer thickness
is set to 50 nm. The width (W) obtained using Equation 2.5 & Equation 2.6
is 323.65 nm. Since we are designing a narrowband absorber, a single res-
onator shape is sufficient. The periodicity is set to 570 nm (∼ W +250nm) to
make sure that there are no cross-coupling between the resonators, and no
diffraction orders. The top Al cylinder layer is then homogenized using Equa-
tion 2.8. The resulting effective permittivity is εeff = 2.675−0.109i. The spacer
thickness (td) and the resonator height (H) computed using Equation 2.15 &
Equation 2.17 are 33.37 nm and 46.02 nm, respectively.
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Figure 2.28 : Schematic of a narrowband superabsorber with key design
parameters. The periodicity is 570 nm.

The optical absorption is numerically computed using COMSOL Multi-
physics to test the effectiveness of the analytical framework. The simulation
setup is explained in section 2.3. The experimentally obtained permittivity by
McPeak et.al [105] is used for Al. Cr adhesion layer is not used as Al sticks
quite will with SiO2. The width of the resonator is rounded down to 320 nm,
and the spacer thickness and the height of the resonators are rounded to 33
nm and 45 nm respectively. The absorption is calculated as A (λ) = 1−R (λ),
where R (λ) =

∣∣S11
∣∣2 is the reflection (no diffraction orders present), as there

was no transmission T (λ)=
∣∣S21

∣∣2 in the entire wavelength range.

Figure 2.29 shows the numerically simulated normal incidence ab-
sorbance spectra of the Al cylinder—SiO2—Al MDM absorber under TM mode
illumination. The absorption peak is located at 612 nm with 97% absorbance.
The absorption peak has a narrow Full Width at Half-Maximum (FWHM ) of 47
nm. The relative absorption bandwidth is 7.75%. The small red shift in the
peak is due to neglecting the phase (φ) in the Equation 2.6 in page 14. As
mentioned earlier, the phase upon reflection is not an intrinsic property and it
depends both on the material and the geometry. The design can be fine-tuned
numerically by varying the width of the resonator to achieve peak absorbance
at the desired wavelength as shown in Figure 2.30
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Figure 2.29 : Simulated normal incidence absorption spectra for the de-
signed narrowband superabsorber under TM mode illumination.
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Figure 2.30 : Simulated dependence of the absorption peak on the width of
the resonator for a normal incidence TM mode illumination.
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2.7 Conclusions

In this chapter, we showed a novel analytical framework to design a plas-
monic superabsorber. The width of the resonator is computed using Gap-
plasmon dispersion relation. The resonators are then homogenized with an
effective permittivity using asymmetric Bruggeman formulation. Transfer ma-
trix is then used to derive the optimal height of the resonators and optimal
dielectric spacer thickness. The framework also provides interesting insights
into the key design parameters. It is the first to provide an equation to com-
pute the optimal height of a resonator. The absorbance of an MDM super-
absorber does not depend on the periodicity. Homogenizing the top layer
provides a quick feedback on the free-space impedance matching.

We have used the proposed framework to design a broadband super-
absorber at optical frequencies. Numerical simulations corroborate the an-
alytical predictions. The absorbance is enhanced when multiple shapes of
resonators are used as interparticle coupling is suppressed. The metal sub-
strate can be treated as a boundary with effective impedance to reduce the
simulation time. Numerical simulations (ignoring diffraction) report an aver-
age absorption of ≈ 97% in the 450–950 nm spectral region with a near unity
absorption (99.36% ) in the 500–850 nm region.

The superabsorber was fabricated using e-beam lithography and exper-
imentally characterized using white light source. Experimentally, an average
absorption over 98% is demonstrated in the 450–950 nm spectral region at
20◦ incident angle. Hardware constraints limited the angular measurements.
The crosses did have some inhomogeneity and resembled like diamonds, but
the performance was still similar to simulations of crosses rather than dia-
monds.

The effects of diffraction were initially ignored in the numerical simu-
lations, expecting the substrate to quench them. Experimentally, they could
not be detected under white light illumination. Nevertheless, numerical sim-
ulations were again carried out to include 49 diffraction orders expected from
a unit cell with 1500 nm periodicity. The effects of diffraction are negligibly
small till 550 nm, and the average diffraction order intensity is < 1% . The
uncertainty in the fibre coupled spectrophotometer used in the experiments
is 0.05%. This is probably why it wasn’t detectable earlier. Although, each
diffraction order is negligibly small, their summation isn’t! The average total
diffraction intensity in the 450–950 nm spectral range for TE illumination at
normal incidence is 6.7%. (The average diffraction adjusted absorbance is
hence ≈ 91%). Experimentally measured total diffraction intensity at 633 nm
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laser illumination is 3.87%, which is 33% lower than the numerical simula-
tions. The superabsorber can be used as is when the stray light requirements
are ∼1–2%. The periodicity has to be reduced to have a complete control on
the stray light.

The proposed analytical framework can also be used to design a nar-
rowband superabsorber. Ignoring the phase shift upon reflection in gap-
plasmon dispersion results in a small shift in the peak wavelength. Unfor-
tunately, there are no simple ways to estimate this phase shift as it is not an
intrinsic property and depends on both, the material and the geometry. This
impact can be minimised by fine-tuning the width of the resonators using full-
wave simulations.

To conclude, the presented framework can be used to quickly design a
superabsorber for any desired wavelength region using any MDM combina-
tion. It is particularly useful for dispersive materials. It can be extended for
higher angles and higher modes. Although intended for normal incidence and
fundamental modes, this framework is the first step in having an all analytical
approach to design and optimize the MDM superabsorbers.





CHAPTER THREE

Going beyond tight focusing with
optical superoscillation: Reflec-
tion confocal nanoscopy using a
super-oscillatory lens1

A superoscillatory lens (SOL) is known to produce a sub-diffraction hotspot that is
useful for high-resolution imaging. SOLs have not yet been directly used in a confo-
cal reflection setup, as the SOL suffers from poor imaging properties. Additionally,
the illuminating intensity distribution of the SOL has high-intensity rings called side-
lobes coexisting with the central hotspot. By means of a reflection setup, which does
not have the SOL in the detection chain, the resolution capabilities of a SOL were as-
sessed. This was done for different objects; whose dimensions are both above and
below the SOL field-of-view (FOV). While small isolated objects can be imaged beyond
the classical diffraction limit, sidelobe illumination degrades the imaging properties
in the case of extended objects limiting the applicability of a SOL system

1Most of this chapter is published in [J2], [C1], [T2]
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3.1 Introduction

Optical microscopy is an essential imaging technique with a wide range of
applications, such as, microelectronics, mineralogy, and microbiology [9].
Its fundamental limitation is the restricted spatial resolution due to diffrac-
tion [33]. Abbé, for example, uses the criterion ∆X = λ

2NA to determine the
limit ∆X in the spatial resolution while illuminating with light at a wave-
length λ [34]. Here, NA is the effective numerical aperture of the imaging
system. Consequently, great attempts are being made to enhance the spatial
resolution of optical microscopy by either decreasing the operational wave-
length or by increasing the NA. The resulting techniques include a plethora
of near-field solutions [35–40] which achieve super-resolution by capturing
evanescent waves, thereby increasing the NA. The operational wavelength
has also been reduced to deep ultraviolet (DUV) [41] and vacuum ultravio-
let (VUV) [42] to enhance the spatial resolution. Alternatively, there are also
fluorescence based techniques [43–45] which rely on quantum emitters to
achieve super-resolution. The 2014 Nobel prize in Chemistry was awarded
for ‘super-resolution’ fluorescence microscopy.

Although many of these techniques achieve a spatial resolution rang-
ing from several tens to a hundred nanometres, they compromise on several
advantages of an optical microscope like velocity and almost non-destructive
nature due to contact-less architectures, and reduced interaction power. Op-
tical superoscillation is a promising technique to achieve super-resolution in
the far-field without the need to capture the evanescent waves or decrease
the operational wavelength. It can produce a far-field focal spot much smaller
than the Abbé diffraction limit by carefully tailoring the interference of a large
number of beams diffracted from a nanostructured mask [46]. Optical su-
peroscillation technique is also scalable to lower wavelengths. Thus far, this
technique has only been employed in transmission [47]. A roadmap on super-
oscillation can be found in reference [106]. It would be favourable to develop a
non-invasive, far-field, super-resolution reflection microscope (or, more pre-
cisely, nanoscope) to image non-transmissive objects for applications such
as semiconductor metrology [107] or imaging an organic light-emitting diode
(OLED) [108], among others.

The concept of superoscillation was first introduced in 1952 by Toraldo
di Francia [109] by proposing the idea of a super-gain antenna to improve the
imaging resolution. More recently, Berry and Popescu [110] found that su-
peroscillation behaviour occurs when a waveform appears to locally oscillate
faster than its highest spectral component, analogous to weak measurements
in quantum mechanics [111]. There are few well-established methods to de-
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sign a SOL at optical frequencies: using a binary metal mask [46], a phase
mask [112], or by using radial-polarization [113]. These can all produce a
central “hotspot” which is much smaller than the Abbé diffraction limit. Also,
broadband achromatic SOLs have been experimentally demonstrated [114–
116]. However, it is not straightforward to use the SOL in reflection mode
for simultaneous illumination and pickup due to issues such as high inten-
sity background (from reflective binary metal masks in SOLs [117]) or poor
imaging properties due to aberrations (in phase mask SOLs). Yet, by combin-
ing SOL illumination with a diffraction-limited high NA lens the advantages
of super-oscillation can be retained as demonstrated in this chapter. Addi-
tionally, a major obstacle with the SOL is the existence of a high-intensity
region (called sidelobes) close to the central sub-diffraction hotspot (see Fig-
ure 3.6). Field of View (FOV), a metric quantifying the sidelobes, is defined
as the region within the first sidelobe containing the central hotspot [46].
These sidelobes are intense compared to the central hotspot (see Figure 3.7),
and their intensity is inversely related to the size of the hotspot. Although
these sidelobes cannot be completely eliminated (without destroying the su-
peroscillatory feature), they can be pushed away to have a bigger FOV [118–
122] or their intensities can be reduced [123–127], both at the cost of an
increased central hotspot size. In the case of extended objects (objects larger
than the FOV), these sidelobes illuminate regions of the object off-axis. The
reflected/transmitted signal from these regions can reach the detector on-
axis potentially degrading the imaging properties. An investigation of the
consequences of sidelobe illumination in imaging extended objects is nec-
essary and is addressed in this chapter. All previous works on SOLs have only
demonstrated super-resolution capabilities in transmission mode by imaging
objects within the FOV, and imaging extended objects were limited to an en-
semble of isolated objects. In this chapter, we report the first experimental
demonstration of a reflection confocal nanoscope employing a binary metal
mask SOL. The SOL is first characterized over a range of distances, and a suit-
able sub-diffraction limited hotspot is chosen to image a series of objects.
The objects, consisting of double-bars, 1D and 2D arrays are designed to de-
termine the influence of sidebands in the imaging capabilities. The results
show that although the SOL can image objects which fit within the FOV with
super-resolution, it has poor imaging properties while imaging extended ob-
jects. Sidelobe illumination degrades the imaging properties of the SOL. The
effects of which can be reduced using an immersion lens (NA> 1).
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3.2 Materials and methods

A SOL used for pickup suffers from aberrations, thereby limiting its use only
as an illumination lens. This concept has been previously used in a trans-
mission confocal setup [46]. Yet, an equivalent reflection confocal setup can
be conceived as shown in Figure 3.1. This setup, elaborated in the following
subsection, combines the SOL illumination and the confocal reflection mode
advantages by relaying the SOL intensity pattern onto the object and exploits
the polarization to isolate the reflected beam from the illumination beam.

3.2.1 Experimental setup

A modified laser scanning confocal microscope (LSCM) setup with SOL illu-
mination was built to realize super-resolution imaging in reflection mode, as
illustrated in Figure 3.1. A 632.8 nm He Ne gas laser is collimated by means
of two lenses (L1,L2) and a pinhole (PH1) is added to clean up the beam pro-
file. The polarization of the beam is then rotated to vertical with respect to the
optical bench plane by a half-wave plate (HWP). Mirrors M1 and M2 are used
to steer the beam. A polarizer (PO) (Glan-Thompson, Thorlabs) is placed after
M2 to remove any residual cross-polarized component after reflection from
the two mirrors. Irises PH2 − PH4 are used to align the beam. Moreover,
PH3 is used as an aid in detecting the tip/tilt errors of the SOL by means of
the back-reflected light.

The field pattern produced by the SOL is captured by the first objective
lens (OL1) (150X, 0.95 NA) and relayed by two lenses (RL1,RL2) (f = 100
mm) to the second objective lens (OL2) (150X, 0.95 NA). High NA objectives
are required to pick up all the spatial frequency content necessary for super-
oscillation. The pupil relay effectively transfers this high-frequency content
between the objectives. The relay path between the two objectives are shown
by black dotted lines in Figure 3.1. All components of the pupil relay are care-
fully aligned such that the relay preserves the necessary spatial frequencies.

The polarizing beam splitter (PBS) and the quarter wave-plate (QWP)
isolates the illumination and the detection beams. HWP and PO are fine-
tuned such that the illumination beam is completely reflected by the PBS to-
wards the object. The QWP transforms the linear polarization of the illumina-
tion beam to circular. Upon reflection from the object, the polarization of the
beam becomes circular, but orthogonal to the initial state. A second passage
through the QWP back-transforms the polarization of the reflected beam from
circular to linear, but oriented at 90◦ with respect to the illumination beam.



3.2 MATERIALS AND METHODS 49

S
O

L

L
a

s
e

r

PO

M
1

M
2

SOL & Stage

OL
1

RL
1

HWP

PH
1

L
1

L
2

Sample &

   Stage

TL

RL
2

OL
2

QWP

CCD

PH
2

PH
3

PH
5

PH
4

Z

X

Y PBS

Figure 3.1 : Schematic of the experimental setup. The SOL is illuminated
by a 632.8 nm collimated polarized laser beam. The light intensity pattern
produced by the SOL is reimaged onto the sample plane using a pupil relay
(black dotted lines depicts the relay path). The object is snake scanned in
steps of 30 nm in the XY plane, and the reflected signal is focused into the
CCD through a tube lens.

The reflected beam is hence completely transmitted at the PBS and is subse-
quently focused by a tube lens (TL) (f = 200 mm) on a Charge Coupled Device
(CCD) camera (Thorlabs DCU223M, pixel size = 4.65×4.65µm2,1024×768 pix-
els). The SOL and the object are mounted on 3-axis piezo controlled stages
(Thorlabs - MAX311D/M, closed loop). The piezo stages are mounted on a
high load pitch and yaw platform (Thorlabs - PY004/M) to control the direc-
tion of the stage movement.

3.2.2 SOL design

A binary amplitude mask SOL proposed by ETF Rogers, et. al. [46] is used in
this work. We here briefly summarize the design procedure for completeness.

The concentric rings of the binary mask can be easily represented by
radial coordinates. The N concentric annuli have either unit or zero transmit-
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tance. The width of each annuli was optimized using the binary particle swarm
optimization [128]. This is an evolutionary algorithm in which the swarm, con-
sisting of a certain number of particles, moves in the N-dimensional search
space to find the global optimum. The number of particles vary during the op-
timization. The size of the central spot is set as the merit function for the op-
timization. The solution is further constrained by requiring a usable FOV and
an experimentally feasibly sidelobe intensity. The algorithm was applied for
a swarm of 60 particles and 10000 iterations with N = 100 to arrive a SOL de-
sign consisting of N = 25 transparent regions of varying size (see Appendix B
for dimensions).

3.2.3 Device fabrication

The SOL and the object were both fabricated using electron beam lithography.
A 700 µm thick glass substrate was used to fabricate the SOL. A 100 nm thick
Ti layer was deposited on the glass substrate by electron beam evaporation.
A 200 nm thick poly-(methyl methacrylate) (PMMA) 495 A4 resist layer was
then spin coated. Concentric rings (see Appendix B for dimensions) were ex-
posed on the resist by an electron beam with 20 kV accelerating voltage and a
10 µm focusing aperture. The exposed resist was developed in a 1:3 solution
of methyl isobutyl ketone (MIBK): isopropyl alcohol (IPA) for 90 s and rinsed
in IPA for 60 s. A very thin (∼20 nm) Al layer was then deposited on the pat-
terned resist. The pattern was then transferred to the Ti layer by reactive ion
etching (till the glass substrate) using SF6. Here, theAl layer serves as an etch
mask. The resist was later removed by acetone lift-off, and Al was removed by
mixture of H3PO4/HNO3/HAc/H2O (TechniEtch Al80, MicroChemicals). The
object was fabricated on a 1.1 mm thick ITO coated glass substrate (Sigma-
Aldrich). The procedure described above was also used to expose various
test structures in the resist. 100 nm Au layer was then sputtered on the pat-
terned resist, and the resist was removed by acetone lift-off. Figure 3.2 shows
the Atomic Force Microscope (AFM) scan of the fabricated SOL. AFM is used
instead of scanning electron microscope (SEM) due to poor contrast in SEM
because of charge accumulation in the glass substrate.

3.2.4 SOL characterization

The hotspot of the manufactured SOL was characterized over a distance to
account for a small change in the excitation wavelength (from 635 nm to 632.8
nm) and artefacts in the device fabrication [129]. The SOL intensity pattern
was also characterized both at the focus of RL1 and at the focus of TL to test
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Figure 3.2 : AFM scan of the fabricated SOL containing concentric Ti rings
of 100 nm thickness on a 700 µm glass substrate

the alignment. In the latter case, the SOL intensity pattern is imaged onto a
reflective gold alignment pad (100 µm × 20 µm) in the object. The detection
chain picks up the reflected signal, and the intensity (I(x, y)) recorded at the
CCD is characterized. As the SOL field pattern goes through the entire optical
chain for characterization, pupil relay is also examined for its efficiency in
transferring the high-frequency content from OL1 to OL2.

In both cases the SOL is scanned in the Z direction (see Figure 3.1)
from 0 (SOL surface) to 20 µm in steps of 20 nm to characterize its depth of
focus (DOF) along with the position of a sub-diffracted hotspot with a large
FOV. The central hotspot is predominantly circular in nature. A least-square
fit with a 2D Gaussian as shown in Equation 3.1 can be applied to the inten-
sity (I (x, y)) from the CCD images it as it readily gives the full width at half
maximum (FWHM ).

I(x, y)= Imax exp
(−(x− x0)2

2σ2
x

+ −(y− y0)2

2σ2
y

)
+ Ioff (3.1)

Imax is the peak intensity of the hotspot
(x0, y0) is the position of the hotspot centre
σx and σy are the 1

(2e2) points along x and y
Ioff is the offset due to background signal
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The FWHM is calculated from the beam waist using Equation 3.2 and
Figure 3.3,3.4 displays the FWHM for a region with super-resolution at the
focus of RL1 and at the focus of TL respectively.

FWHM =σ
(
2
√

2ln(2)
)

(3.2)

The red and black curves in Figure 3.3,3.4 represent the FWHM in X and Y
directions respectively, and the error bars indicate the 95% confidence inter-
val of the least-squares fitting. The black dotted curve represents the Abbé
diffraction limit for a microscope(∼333 nm). The sub-diffraction hotspot is
predominantly circular in nature as the two curves almost overlap with each
other within the 95% confidence intervals of the fitting and has the potential
to substantially enhance spatial resolution compared to a LSCM. As inferred
from the figures, super-oscillation is preserved. The trends of variation of the
hotspot with respect to the Z-position at the RL1 and TL focal planes are
similar within acceptable ranges. A magnification M ≤ 1.1 of the SOL hotspot
was set as the criteria for the alignment of the pupil rely. The hotspot around
Z = 4µm has a FWHM of 170±10nm at the focus of RL1 and a FWHM of
189±21nm at the focus of TL . The divergence of the SOL hotspot is hence
controlled by the pupil relay.
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Figure 3.3 : Full width at half maximum (FWHM) of the central hotspot for
various Z distances from the SOL surface at the focus of RL1. The red and
black curves indicate the FWHM across the X and Y planes respectively.
The error bars indicate 95% confidence interval in the gaussian fitting. The
black dotted line represents the Abbé diffraction limit (333 nm).
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Figure 3.4 : Full width at half maximum (FWHM) of the central hotspot for
various Z distances from the SOL surface at the focus of TL. The red and
black curves indicate the FWHM across the X and Y planes respectively.
The error bars indicate 95% confidence interval in the gaussian fitting. The
black dotted line represents the Abbé diffraction limit (333 nm). Insets
show the intensity-patterns at various Z distances captured by the CCD.

Some of the raw images captured by the CCD camera for various Z dis-
tances are shown in the insets of Figure 3.4. The FWHM changes gradually
and varies by < 20 nm in a 100 nm range, apart from few outliers where the
change is > 100 nm. The DOF of the SOL is hence deduced to be ∼100 nm. The
peak intensity of the hotspot also changes gradually as seen in Figure 3.5.
The hotspot around Z = 4µm has a FWHM of 189±21 nm, an effective nu-
merical aperture (NAeff ) of 1.674±0.19 (using the definition of FWHM = λ

2NA
[130]). The intensity pattern of the hotspot at Z ' 4µm along with the first few
sidelobes is shown in Figure 3.6. The side bands are reasonably rotationally
symmetric but contains some fringes, which are speculated to be due to ghost
reflections [131]. The intensity of the central spot is ∼ 1

3rd that of the first side-
lobe (average over the ring). As seen, the normalized intensity along the first
sidelobe is not uniform and contains multiple peaks and valleys (0.75±0.20
a.u.). Figure 3.7 shows the line profile across the centre of the hotspot. The
region within the first sidelobe, containing the central sub-diffracted spot is
the Field of View (∼500 nm). The SOL is fixed at this distance and all im-
ages/simulations reported in this chapter are with this intensity pattern of
the SOL.
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Figure 3.6 : The hotspot at Z ' 4µm. The white scale bar represents 500
nm.



3.2 MATERIALS AND METHODS 55

S
O

L

0.2

0.4

0.6

0.8

1

N
or

m
al

iz
ed

 In
te

ns
ity

 [a
.u

.]

0
0

X [mm]

FOV

1 2 3-1-2-3

Figure 3.7 : Line profile along horizontal axis of the hotspot at Z ∼ 4µm from
the SOL surface. Dotted red lines represents the Field of View (FOV) of the
SOL which is ∼ 500 nm.

3.2.5 Stage alignment

Alignment requirements

The SOL hotspot can be characterized by reflecting on the object 5 µm away
from the test structure. In this way the features of the test structures do not
influence the field pattern significantly. Assuming a maximum scan range of
5 µm (from the dimensions of the test structure), the maximum travel range
is ∼10 µm. The maximum allowed defocus can be estimated from how the
hotspot generated by the SOL varies in size (depth of focus) and in intensity
(see Figure 3.4).

The depth of focus (DOF) of the SOL is deduced to be ∼100 nm as the
FWHM (see Figure 3.3,3.4) varies < 20 nm (excluding from few outliers where
the change is > 100 nm) within a 100 nm range. However, within this 100 nm
range, fluctuations in intensity have been observed as seen in Figure 3.5, and
therefore the maximum allowed defocus is set to 20 nm, where more stable
intensity behaviour is present. The required pitch/yaw alignment resolution
of the test structure is then obtained by dividing the maximum allowed defo-
cus by the maximum travel range: arctan

(
20nm
10µm

)
= 2mrad.

Coarse alignment

Before mounting lens OL2 a flat mirror is mounted in place of the object. The
choice of mirror for this procedure is driven by the large uniform reflective
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Figure 3.8 : Coarse stage alignment. A lens focuses the laser (red) onto the
mirror (yellow bar) mounted on a stage as shown in (a). As the stage refer-
ence frame (X ′) has a small angle θ w.r.t. the optical bench (X ), transversal
movement of the stage introduces a defocus which shrinks (or enlarges)
the reflected light (blue) as seen in (b). The yaw angle φ is then adjusted
in the pitch & yaw platform till the reflected beam has the same size as the
incident beam. A similar procedure is followed to adjust the pitch angle by
moving the stage in the y direction.

surface which eases the alignment. The tip/tilt of this mirror is first aligned
by means of a 1 mm diameter pinhole 0.5 m away from the mirror in double
pass with a 1 mm diameter laser beam. This tip/tilt alignment has a resolution
of arctan

(0.5mm
0.5m

)= 1mrad.

The alignment of the mirror with respect to the stage movement is il-
lustrated in Figure 3.8. In this step lens OL2 is inserted in the optical path
as described in the nominal design. The laser beam is focused on the mir-
ror by OL2, which collimates the reflected light (see Figure 3.8(a)). Transver-
sal movement of the stage introduces a defocus which can be observed by
the naked eye as a change in the diameter of the reflected beam (see Fig-
ure 3.8(b)). The pitch and the yaw of the stage are fine-tuned till the transver-
sal movements in both X and Y directions does not change the diameter of
the reflected beam.

The achievable alignment precision of this procedure can be estimated
by dividing the minimum detectable defocus by the maximum travel range of
the stage. The DOF of the lens is a reasonable estimate of the detectable de-
focus. A large working distance objective lens with a 0.55 NA is used for this
procedure which has a DOF of λ

NA2 = 2.1µm. The fine adjusters of the piezo
stage have a maximum travel range of ±150 µm and therefore the achievable
alignment precision of the mirror is arctan

(
2.1µm
150µm

)
= 14mrad.
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Finally, the mirror is then replaced by the object containing the
test structures and its tip/tilt is aligned by using the same procedure de-
scribed earlier. The overall alignment precision is therefore

p
142 +12 +12 =

14.07mrad expressed as root sum square.
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Figure 3.9 : Fine stage alignment. A through-focus scan of the SOL is ac-
quired at the centre (shown by the black circle in (2)) of the sample. The
sample is then moved in a 2D XY grid, acquiring the PSF in each grid
point. The PSF is compared with the through-focus library to estimate
the Z-position. A plane fit gives the pitch and yaw of the stage movement,
which is then adjusted. This procedure is iteratively repeated till both an-
gles are within 2 mrad.
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Fine alignment

A fine alignment procedure is required as the course alignment does not meet
the required alignment precision of 2 mrad. The ultra-short DOF of the SOL is
exploited here as described in Figure 3.9.

A through-focus scan (TFS) of the SOL is first acquired at the centre
of the sample forming a library of Z-positions for each intensity pattern. The
sample is then moved in a 20µm×20µm 2D grid in steps of 2 µm acquiring
the point spread function (PSF) at each grid point. The Z-position is then
estimated as that corresponding to a least mean square difference (MSD)
(given by Equation 3.3, where i is the pixel index) between the PSF and the
TFS [132]. A plane is then fit through the estimated Z-positions which give
the pitch and yaw of the stage movement.

This procedure is iteratively repeated till both the pitch and the yaw
angles are < 2 mrad. Although fine alignment gives the required alignment
precision, coarse alignment still has to be carried out first as the number of
iterations will be impossibly large without it.

MSD (Z)=
√

n∑
i

(PSFi −TFSi (Z))2 (3.3)

3.2.6 Simulation of imaging with the SOL nanoscope

The point-scanning confocal imaging reported in the next section is numer-
ically simulated using linear systems theory assuming a coherent source
[133]. A 2D convolution of the Coherent spread function (CSF) of both il-
lumination (CSFI ) and detection (CSFD), with the object O(x, y), gives its
image G(ε,φ) as specified in Equation 3.4. The experimentally obtained point
spread function (PSF) of the SOL is used to derive the illumination CSF men-
tioned in Equation 3.5 as the phase is not experimentally measured. This
might cause some discrepancy between simulations and measurements, nev-
ertheless giving a first approximation of the expected image.

G(ε,φ)=
∣∣∣∣∣∣∣∣∫ ymax

ymin

∫ xmax

xmin

CSFI (x−ε, y−φ)CSFD(x−ε, y−φ)O(x, y)dxdy
∣∣∣∣∣∣∣∣2

(3.4)

The detection CSF is a jinc function given by Equation 3.5, where J1 is the
Bessel function of the first kind of order 1, and λ is the operating wavelength
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(632.8 nm). Also, the object is modelled as a binary function with 100% re-
flection from the structure and 0% reflection from background ignoring the
thickness. This procedure results in a small intensity discrepancy between
the simulations and the measurements.

CSFI (x, y)≈
√

PSFSOL(x, y) & CSFD(x, y)=
2J1

(
2πN A
λ

√
x2 + y2

)
(

2πN A
λ

√
x2 + y2

) (3.5)

Numerical simulation of an imaging system consisting of a SOL and two
objectives as seen in the inset of Figure 3.10 was performed to demonstrate
the necessity for high NA objectives. The dimensions of the SOL were taken
from [46] and Angular Spectrum Method [134] was used to compute its inten-
sity pattern. Linear systems theory [133] is then used to obtain the image.
The simulations were performed for four sets of NA and a line profile along
one axis is shown in Figure 3.10. The black curve represents the ideal NA
= 1 system where the FWHM of the central hotspot is 180±20 nm. The red
dotted curve represents NA = 0.95, and as seen in the Figure 3.10 it traces
the black curve quite well preserving the central hotspot. The FWHM is also
comparable within the error limits (170±20 nm). Although the intensity of the
central hotspot decreases with the NA, it is sub-diffracted till NA = 0.85 as
seen in the green curve. When the NA of the objectives are further reduced
to 0.2, the superoscillation is completely destroyed as seen in the blue curve.
The FWHM of the central spot is now 2 µm. Hence, high NA objectives are
necessary for capturing the spatial frequency contents, which are crucial for
super-oscillation.

The phase profile of the SOL is obtained by Angular Spectrum Method
[134]. Figure 3.11 plots the line profile of the wrapped phase along one axis
of the SOL. Here, the red circle represents the peak location of the central
hotspot while the red stars represent the peak locations of the first sidelobe.
The central spot has a different phase compared to the first sidelobe and there
is a zero crossing between the two. Therefore, the illumination in the vicinity
of sidelobe can induce the reflected light to interfere with itself and create co-
herent light interference not foreseen by the numerical simulations performed
with constant phase CSF.

3.2.7 Imaging under SOL nanoscope

The pixel size of the nanoscope is determined using the following procedure.
The SOL is moved over 10 µm in steps of 100 nm along Y axis (Figure 3.1). By
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Figure 3.10 : Numerically simulated intensity pattern for an imaging system
consisting of a SOL and two objectives as shown in the insert. The black
curve represents ideal NA=1 system. The red-dotted curve corresponding
for NA=0.95 traces the black curve quite well preserving the central sub-
diffracted spot. The green dotted curve represents NA=0.85, depicting the
onset of this central spot. Super-oscillation is completely destroyed when
0.2 NA objectives are used as seen in the blue curve
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Figure 3.11 : Numerically simulated phase profile of the SOL along one axis.
The red dot represents the peak location of the central hotspot and the stars
represent the peak locations of the first sidelobe.

tracking the position of the central spot on the CCD during this displacement,
the effective magnification between the image and the object plane is found
as reported in Figure 3.12. The effective pixel size is the slope of the linear fit.
The step size of the scanning is hence fixed at 30 nm such that the changes
between successive scan steps are detectable and not half-pixels.
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Figure 3.12 : Calibrating the pixel size of the nanoscope. Black circles rep-
resents the data points and the red line is the linear fit.

The test structures are point-scanned with a step size of 30 nm in both
X and Y directions in a snake like pattern. The reflected signal is captured by
the CCD camera, and as suggested in [46], a confocal pinhole (PH5) is numer-
ically implemented by recording the average pixel intensity corresponding to
the central region (40% of the hotspot diameter, 3×3 pixel grid centred at
(x0, y0) of the SOL hotspot for each scan position. Hence, the image is recon-
structed without any deconvolution or post-processing.

A 5 µm long 1D array of rectangular shaped Au nanostructures with a
periodicity of 500 nm (SEM image is shown in Figure 3.13(a)) is imaged both
without and with the stage alignment procedure mentioned in the section 2.4.
It is to be noted here that the tip/tilt of the sample are corrected in both cases.
The results are presented in Figure 3.13. The image without the alignment
(Figure 3.13(b)) seems to be out of focus at the right side and the bars 8-10
are not as bright as the rest of the bars. All the bars are reasonably bright
while imaged with the alignment procedure as seen in Figure 3.13(c).

3.3 Results and discussions

The following three classes of test structures with characteristic dimensions
both above and below the Abbé diffraction limit (∼333 nm) are imaged using
a super-oscillatory hotspot with a FWHM of 189±21 nm and a FOV of ∼500
nm using an excitation wavelength of 632.8 nm and a 150X, 0.95 NA focus-
ing/collecting objective lens (see Figure 3.6,3.7).
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(b) Without alignment

(c) With alignment
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Figure 3.13 : Necessity of the stage alignment. A 5 µm long 1D array of
rectangular shaped Au nanostructures (500 nm×180 nm) with periodicity
500 nm as shown in (a) is imaged both without the stage alignment (b),
and with the stage alignment (c). The white scale bar represents 200 nm.

1. Objects which fit within the FOV of the SOL: Two sets of double bars
(500 nm×180 nm) with a centre to centre (c.t.c.) spacing of 500 nm and
330 nm respectively.

2. 1D array: Arrays consisting of 10 bars (500 nm×180 nm) with a c.t.c.
spacing of 500 nm and 330 nm respectively.

3. 2D objects: (a) Cluster of circles of diameter 200 nm with a c.t.c. spac-
ing ranging from 240 nm to 480 nm. (b) A 10×10 array of squares of
size 100 nm in a square lattice with 280 nm periodicity.

Although the Abbé criterion for two-point resolution [34] requires a 2% dif-
ference in peak and valley intensities (d.p.v.) for two point objects to be re-
solved, a margin five times larger is taken to account for the high intensity
sidelobe. While a circular unobscured pupil PSF, like the Airy disk, is not
affected by any sidelobe, super-oscillatory PSF do and it is likely that these
would affect the d.p.v. between the two point objects, especially when the
two objects are placed at a distance larger than the FOV. This is the reason
for taking a larger margin in the minimum d.p.v. Moreover, this margin partly
accounts for the noise which is present in the experimental setup and which
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is not accounted in the typical derivation of resolution criteria. Hence, the fol-
lowing resolution criterion for SOL imaging was adapted. Two point objects
are resolved when the measured d.p.v. is at least 10% as given by Equa-
tion 3.6. Here IP1 , IP2 and IV are normalized peak and valley intensities,
respectively.

d.p.v.= min(IP1 , IP2)− IV (3.6)

Figure 3.14 shows a comparison of imaging with the SOL nanoscope
and a conventional LSCM on resolving the double bars with a c.t.c. spacing
above (Panel A) and below (Panel B) the Abbé diffraction limit. Although both
the LSCM and the SOL nanoscope could resolve the double bars shown in Fig-
ure 3.14(a), they appear clearer with the SOL nanoscope. As inferred from
the intensity profiles in Figure 3.14(e), the LSCM reports a c.t.c. separation of
520±40 nm with 41.49% d.p.v. The SOL nanoscope reports a c.t.c. separa-
tion of 510±30 nm, with a 72.3% d.p.v. as seen in Figure 3.14(j). The exper-
imentally obtained image, although noisy, agrees quite well with the numeri-
cal simulations shown in Figure 3.14(b) which predicts a c.t.c. of 500 nm with
a d.p.v. of 86.4%. As expected, the LSCM shown in Figure 3.14(h) could not
resolve the double bars with c.t.c. separation of 330 nm. The SOL nanoscope,
on the other hand, could resolve them. Numerical simulations shown in Fig-
ure 3.14(g) predicts a c.t.c. of 330 nm with a 20% d.p.v. Experimentally a
c.t.c. separation of 330±30 nm with 15.5% d.p.v. is observed from the line
profile shown in Figure 3.14(i). This demonstrates the super-resolution capa-
bility of the SOL nanoscope in imaging reflective objects which fit within the
FOV.

The double bars structure is extended to form a 1D array consisting of
10 bars to investigate the impact of sidelobe illumination. Figure 3.15 sum-
marizes the performance of both the LSCM and the SOL nanoscope in resolv-
ing these 1D arrays with the c.t.c. spacing above (panel A) and below (panel
B) the Abbé diffraction limit. Although numerical simulations indicate that
both the LSCM (Figure 3.15(b)) and the SOL nanoscope (Figure 3.15(c)) could
resolve the 1D array with a c.t.c. spacing of 500 nm, the contrast is bet-
ter with the SOL nanoscope. An average d.p.v. of 68.35% is expected from
the LSCM, while the SOL nanoscope simulations suggest an average d.p.v. of
78.11% (see Appendix C for line profile). The experimental results shown in
Figure 3.15(d) are noisy and report a c.t.c. separation of 510±30 nm with an
average d.p.v. of 34.42% (see Appendix C for line profile). The discrepancy
between the numerical simulations (Figure 3.15(c)) and the experimental re-
sults (Figure 3.15(d)) is attributed to neglecting the actual phase of the side-
lobes in the measured PSF used in the simulations. Also, the substantial dip
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Figure 3.14 : SOL nanoscope vs LSCM: Imaging double bars. Double bars
(500 nm×180 nm) with c.t.c. separation of (A) 500 nm and (B) 330 nm re-
spectively. (a, f) SEM images of Au bars on ITO glass substrate. (b, g) Nu-
merical simulation of imaging with the SOL nanoscope. (c, h) LSCM imag-
ing. (d, i) Imaging with the SOL nanoscope. (e, j) Intensity profiles along the
central black dashed lines in (c, d) and (h, i) respectively. The white scale
bar represents 200 nm.

in the experimentally measured d.p.v. (Figure 3.15(d)) compared to the case
of the double bar (Figure 3.14(d)) is deduced to be due to the sidelobe illumi-
nation as it is the only difference between the two systems. When the c.t.c.
spacing of the array is further reduced to 330 nm, the influence of sidelobe
illumination becomes unambiguous as seen in Panel (B) of Figure 3.15. While
the LSCM clearly fails to resolve this array (Figure 3.15(f)), numerical simu-
lations on the SOL nanoscope (Figure 3.15(g)) predict a weak ringing effect
and even though 10 bright spots (corresponding to 10 bars) are seen, they
appear to get closer towards the center of the array. The peak intensities cor-
responding to the bars is not uniform across the array and it drops by 36% at
the centre of the array with respect to the edges. Bars 4–5 and 6–7 are al-
most merged with a d.p.v. of 6%, while the remaining bars are resolved with
d.p.v. > 18%. Experimentally (Figure 3.15(f).), only the first and the last bars
are noticeably intense with a d.p.v. of 30%, and all other inner bars are not
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resolved (d.p.v. < 10%) (see Appendix C for line profile). Table 3.1 summa-
rizes the d.p.v. for both the LSCM and the SOL nanoscope in imaging double
bars and 1D arrays.

(a) SEM

(b) LSCM Simulation

(d) SOL Experiment

(e) SEM

(g) SOL Simulation

(h) SOL Experiment

(A) (B)

(c) SOL Simulation

(f) LSCM Simulation

1

0
Normalized 

Intensity [a.u.]

1

0
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Intensity [a.u.]

Figure 3.15 : Imaging 1D array with a c.t.c. spacing (A)bove & (B)elow the
Abbé diffraction limit. Arrays consisting of 10 bars (500 nm×180 nm) with
c.t.c. separation of (A) 500 nm and (B) 330 nm respectively. (a, e) SEM
images of Au arrays on ITO glass substrate. (b, f) Numerical simulation of
imaging with a LSCM. (c, g) Numerical simulation of imaging with the SOL
nanoscope. (d, h) Imaging with the SOL nanoscope. The white scale bar
represents 200 nm.

Structure c.t.c. LSCM SOL simulation SOL experiment
Double
bars

500 nm 41.49% (experiment) 86.4% 72.3%
330 nm 0% (experiment) 20% 15.5%

1D array
500 nm 68.35% (simulation) 78.11% 34.42%
330 nm 0% (simulation) < 10% < 10%

Table 3.1 : d.p.v. of the SOL nanoscope compared to a LSCM.

Although only two sets of isolated objects and 1D arrays were imaged,
they are representative of the influence of sidelobe illumination. If an ensem-
ble of isolated objects are separated by a distance much larger than the FOV,
there is a reduced information cross-coupling between the objects, and they
can be resolved with high-resolution. However, when these objects are close
together, the leakage of the detection CSF, combined with the higher inten-
sity of the illumination CSF for an off-axis point, will determine a background
signal higher than the required on-axis one as explained in Figure 3.16.
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Figure 3.16 : Leakage into the detector due to sidelobe illumination. A
closely spaced extended object (grey) is imaged with a SOL CSF (CSFI )
(red curve) using a lens system (L1; L2). Although the rays from the side-
lobe illumination (blue) do not seem to enter the pinhole (PH), there is a
noticeable leakage from the ripples of the detection CSF (CSFD) at the
detector as highlighted by the black dotted circle. The green rays show the
imaging from the central hotspot. The stars indicate the intensities of the
central hotspot and the first sidelobe, respectively.

The complexity of the test structures was further increased by imaging
two classes of 2D objects with the SOL nanoscope. The test structures consist
of an ensemble of circles of diameter 200 nm with various c.t.c. separations
as seen in Figure 3.17(a). and a 10×10 array of squares of size 100 nm in a
square lattice with periodicity of 280 nm as seen in Figure 3.17(d). Numer-
ical simulations (Figure 3.17(b)) predict most of the circles to be resolved,
except those with a c.t.c. separation of 240 nm, which is already ∼27% below
the Abbé diffraction limit. Circles with c.t.c. separation of 390 nm and 290
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Figure 3.17 : Imaging 2D objects under SOL illumination.(A)bove: Cluster of
circles of diameter 200 nm with various c.t.c. separations. (B)elow: 10×10
array of squares of size 100 nm in a square lattice with 280 nm periodicity.
(a, d) SEM images of Au arrays on ITO glass substrate. (b, e) Numerical
simulation of imaging under SOL illumination. (c, f) Imaging with the SOL
nanoscope. The white scale bar represents 200 nm.

nm have a d.p.v. of 35% and 22% respectively. A halo around the circles is
visible and attributed to the sidelobe illumination. However, experimentally
(Figure 3.17(c)) only the circles in the extreme ends appear separated, and
those with c.t.c. separations of 240 nm and 290 nm are merged. The effects
of the phase could explain this deviation from numerical simulations. This ef-
fect becomes more pronounced in imaging a 2D array of squares as seen in
panel B of Figure 3.17. There is a marked contrast between numerical simu-
lations (Figure 3.17(e)) and experimental results (Figure 3.17(f)). The simula-
tions suggest a moiré-like pattern probably due to interference from sidelobe
illumination and reports an average d.p.v. of 23% in the middle and < 5%
d.p.v. in the edges (see Appendix C for line profile). Experimental results are
blurry, and the squares are surely not resolved. Also, scan lines are visible
in the upper region. It is clear from the above analysis that due to sidelobe
illumination only isolated objects can be resolved with super-resolution using
the SOL nanoscope. An example application is the resolution of binary stars
[135].
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3.4 Improving the imaging properties of a SOL

A straightforward way to reduce the effects of sidelobe illumination is to in-
crease the NA of the objectives. An imaging system consisting of a SOL and
two objectives with NA = 1.4 is numerically simulated as mentioned in sec-
tion 2.5. Abbé diffraction limit for this system is 226 nm. Figure 3.18 com-
pares the obtained illumination CSF with a NA = 0.95 system. The central
hotspot intensity is increased from 33% to 60% with respect to the sidelobes
when the NA is increased from 0.95 to 1.4. This should boost the image con-
trast.
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Figure 3.18 : Numerically simulated intensity pattern for an imaging system
consisting of a SOL and two objectives as shown in the insert. The black
curve represents NA = 1.4 system, while the red-dotted curve corresponds
to NA= 0.95

Increasing the NA of the collection optics also shrinks the detection
CSF. Figure 3.19 compares the detection CSF of an objective obtained using
Equation 3.5 for NA = 1.4 (black curve) and for NA = 0.95 (red curve). To sum,
increasing the NA of the objectives to 1.4 both increases the central peak
intensity of the hotspot and shrinks the detection CSF. This improves the
imaging properties.

The boost in imaging properties is shown by numerically simulating the
SOL nanoscope with the same test structures imaged previously. Figure 3.20
shows the effect of NA in imaging isolated objects. The two slits with a c.t.c
spacing of 330 nm appear well separated when imaged with 1.4 NA objec-
tives. This might not be surprising as the diffraction limit is now reduced to
226 nm. Hence, the imaging of a 1D array with a c.t.c spacing of 150 nm un-
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Figure 3.19 : Numerically simulated detection CSF of an objective lens.
The black curve represents NA=1.4, while the red curve corresponds to
NA= 0.95.

der SOL illumination is numerically simulated as shown in Figure 3.21. The
c.t.c. spacing is well below the diffraction limits. While the SOL nanoscope
with 0.95 NA objectives struggles to resolve the array, the 10 bars appear
well separated with uniform intensities when 1.4 NA objectives are used. The
effects of sidelobe illumination, though weaker now, explains why the bars
at extreme ends have lower intensities compared to the rest of the array. It
should be noted here that increasing the NA of the objectives does not totally
eliminate the effects of sidelobe illumination. Imaging complex 2D objects
with increased NA were also numerically simulated to support this argument.
Figure 3.22 shows the numerical simulations of the SOL nanoscope while
imaging 2D objects. Increasing the NA resolves the cluster of circles better,
but the effects of sidelobes still manifests as weak ringing around the central
circle. This effect is more pronounced while imaging a 10×10 array of squares
of size 100 nm with 280 nm periodicity. Although the resolution is improved
while imaging with 1.4 NA objectives, the image still has a moiré-like pat-
tern. The peaks are more uniform in the centre. with an average d.p.v. of
20%. While those at the edges are resolved with 30% d.p.v. (see Appendix C
for line profiles). The moiré-like pattern could only be due to sidelobes illu-
mination as the periodicity of 280 nm is now above the diffraction limit of the
objectives. It should be noted that the effects of phase (see Figure 3.11) are
ignored in the numerical simulations reported here. As observed from exper-
imental results, they also degrade the imaging properties.
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Figure 3.20 : The effect of NA in imaging isolated objects under SOL illu-
mination: Numerical simulation of imaging double bars (500 nm×180 nm)
with a c.t.c spacing of 330 nm with the SOL nanoscope. The NA of the ob-
jectives are (a) 0.95 and (b) 1.4. The white scale bar represents 200 nm
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Figure 3.21 : The effect of NA in imaging 1D array under SOL illumina-
tion: Numerical simulation of imaging 1D array consisting of 10 bars (500
nm×180 nm) with a c.t.c spacing of 330 nm with the SOL nanoscope. The
NA of the objectives are (a) 0.95 and (b) 1.4. The white scale bar represents
200 nm

3.5 Conclusions

In summary, we present a novel setup to enable reflection mode imaging with
a binary metal mask SOL. The experimental setup exploits polarization to iso-
late the incident and reflected beams. High NA objectives are necessary to
pick up all the required spatial frequencies necessary for superoscillation. A
pupil relay efficiently transfers these high spatial frequency content from one
objective to another.
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Figure 3.22 : The effect of NA in imaging 2D array under SOL illumination:
(a) Above: Cluster of circles of diameter 200 nm with various c.t.c. separa-
tions as shown in Figure 3.17(a). (b) Below: 10×10 array of squares of size
100 nm in a square lattice with 280 nm periodicity as shown in Figure 17(d).
The NA of the objectives are (a, c) 0.95 and (b, d) 1.4. The white scale bar
represents 200 nm

The SOL used in this work produces a central hotspot at ∼ 4µm from
surface with a FWHM of 189±21 nm, an effective numerical aperture of
1.674±0.19 and FOV of 500 nm using a 632.8 nm laser excitation and 0.95
NA objectives. This validates that a SOL can indeed produce a far-field
hotspot which is smaller than the diffraction limit without picking up evanes-
cent waves.

The SOL intensity pattern is observed to drastically change with posi-
tion, and has an effective depth of focus of ∼100 nm. The peak intensity
of the central hotspot also changes with position, and is experimentally ob-
served to be stable in 20 nm range. These translates to an alignment precision
of 2 mrad in both pitch and yaw of stage movement. An iterative alignment
procedure, typically used in through-focus microscopy is used to obtain the
required precision.

The super-resolution capabilities of the developed SOL nanoscope is
experimentally demonstrated by resolving double bars with a c.t.c. separa-
tion of 330 nm using a 632.8 nm excitation wavelength and a 0.95 NA objec-
tive. A series of 1D arrays and 2D arrays were imaged to determine the effects
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of sidelobe illumination in the imaging properties of a SOL. While the SOL
nanoscope provides enhanced contrast compared to a LSCM, the sidelobe il-
lumination degrades the imaging properties in the case of complex/large ob-
jects

The effects of sidelobe illumination can be reduced when immersion
objectives are used (NA > 1). Nevertheless, they cannot be completely elimi-
nated. Alternatively, near-field pinholes with the size of the FOV can be placed
right after the SOL to reduce the effects of sidelobes.

A note of caution to the reader: the resolution capability of the SOL
nanoscope is not an intrinsic property but it very much depends on the char-
acteristics of the scene to be imaged.







CHAPTER FOUR

Spectrally controlling the flow of
light: ultra-narrowband polariza-
tion insensitive transmission fil-
ter using a coupled dielectric-
metal metasurface1

A coupled dielectric-metal metasurface (CDMM) filter consisting of amorphous sili-
con (a-Si) rings and subwavelength holes in Au layer separated by a SiO2 layer is pre-
sented. The design parameters of the CDMM filter is numerically optimized to have a
polarization independent peak transmittance of 0.55 at 1540 nm with a Full Width at
Half Maximum (FWHM) of 10 nm. The filter also has a 100 nm quiet zone with ∼ 10−2

transmittance. A radiating two-oscillator model reveals the fundamental resonances
in the filter which interfere to produce the electromagnetically induced transparency
(EIT) like effect. Multipole expansion of the currents in the structure validates the fun-
damental resonances predicted by the two-oscillator model. The presented CDMM
filter is robust to artefacts in device fabrication and has performances comparable
to a conventional Fabry-Pérot filter. However, it is easier to be integrated in image
sensors as the transmittance peak can be tuned by only changing the periodicity re-
sulting in a planar structure with a fixed height.

1This chapter is published as-is in [J3].

75



76 4 ULTRA-NARROWBAND FILTER

4.1 Introduction

Ultra-narrowband spectral filtering is crucial for a variety of applications like
LiDAR [48], optical satellite communication [49], gas detection [50] and mul-
tispectral imaging [51]. Traditionally, ultra-narrowband filters are based on
light interference in multilayer coatings [52]. The main disadvantage is the
tunability of the peak wavelength. Alternatively, ultra-narrowband filters can
be obtained by creating a Fabry-Pérot cavity from two Distributed Bragg Re-
flectors (DBR) [53]. The height of the cavity determines the peak wavelength,
while the number of alternating dielectric layers in the DBR determines the
bandwidth, amplitude and the Full Width at Half-Maximum (FWHM). A typ-
ically DBR filter with a FWHM of 10 nm consists of ∼10 layers [52]. A re-
cent alternative to the DBR filters is the Volume Bragg Hologram (VBH) filters
[136, 137] produced by holographic recording in a photosensitive substrate.

Spectral filtering is also resonantly possible in metasurfaces by inter-
ference of two different excitation pathways leading to Electromagnetically
Induced Transparency (EIT) [54]. EIT has been observed in both plasmonic
resonators [55–58, 138–140] and all-dielectric resonators [59, 60]. Plas-
monic EIT filters typically consists of subwavelength holes in a single metal
layer. The peak wavelength can be easily tuned by changing the hole peri-
odicity [61–63]. However, at optical frequencies plasmonic filters have low
transmission efficiency due to losses and have a wide bandwidth limiting the
quality factor (Q, defined as the ratio between resonance frequency ( f ) as its
FWHM : f

∆ f ) to around 10 [63].

All-dielectric resonators, however, have low radiative losses and low
absorption loss enabling high Q resonances. Dielectrics with high permittiv-
ity such as Ge or Si can generate electric dipoles, magnetic dipoles and other
higher order modes due to Mie resonances [141]. Among the various multi-
poles generated in a dielectric, toroidal dipole resonance is of interest as it
produces an ultra-high Q-factor (> 103) [142–152]. Dielectric resonators with
toroidal resonances cannot be used as-is for spectral filtering as the quiet
zone (transmittance ≤ 10−2) around the sharp resonance is typically < (λ/20).
The ultra-high Q factor of the toroidal resonance is also extremely sensitive to
the geometry. A small change (∼1%) in the geometry (due to artefacts in de-
vice fabrication) can bring down the Q-factor by several orders of magnitude.
Unfortunately, research on toroidal resonances so far have only focused on in-
creasing the Q-factor, without paying much attention to increasing the quiet
zone.

In this chapter, we envision a coupled dielectric—metal metasurface
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(CDMM) filter inspired by recent works on stacked metasurfaces [153–158]
which present additional degrees of freedom in achieving high-Q resonances.
The CDMM filter, consists of amorphous silicon (a-Si) rings [159] coupled in
the near-field to a plasmonic layer consisting of subwavelength holes in Au
with a SiO2 spacer layer. The CDMM filter combines the advantages of a high-
Q resonance offered by the a-Si rings with the excellent out-of-band perfor-
mance of the plasmonic layer. The designed filter has a Q-factor of 154.19 at
1540 nm, with a 100 nm (λ/15) quiet zone. A radiating two-oscillator model
reveals the fundamental resonances which interfere to produce EIT. Multipole
decomposition of the currents in the CDMM filter further confirms the dipole-
dipole interaction predicted by the two-oscillator model.

4.2 Numerical Simulations

We envision a coupled dielectric-metal metasurfaces (CDMM) filter shown in
Figure 4.1 consisting of a-Si rings and subwavelength holes in Au layer sep-
arated by a SiO2 layer. Numerical simulations were carried out using finite
element method (FEM) with a commercially available software COMSOL Mul-
tiphysics. The Johnson and Christy database [95] was used for Au permit-
tivity, Malitson model [96] was used for SiO2 permittivity, and Pierce and
Spicer database was used for a-Si permittivity [160]. Si is lossless at 1-2
µm wavelengths. It is to be noted here that the resonance of silicon does
not broaden for an extinction coefficient k < 10−7 which is within the range
of experimentally measured extinction coefficient for poly-crystalline silicon
at 1-2 µm wavelengths [161]. In the 3D FEM simulation, Floquet boundary
conditions are employed in both x and y directions, and ports (with sufficient
diffraction orders) are employed in the z direction. A plane wave is normally
incident with electric-field along y direction as shown in Figure 4.1.

The key design parameters of the CDMM filter mentioned in Figure 4.1
were optimized to have an ultra-narrowband peak transmittance at 1540 nm
as well as an acceptable quiet zone bandwidth. Si ring has an outer diameter
(D1) of 1110 nm, width (W) of 220 nm and height (H) of 250 nm. The SiO2
spacer has a thickness (Hs) of 750 nm. The ground Au layer has a thickness
(Hg) of 200 nm, with an air hole of diameter (D2) 740 nm. The unit cell is
placed in a square lattice with a periodicity (Λ) of 1500 nm.

The simulated normal incidence transmission (including diffraction) is
plotted in a log scale in Figure 4.2 as it readily gives the optical density (OD).
Transmittance (T) is directly related to OD as T = 10−OD. The peak trans-
mittance of 0.55 with a FWHM of 10 nm is reported at 1540 nm (Q factor
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Figure 4.1 : Schematic of the proposed CDMM filter highlighting the key
design parameters.

154.19). The designed CDMM filter has a quiet zone in the 1500–1600 nm
spectral range. The singularity at 1500 nm is due to toroidal resonance. The
peak Q factor can be increased at the cost of both peak transmittance and the
quiet zone bandwidth. Diffraction orders are present for wavelengths below
1500 nm, and the effective transmittance including all diffraction orders is
represented by the red curve in Figure 4.2. A broad peak with a transmittance
of 0.35 is observed at 1623 nm. The 100 nm bandwidth quiet zone has OD1
bandwidth (i.e. T < 0.1) of 31 nm and 53 nm to the left and the right of the
peak respectively, and OD2 bandwidth (i.e. T < 0.01) of 24 nm and 21 nm at
the extreme left and right ends respectively. The quiet zone performance of
the designed metamaterial filter is hence comparable to that of a DBR filters.
Electromagnetically Induced Absorption (EIA) [154] reduces the peak trans-
mittance. A peak absorbance of 0.44 is observed at 1540nm as shown in
Figure 4.3.

4.3 Mechanism

The peak transmittance of the CDMM filter at 1540 nm is due to a hybrid mode
of the a-Si ring and the Au layer leading to an EIT effect. The moduli of electric
field for the resonance wavelength of 1540 nm along various cut planes of
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Figure 4.2 : Numerically simulated normal incidence transmittance of the
designed CDMM filter under planewave illumination. The black curve rep-
resents 0th order transmittance, while the red curve represents total trans-
mittance including all diffraction orders present.
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Figure 4.3 : Numerically simulated normal incidence absorbance of the de-
signed CDMM filter for a normal incident plane wave illumination.
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the CDMM filter are shown in Figure 4.4. The white arrows indicate the field
components. There is a coupling between the a-Si rings and the Au layer
as revealed by the electric field lines along the centre of the CDMM filter in
the xz plane shown in Figure 4.4(a). The four symmetric lobes of the electric
field around the a-Si ring seen in Figure 4.4(b) suggests that the resonance is
lattice assisted. The electric field lines along the air gaps both in a-Si rings
and in Au layer resembles an electric dipole.

4.3.1 Coupled-oscillator model

A radiative two-oscillator model [162, 163] is used to decouple the hybrid
mode of the CDMM filter into fundamental resonances which interfere to pro-
duce an EIT like effect. The modes of both resonators are assumed to be bright
as they can both be directly excited by the incoming light. The position of elec-
tron in the a-Si resonator is described by xSi(t) with a resonance frequency of
ωSi and a damping factor of γSi. Similarly, the electron position in the Au res-
onator is described by xAu(t) with a resonance frequency of ωAu and a damping
factor γAu. Considering an external excitation f1(t) , the coupling between the
electrons are given by the following equations: (see Appendix D for elabora-
tion):

ẍSi(t)+γSi ẋSi(t)+ω2
SixSi(t)−Ω2eiϕxAu(t)= f1(t) (4.1a)

ẍAu(t)+γAu ẋAu(t)+ω2
AuxAu(t)−Ω2eiϕxSi(t)= f1(t) (4.1b)

Here,Ω is the complex coupling coefficient.
Assuming a time harmonic excitation force f (t)= f̃ e−iωt, the equations of mo-
tion can be solved assuming the solutions to have the form xSi(t) = XSie−iωt

and xAu(t)= XAue−iωt

XSi =
Ω2 + (

ω2
Au−ω2 − iωγAu

)(
ω2

Si−ω2 − iωγSi

)(
ω2

Au−ω2 − iωγAu

)−Ω4
f̃ (4.2a)

XAu =
Ω2 + (

ω2
Si−ω2 − iωγSi

)(
ω2

Si−ω2 − iωγSi

)(
ω2

Au−ω2 − iωγAu

)−Ω4
f̃ (4.2b)

As the thickness of the resonators are deep subwavelength, the electric
current density (J) in the resonators can be homogenized as a sheet of effec-
tive surface conductivity (σe) [164]. i.e. J = −insω (XSi+ XAu) = σeEs, where
ns and Es denote the average electron density and spatially averaged electric
field on the current sheet respectively.
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Figure 4.4 : Moduli of electric fields of the CDMM filter under a y-polarized
planewave illumination of 1540 nm wavelength. The white arrows, with
lengths proportional to the magnitude, indicate the field components. (a)
vertical cut in the centre of the CDMM filter along xz plane. Horizontal cuts
along the (b) centre of a-Si ring and (c) top of Au layer.

Assuming f̃ ∝ Es surface conductivity is given by the following equa-
tion:

σe =−insω

[
2Ω2 + (

ω2
Au−ω2 − iωγAu

)+ (
ω2

Si−ω2 − iωγSi

)(
ω2

Si−ω2 − iωγSi

)(
ω2

Au−ω2 − iωγAu

)−Ω4

]
(4.3)

Finally, the transmission coefficient is related to the surface conductivity by
following equation [116]:

T = 2
2+Z0σe

(4.4)

The numerically obtained transmittance is fit with
∣∣T∣∣2 obtained by

Equation 4.4 in Figure 4.5. The fundamental resonances ωSi and ωAu were
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Figure 4.5 : Fitting the numerically obtained transmittance (black curve)
with radiative coupled-oscillator model (red dots). The fit parameters are
shown in the insert.

restricted to 1140–1300 THz (i.e. 1450–1650 nm wavelength). The damp-
ing terms γSi and γAu was bounded to positive values (negative values suggest
gain medium). The average electron density ns was also bounded to positive
values. The retrieved fit parameters are shown in the inset. a-Si rings have
a fundamental resonance at 1500 nm, and the Au layer has a fundamental
resonance at 1629 nm. It is interesting to observe that the damping of a-Si
resonator is 10 MHz, while that of the Au layer is 4.187 THz. The fit shows
an excellent agreement with the numerical simulations. The radiating two-
oscillator model can also be used to fit the absorbance. The CDMM filter can
hence be simplified as a system of two coupled dipoles with fundamental res-
onances at 1500 nm and 1629 nm respectively.

4.3.2 Modal decomposition

The currents in the unitcell of the CDMM filters are decomposed into vari-
ous cartesian multipole moments to validate the two-oscillator model in the
1450–1650 nm spectral range. The polarization induced current density J(r)
of a nanoparticle in a host medium is related to the electric field E(r) by the
expression:

~J(r)= iω
(
εparticle −εhost

)
~E(r) (4.5)

in cartesian basis assuming e−iωt convention for the time harmonic electro-
magnetic fields.
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The electric (p) and magnetic (m) dipolar moments of the nanoparticle
can be expressed as [165]:

p j = i
ω

∫
v

J j dv (4.6)

m j = 1
2

∫
v

(
~r×~J

)
j

dv (4.7)

The toroidal dipole moments can be split into Toroidal electric dipole (T(e),
along with a second order correction term T(2e)) and Toroidal magnetic dipole
(T(m)).

T(e)
j = 1

10

∫
v

[(
~J ·~r

)
r j −2r2J j

]
dv (4.8)

T(2e)
j = 1

280

∫
v

[
3r4J j −2r2

(
~r ·~J

)
r j

]
dv (4.9)

T(m)
j = iω

20

∫
v

r2
(
~r×~J

)
j

dv (4.10)

The electric ( ¯̄Q
(e)

) and magnetic ( ¯̄Q
(m)

) quadrupoles are symmetrized and
traceless tensors expressed as:

¯̄Q
(e)
jk = i

ω

∫
v

[
r j Jk + rk J j − 2

3
δ jk

(
~r ·~J

)]
dv (4.11)

¯̄Q
(m)
jk = 1

3

∫
v

[(
~r×~J

)
j
rk +

(
~r×~J

)
k

r j

]
dv (4.12)

The toroidal electric ( ¯̄T
(Qe)

) and magnetic ( ¯̄T
(Qm)

) quadrupoles are also sym-
metrized and traceless tensors expressed as:

¯̄T
(Qe)
jk = 1

42

∫
v

[
4

(
~r ·~J

)
r jrk +2

(
~J ·~r

)
r2δ jk −5r2 (

r j Jk + rk J j
)]

dv (4.13)

¯̄T
(Qm)
jk = iω

42

∫
v

r2
[
r j

(
~r×~J

)
k
+

(
~r×~J

)
j
rk

]
dv (4.14)



84 4 ULTRA-NARROWBAND FILTER

j,k represents the coordinates {1,2,3} for the coordinates {x, y, z}
δ jk is the Kronecker delta function
~r is the position vector, given by~r= rx x̂+ r y ŷ+ rz ẑ
r2 is the modulus square of the position vector, given by r2 = r2

x+r2
y+r2

z

The scattered power can also be decomposed into various multipoles by the

following equations. As the scattered power by T(m), ¯̄T
(Qe)

and ¯̄T
(Qm)

are

quite low, they are included as a correction factor in m, ¯̄Q
(e)

and ¯̄Q
(m)

respec-
tively. Octupoles, and other higher order modes are ignored.

P(e)
scat =

k4pεhost

12πε2
0 cµ0

3∑
j=1

|p|2j (4.15)

P(Te)
scat = k4pεhost

12πε2
0 cµ0

3∑
j=1

∣∣∣∣ ikεhost

c
T(e)

j + ik3ε2
host

c
T(2e)

j

∣∣∣∣2 (4.16)

P(m)
scat =

k4
√
ε3

host

12πε0c

3∑
j=1

∣∣∣∣m j + ikεhost

c
T(m)

j

∣∣∣∣2 (4.17)

P(Qe)
scat =

k6
√
ε3

host

160πε2
0 cµ0

3∑
k=1

3∑
j=1

∣∣∣∣ ¯̄Q
(e)
jk + ikεhost

c
¯̄T

(Qe)
jk

∣∣∣∣2 (4.18)

P(Qm)
scat =

k6
√
ε5

host

160πε0c

3∑
k=1

3∑
j=1

∣∣∣∣ ¯̄Q
(m)
jk + ikεhost

c
¯̄T

(Qm)
jk

∣∣∣∣2 (4.19)

The scattering cross-section σscat is then obtained by normalizing the
scattered power Pscat to the incident energy flux.

σscat = 2
√

µ0

ε0εhost

Pscat∣∣∣~Einc

∣∣∣2 (4.20)

Here, Einc is the incident electric-field. Finally, the scattering efficiency (Qscat)
is obtained by normalizing the scattering cross-section with the geometric
cross-section.

Qscat = σscat

σgeom

(4.21)
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Figure 4.6 : Scattering efficiency of the CDMM filter. Modal decomposition
of the currents in (a) the a-Si ring, (b) the Au layer. The black star locates the
origin. a-Si has a sharp scattering at 1500 nm, Au layer has two scattering
peaks, one at 1540 nm and one at 1629 nm.

The polarization induced current density J(r) of the a-Si ring and the Au
layer were numerically evaluated. The scattering efficiency was then com-
puted with origins at the centre of the a-Si ring and at the centre of the Au
layer as shown in Figure 4.6. As inferred, a-Si has a sharp scattering peak at
1500 nm, which is predominantly a magnetic quadrupole moment. A sharp
toroidal electric dipole peak is also observed at 1500 nm. Au layer has a nar-
row scattering peak at 1540 nm and a broad scattering peak at 1629 nm, both
of which are predominantly dominated by magnetic quadrupoles.

A weak electric dipole is also observed at 1629 nm. Although mag-
netic quadrupoles dominate the scattering in both a-Si rings and in Au layer,
the peak transmittance at 1540 nm is due to dipole-dipole interaction as pre-
dicted by the two-oscillator model. The two quadrupoles do not interact with
each other as the quadrupole—quadrupole interactions are extremely local
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and decays quickly compared to a dipole—dipole interaction, with the inter-
action energies inversely proportional to the 5th power of distance between
them [166].
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Figure 4.7 : Scattering efficiency of the two constituents of the CDMM filter.
Modal decomposition of the currents in (a) the a-Si ring , (b) the Au layer.
The SiO2 substrate is included in both cases as shown in the inserts. a-Si
has two sharp scattering peaks at 1581 nm and 1609 nm, Au layer has a
sharp scattering peak at 1514 nm and a broad scattering peak centred at
1671 nm.

The CDMM filter is also decoupled into two systems consisting of a-
Si ring in SiO2 substrate, and the Au layer with subwavelength air holes and
SiO2 layer on top. The currents in the unitcell of these two systems were again
decomposed into various cartesian multipole moments with a procedure de-
scribed above. The results are summarized in Figure 4.7. The periodic a-Si
ring has two scattering peaks. A sharp toroidal resonance at 1581 nm and a
magnetic dipole resonance at 1609 nm. The Au layer has a sharp magnetic
quadrupole resonance at 1514 nm, and a broad dipole resonance centred at
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1671 nm. When these two systems are coupled, the toroidal resonance of a-Si
rings are shifted to 1500 nm, and the dip between the two peaks are shifted
to 1540 nm. The quadrupole resonance of the Au layer at 1514 nm is shifted
to 1540 nm.

The moduli of electric fields for the wavelengths 1500 nm and 1629 nm
along various cut planes are shown in Figure 4.8. The white arrows indicate
the field components. At 1500 nm, there is a strong electric field concentra-
tion at the air gap inside the a-Si ring as seen in Figure 4.8(a, b) due to toroidal
dipole caused by circulating magnetic field in the a-Si ring as indicated by the
dotted black curve in Figure 4.8(c). At 1629 nm, there is a strong electric field
concentration at the air gap inside the Au layer as seen in Figure 4.8(e, f). It
is to be noted here that the field concentration at the air gap is maximum at
this wavelength. There is also some field concentration at the a-Si ring at this
wavelength. The peak transmittance at 1540 nm is a hybridization between
the toroidal dipole at the air gap inside a-Si ring at 1500 nm, and the effective
electric dipole at the air gap inside the Au layer at 1629 nm validating the
two-oscillator model.
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Figure 4.8 : Moduli of Electric fields of the CDMM filter at 1500 nm along
(a) xz plane and (b) xy plane along the centre of the a-Si ring. (c) The cor-
responding magnetic field moduli at the xy plane. Moduli of Electric fields
of the CDMM filter at 1629 nm along (d) xy plane along the centre of the
a-Si ring, (e) xy plane along the centre of the Au layer, and (f) xz plane. The
white arrows, with lengths proportional to the magnitude, indicate the field
components. The normally incident planewave is polarized along y-axis.



88 4 ULTRA-NARROWBAND FILTER

4.4 Tolerance analysis

The dependence of the transmittance of the CDMM filter on the axial offsets
between the a-Si ring and the Au layer was numerically simulated and re-
ported in Figure 4.9. The offset along the polarization axis has little influence
on the transmittance, the peak shifts by 1 nm for an offset of 100 nm as shown
in Figure 4.9(a). However, offset perpendicular to polarization axis has a dras-
tic effect on the transmittance. The transmittance has two diverging peaks for
offsets greater than 10 nm as seen in Figure 4.9(b) (This might create difficul-
ties during manufacturing as the overlay accuracy along one axis is critical).
This behaviour can be easily understood by considering the CDMM filter as
a system of two coupled dipoles. Offset along the polarization axis does not
affect the coupling between the two, while offset perpendicular to the polar-
ization axis weakens the coupling. This also confirms that the CDMM filter
is not a system of two coupled quadrupoles as the quadrupole-quadrupole
interactions should have an identical response for both x and y axial offsets.
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Figure 4.9 : Simulated Effects of (a) Y offset and (b) X offset between the a-
Si ring and the Au layer of the CDMM filter on the transmittance. The normal
incident planewave illumination is polarized along y axis as shown in the
insets.

The robustness of the CDMM filter is numerically simulated by vary-
ing the crucial design parameters D1 and D2 as reported in Figure 4.10. Al-
though toroidal resonances are extremely sensitive to the geometry, we ob-
serve a marginal change in the transmittance when the a-Si ring diameter
was changed by ±30 nm as reported in Figure 4.10(a). The transmittance has
negligible dependence on the diameter of the subwavelength holes in the Au
layer as inferred from Figure 4.10(b). Clearly, the coupling between the sharp
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toroidal resonance with the broad dipole resonance of Au layer makes the
CDMM filter more robust to artefacts in device fabrication.
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Figure 4.10 : Robustness of the CDMM filter. Simulated effects of changes
in the diameter of (a) a-Si ring and (b) subwavelength holes in Au layer of
the CDMM filter on the transmittance. The normal incident planewave illu-
mination is polarized along y axis. The ideal diameters are represented by
D1 and D2 respectively, while the values in red denote positive/negative
changes in nm in the diameter.

The circular symmetry of the geometry ensures that the CDMM filter is
not dependent on the polarization, i.e. the azimuth angle (φ). However, the
vertical separation between the a-Si ring and the Au layer creates a launch
angle (θ) dependence. Figure 4.11 shows the numerically simulated launch
angle dependence on the transmittance of the CDMM filter. The transmittance
has two diverging peaks for a launch angle greater than 0.5◦. The CDMM filter
is hence extremely sensitive to the launch angle.

4.5 Tunability

The broad dipole resonance of subwavelength holes in Au layer and the mie
resonances of the a-Si rings are a function of the periodicity. The peak trans-
mittance of the CDMM filter can hence be tuned by changing the periodicity
(Λ) of the unit-cell as the resonances are strongly dependent on the periodic-
ity. Figure 4.12 plots the transmittance as a function of unit cell periodicity.
As seen, the CDMM filter can be easily tuned in the C-band infrared (8.75 nm
shift in the peak transmittance wavelength for a 10 nm change in the period-
icity). The quiet zone around the central peak has a bandwidth of ∼100 nm.
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Figure 4.11 : Simulated dependence of the CDMM filter transmittance on
the angle of incidence for a TE polarized planewave illumination.
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4.6 Conclusions

A novel coupled dielectric-metal metasurfaces (CDMM) polarization insensi-
tive transmission filter design is presented in this chapter. The filter consists
of arrays of a-Si rings and air holes in Au layer separated by a SiO2 spacer
layer. The designed filter has a peak transmittance of 55% at 1540 nm with a
FWHM of 10 nm. The ultra-narrowband transmission peak is surrounded by a
quiet zone of 100 nm with a OD2 bandwidth of 45 nm at the extreme ends and
a OD1 bandwidth of 84 nm around the central peak. The ultra-narrowband
transmission is due to the coupling between the sharp toroidal resonance in
a-Si ring with the broad dipolar resonance of the subwavelength air holes in
Au layer. The coupling between the metasurfaces are validated using a radia-
tive two-oscillator model and modal decomposition showing excellent agree-
ment with numerical simulations. The CDMM filter is robust to artefacts in de-
vice fabrication. The CDMM filter is resistant to offsets between the two layers
along the polarization axis, and is stable till 10 nm offset perpendicular to the
polarization axis. The CDMM filter is extremely sensitive to the launch angle
due to the vertical separation between the two layers. The central peak of the
filter can be easily tuned in the entire C-band infrared spectral range by chang-
ing the periodicity keeping all other design parameters fixed. Multi-spectral
filtering can hence be attained in a single device with a fixed height by com-
bining multiple unit cells with varying periodicity. The proposed CDMM filter
is hence easier to be integrated into a CMOS image sensor. The CDMM filter
design can also be scaled up to THz frequencies or scaled down to optical fre-
quencies. However, the FWHM at optical frequencies might be slightly larger
due to losses in Si.





APPENDIX A

Transfer matrix method

Consider a plane wave striking the interface between two media, shown in
Figure A.1. The time varying electric field ~E and the magnetic field ~H are
given by the expressions

~E (~r, t)=~E0ei
(
~k·~r−ωt

)
~H (~r, t)=~H0ei

(
~k·~r−ωt

) (A.1)

~E0 and ~H0 are the vectors that define the absolute value and the direc-
tion of~E(~r, t) and ~H(~r, t) respectively.
~k is the wavevector
ω is the angular frequency
~r is the position vector

The two media are characterized by different permittivity ε1 and ε2 , and per-
meability µ1 and µ2 . A coordinate system is chosen such that the interface
between two media is perpendicular to the z-axis and the plane of incidence,
which is the plane determined by the normal to the interface and the direc-
tion of the propagation of the electromagnetic wave, is perpendicular to the
y-axis. The geometry of the problem is shown in Figure A1. Thus, the wave
vector has only two components,~k = (kx,0,kz).

The tangential continuity of the electric and magnetic fields at the in-
terface dictates that ~E1t =~E2t and ~H1t = ~H2t must be satisfied at any point x
of the interface. Similarly, the tangential component of the wavevector~k, kx,
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Figure A.1 : Scattering of an electromagnetic wave at an interface for a TM
polarization. The wave comes from the left in the medium

(
ε1,µ1

)
, scatters

at the boundary, z = 0, and propagates in the right into the medium
(
ε2,µ2

)
.

The superscripts + and − denote wave propagating to the right and to the
left respectively.

must be the same for both media: k1x = k2x = kx. This leads to the relation
k−

1z =−k+
1z For a TM polarized wave, ~H = (0,H,0) and ~E = (Ex,0,Ez).

H+
1 +H−

1 = H+
2 +H−

2

The boundary conditions are:

E+
1x +E−

1x = E+
2x +E−

2x

The Maxwell’s equation~k×~H=− εω
c
~E relates~E and ~H components:

ε1ω
c E+

1x = k1zH+
1

ε1ω
c E−

1x =−k1zH−
1

Here k1z = k1 cosθ1 and k2z = k2 cosθ2, where θ is the angle of incidence. We
hence obtain the relationship :(

1 1
k1z
ε1

− k1z
ε1

)(
H+

1
H−

1

)
=

(
1 1

− k2z
ε2

k2z
ε2

)(
H+

2
H−

2

)
(A.2)
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Rearranging,(
H+

2
H−

2

)
=MTM

(
H+

1
H−

1

)

Here, M is the transfer matrix given by MTM = 1
2

(
1+ ε2k1z

ε1k2z
1− ε2k1z

ε1k2z

1− ε2k1z
ε1k2z

1+ ε2k1z
ε1k2z

)
Simi-

larly, for TE mode,(
E+

2
E−

2

)
=MTE

(
E+

1
E−

1

)

where, MTE = 1
2

(
1+ µ2k1z

µ1k2z
1− µ2k1z

µ1k2z

1− µ2k1z
µ1k2z

1+ µ2k1z
µ1k2z

)
The derived transfer matrix M is for the

general case when we have both the electromagnetic waves coming from the
left and the right of the interface.
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Figure A.2 : Transmission of an electromagnetic wave through a slab with
width l for a TE polarization. The slab is characterized by the parameters(
ε2,µ2

)
. The permittivity and the permeability of the incoming and outgo-

ing media are
(
ε1,µ1

)
and

(
ε3,µ3

)
, respectively. The wave reflected from

the right boundary of the slab is not shown. There is an infinite number of
waves inside the slab. Scattering of an electromagnetic wave at an interface
for a TM polarization. The superscripts + and – denote wave propagating to
the right and to the left respectively.
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The transfer matrix for wave propagation through a thin slab of thick-
ness l as shown in Figure A.2 is then given by simply multiplying the transfer
matrices for the two interfaces and a propagation matrix for the slab (a de-
tailed derivation can be found in [167]):(

E+
3

E−
3

)
=M12

TE

(
eik2l 0

0 e−ik2l

)
M23

TE

(
E+

1
E−

1

)
Simplifying:(

E+
3

E−
3

)
=

(
1 1
k0 −k0

)−1 (
cos(k2l) i

k2
sin(k2l)

ik2 sin(k2l) cos(k2l)

)(
0 eilk3

0 −k3eilk3

)(
E+

1
E−

1

)
(A.3)

The transfer matrix for wave propagation through two slabs of thickness
l1 and l2 is given by:

(
E+

4
E−

4

)
=(

1 1
k0 −k0

)−1 (
cos(k2l1) i

k2
sin(k2l1)

ik2 sin(k2l1) cos(k2l1)

)(
cos(k3l2) i

k2
sin(k3l2)

ik2 sin(k3l2) cos(k3l2)

)(
0 ei(l1+l2)k4

0 −k3ei(l1+l2)k4

)(
E+

1
E−

1

)
(A.4)



APPENDIX B

Dimensions of the SOL

The inner and outer radii of the transparent annular regions of the SOL
• Inner radii (µm) Outer radii (µm)
1 0 0.2
2 0.4 0.6
3 0.8 1
4 1.2 1.4
5 3 3.2
6 3.4 3.6
7 4 5
8 5.8 6
9 6.2 7.4

10 7.8 8
11 8.6 9
12 9.2 10
13 10.4 10.8
14 11.6 12
15 12.4 12.6
16 13.6 14
17 14.4 14.6
18 15 15.4
19 16 16.6
20 16.8 17
21 17.4 17.8
22 18 18.2
23 18.4 18.6
24 18.8 19
25 19.2 19.6
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APPENDIX C

Line profiles

Figure C.1 shows the line profiles of numerical simulations on the SOL
nanoscope (red line) and the LSCM (black line) in imaging a 1D array con-
sisting of 10 bars with a c.t.c separation of 500 nm. Although both curves
overlap with each other, the contrast is better with the SOL nanoscope.
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Figure C.1 : Line profile across the centre of the Figure 3.15. The black line
represents the LSCM while the red line represents the SOL Nanoscope.
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Figure C.2,C.3 show the line profile across the centre of the experimen-
tally obtained SOL nanoscope images for a 1D array with a c.t.c spacing of
500 nm and 330 nm respectively. The 1D array with a c.t.c separation of 500
nm is resolved with an average d.p.v. of 34.42%, and the measured peak to
peak separation is 510±30 nm. The 1D array with a c.t.c. separation of 330
nm is not resolved with the SOL nanoscope. As seen in Figure 3.14, only the
bars in the end are well separated with a d.p.v. of 30%, and all other bars are
not distinguishable.
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Figure C.2 : Line profile across the centre of Figure 3.15(d)
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Figure C.3 : Line profile across the centre of Figure 3.15(h)
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Figure C.4 shows the line profile across the centre of the numerical sim-
ulation of the SOL nanoscope in imaging a 2D array of consisting of 10×10
array of squares of size 100 nm in a square lattice with periodicity of 280 nm.
8 peaks in the center are well separated and the peaks in the edges are barely
distinguishable. The average peak to peak separation in the centre is 280 nm
with a d.p.v. of 23%, while that at the edges is 200 nm with ∼5% d.p.v. The
squares are resolved better when the NA of the system is increased to 1.4 as
seen in Figure C.5. The peaks are more uniform in the centre, with an average
d.p.v. of 20%. While those are the edges are resolved with 30% d.p.v.
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Figure C.4 : Line profile across the centre of Figure 3.17(e).

0

0.2

0.4

0.6

0.8

1

0 0.5 1 1.5 2 2.5 3

X [mm]

N
or

m
al

iz
ed

 In
te

ns
ity

 [a
.u

.]

Figure C.5 : Line profile across the centre of Figure 3.22(d).



APPENDIX D

Oscillator model

Consider a light wave polarized in the x-direction incident on a material where
each electron is bound to an atomic nucleus. This assumption of bounded
electrons is true for all dielectric materials, and is also valid for metals close
to their plasma frequencies where inter-band and intra-band transitions are
present. The local transverse electric field E(t) will cause the average position
of an electron distribution to be displaced by x from equilibrium relative to
its associated atomic nucleus in the material. As illustrated in Figure D.1(a),
each displacement of an electron by x produces a dipole moment d = ex for
the atom and a polarization p = −ex. The direction of the dipole moment d
is from negative to positive charge. Ignoring the presence of and interaction
with other dipoles, the total polarization per unit volume in a material made
up of many identical atoms may then be written as:

P=−n0ex=−n0d= ε0χeE (D.1)

n0 is the average number of identical individual dipole moments con-
tributing to polarization per unit volume in the material
d= ex is the effective individual dipole moment
χe is the electric susceptibility

The equivalent mechanical oscillator model for the system is illustrated
in Figure D.1(b). Here, the electron distribution shown in Figure D.1(a), is
simplified as a point charge of mass m. The atomic nucleus is considered
fixed in position as it is much heavier than the electron. The electron of charge
qe =−e is assumed to sit in a harmonic oscillator potential width.
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102 D OSCILLATOR MODEL
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Force, F = -kx(b)

Displacement, x

Figure D.1 : (a) Applying an electric field E creates a displacement of
the electron distribution by x from the equilibrium position relative to the
atomic nucleus which in-turn creates a dipole moment, d. (b) An equivalent
mechanical oscillator model. The atomic nucleus is assumed to be fixed as
it is much heavier than the electron.

Electron motion in the x-direction due to the presence of a local electric
field in the x-direction E(t) can be described by Newton’s equation for force:

mẍ︸︷︷︸
inertial force

+ mγẋ︸ ︷︷ ︸
energy loss

+ κx︸︷︷︸
restoring force

= −eE (t)︸ ︷︷ ︸
applied force

(D.2)

The energy loss in the system, either by absorption in metals or by radiation
in dielectrics, is represented by the friction term γ in the equation. The spring
constant κ is related to the natural resonance frequency ω0 by κ= mω2

0 . The
equation of motion is further simplified as:

ẍ+γẋ+ω2
0 x=−

( e
m

)
E (t) (D.3)
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Figure D.2 : Two oscillators with masses m1 and m2 are coupled by a spring
constant κc.

Now consider two such oscillators coupled together. The coupling can
be represented by a spring constant κc as shown in Figure D.2. If both of the
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individual oscillators experience the same applied force (F), the equations of
motion can be written as:

ẍ1 +γ1ẋ1 +ω2
1 x1 −Ω2x2 =F

ẍ2 +γ2ẋ2 +ω2
2 x2 −Ω2x1 =F

(D.4)

Here, κc =
(

m1m2

m1 +m2

)
Ω2, whereΩ is the coupling co-efficient.
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Summary

The research reported in this dissertation is focused on engineering nanos-
tructured surfaces that allow extraordinary control on the flow of light. Nanos-
tructured surfaces are designed using semi-analytical models and numeri-
cally/experimentally demonstrated for three main applications, elaborated
below, in optical absorption, optical microscopy and ultra-narrowband spec-
tral filtering.

1) Design and demonstration of a superabsorber at optical frequencies

Plasmonic metasurface based superabsorbers are well-known to exhibit high
absorbance. In general, they consist of three layers: a nano-patterned metal
resonators layer, a thin dielectric spacer and a ground metal layer. The
absorption peak can be tuned by the geometry/size of the subwavelength
resonator. Broadband absorption can be obtained by harnessing spectrally
shifted resonances of multiple resonators of various size/shapes in a unit
cell. However, metal dispersion hinders high-performance broadband ab-
sorption at optical frequencies and careful designing is essential to achieve
good structures. A novel analytical framework to design a metal—dielectric—
metal (MDM) superabsorbers at optical frequencies is presented in Chapter
2. The developed analytical framework uses Gap plasmon dispersion to get
the dimensions of the resonators, and then treats the patterned MDM super-
absorber as stacked layers, by homogenizing the array of resonators into an
effective medium. The stacked layers are then solved using transfer matrix
method. Numerical simulations based on finite element method (FEM) test
the effectiveness of the proposed framework. The proposed MDM superab-
sorber has been fabricated using electron beam lithography and character-
ized experimentally. The designed superabsorber is polarization insensitive
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and has a weak launch angle dependency. The presented framework can be
used to quickly design a superabsorber for any desired wavelength region us-
ing any MDM combination. It is particularly useful for dispersive materials.
It can be extended for large angles and higher modes. Although intended
for normal incidence and fundamental modes, this framework is the first step
in having an all analytical approach to design and optimize MDM superab-
sorbers.

2) Enabling super-resolution imaging in reflection mode using a super-
oscillatory lens (SOL)

A super-oscillatory lens (SOL) is able to shrink the light intensity distribution
into spots smaller than the diffraction limited spot, achievable with lenses
of equivalent clear aperture. This property offers the possibility to image
objects with a higher resolution (super-resolution) than a conventional opti-
cal microscope, as experimentally shown in transmission mode in literature.
However, it is not straightforward to employ a SOL in reflection mode as it
suffers from aberrations when used for collection. Additionally, a character-
istic feature of the SOL is the co-existence of a high-energy rings called side-
lobes around the central sub-diffraction spot. Although these sidelobes are
suspected to degrade the imaging properties, its actual influence has not yet
been investigated. The first experimental demonstration of a reflection confo-
cal nanoscope employing a binary metal mask super-oscillatory lens (SOL) is
reported in Chapter 3. The chapter begins with an explanation of the experi-
mental setup and the alignment requirements. The SOL is then characterized
over a range of distances, and a suitable sub-diffraction limited hotspot is
chosen to image a series of objects. The objects, consisting of double-bars,
1D and 2D arrays are designed to determine the influence of sidebands in the
imaging capabilities. The results show that although the SOL can image small
objects with super-resolution, it has poor imaging properties while imaging
extended objects due to sidelobe illumination. The effects of which can be
reduced using an immersion lens (NA> 1).

3) Designing an ultra-narrowband transmission filter

Ultra-narrowband spectral filtering are crucial for a variety of applications like
LiDAR, optical satellite communication, gas detection and multispectral imag-
ing. Traditionally, ultra-narrowband filters are based on light interference in
multilayer coatings. The main disadvantage is the tunability of the peak wave-
length. Alternatively, ultra-narrowband filters can be obtained by creating a
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Fabry-Pérot cavity from two Distributed Bragg Reflectors (DBR). The height of
the cavity determines the peak wavelength, while the number of alternating
dielectric layers in the DBR determines the bandwidth. A typical DBR filter
with a Full Width at Half-Maximum (FWHM) of 10 nm consists of more than
10 layers making it laborious to fabricate. A simpler nanopatterned metasur-
face alternative to a DBR cavity is investigated. A metasurface based ultra-
narrowband transmission filter at c-band infrared is proposed in Chapter 4.
The filter, consists of amorphous silicon (a-Si) rings coupled in the near-field
to a plasmonic layer consisting of subwavelength holes in Au with a SiO2
spacer layer. The filter combines the advantages of a high-Q resonance of-
fered by the a-Si rings with the excellent out-of-band performance of the plas-
monic layer. A radiating two-oscillator model reveals the fundamental reso-
nances which interfere to produce the narrowband transparency. Multipole
decomposition of the currents in the filter further confirms the dipole-dipole
interaction predicted by the two-oscillator model. The peak transmittance of
the filter can be easily tuned by just changing the periodicity of the unit-cell,
making it easier to be integrated in image sensors.





Samenvatting

Het onderzoek in dit proefschrift is gericht op ontwerp van nanogestruc-
tureerde oppervlakken die een buitengewone controle op de stroming van
licht mogelijk maken. Nanogestructureerde oppervlakken zijn ontworpen
met behulp van semi-analytische modellen en numeriek / experimenteel
gedemonstreerd voor drie hoofdtoepassingen, hieronder uitgewerkt, te
weten optische absorptie, optische microscopie en ultra-smalbandige spec-
trale filtering.

1) Ontwerp en demonstratie van een superabsorber voor optische frequen-
ties

Het is algemeen bekend dat op plasmonische meta-oppervlakken gebaseerde
superabsorbers een hoge absorptie vertonen. Over het algemeen bestaan
ze uit drie lagen: een laag met nano-metaalresonatoren, een dunne diëlek-
trische afstandhouder en een metalen grondlaag. De absorptiepiek kan wor-
den afgestemd door de geometrie / grootte van de sub-golflengte-resonator.
Breedbandabsorptie kan worden verkregen door spectraal verschoven reso-
nanties van meerdere resonatoren van verschillende grootte / vormen in een
eenheidscel te benutten. Metaaldispersie belemmert echter sterke breed-
bandabsorptie bij optische frequenties en een zorgvuldig ontwerp proces is
essentieel om goed werkende structuren te verkrijgen. Een nieuw analytisch
raamwerk voor het ontwerpen van een metaal-diëlektrisch-metaal (MDM) su-
perabsorber voor optische frequenties wordt gepresenteerd in hoofdstuk 2.
Het ontwikkelde analytische raamwerk gebruikt bandgap-plasmondispersie
om de afmetingen van de resonatoren te bepalen en behandelt vervol-
gens de MDM-superabsorber als gestapelde lagen door de resonatoren te
homogeniseren tot een effectief medium. Het gestapelde systeem wordt
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vervolgens opgelost met behulp van de overdrachtsmatrixmethode. Nu-
merieke simulaties op basis van de eindige-elementenmethode (FEM) testen
de effectiviteit van het voorgestelde raamwerk. De voorgestelde MDM-
superabsorber is gefabriceerd met behulp van elektronenbundellithografie
en is ook experimenteel gekarakteriseerd. De ontworpen superabsorber is
polarisatiegevoelig en is zwak afhankelijk van de invalshoek. Het gepresen-
teerde raamwerk kan worden gebruikt om snel een superabsorber te ontwer-
pen voor elk gewenst golflengtegebied met behulp van een enkele MDM-
combinatie. Dit is vooral nuttig voor dispersieve materialen. Het kan worden
uitgebreid voor grotere hoeken en hogere orde modi. Hoewel bedoeld voor
loodrechte inval en voor de fundamentele modus, is dit raamwerk de eerste
stap in een volledig analytische benadering voor het ontwerpen en optimalis-
eren van MDM-superabsorbers.

2) Beeldvorming met superresolutie in reflectiemodus met behulp van een
super-oscillerende lens (SOL)

Een super-oscillerende lens (SOL) is in staat om de lichtintensiteitsverdel-
ing te verkleinen tot foci kleiner dan de diffractiebeperkte focus van lenzen
met een gelijkwaardige heldere opening. Deze eigenschap biedt de mo-
gelijkheid om objecten af te beelden met een hogere resolutie (superresolu-
tie) dan een conventionele optische microscoop, zoals experimenteel aange-
toond in de literatuur in transmissie. Het is echter niet eenvoudig om een
SOL in reflectiemodus te gebruiken, omdat deze lijdt aan aberraties bij het
opvangen van het licht. Bovendien is een karakteristiek kenmerk van de SOL
het naast elkaar bestaan van hoogenergetische ringen rond de centrale sub-
diffractie focus. Het wordt vermoed dat deze zijbanden de beeldeigenschap-
pen verslechteren, maar is de feitelijke invloed ervan is nog niet eerder on-
derzocht. De eerste experimentele demonstratie van een reflecterende confo-
cale nanoscoop met een super-oscillerende lens (SOL) gemaakt van een met-
alen masker wordt gerapporteerd in hoofdstuk 3. Het hoofdstuk begint met
een uitleg van de experimentele opstelling en de uitlijningsvereisten. De SOL
wordt dan gekarakteriseerd over een afstandsbereik, en een geschikte sub-
diffractie beperkte focus wordt gekozen om een reeks objecten af te beelden.
De objecten, bestaande uit dubbele balken, 1D- en 2D-arrays zijn ontworpen
om de invloed van de ringen op de afbeeldingskwaliteit te bepalen. De resul-
taten laten zien dat de SOL kleine objecten met superresolutie kan afbeelden,
maar dat SOL slechte afbeeldingseigenschappen heeft voor uitgebreide ob-
jecten vanwege de zijbandbelichting. De effecten kunnen worden verminderd
met een immersielens (NA> 1).
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3) Ontwerp van een ultra-smalbandig transmissiefilter

Ultra-smalbandige spectrale filtering is cruciaal voor een verscheidenheid
aan toepassingen zoals LiDAR, optische satellietcommunicatie, gasdetectie
en multispectrale beeldvorming. Traditioneel zijn ultra-smalbandige filters
gebaseerd op lichtinterferentie in meerlaagse coatings. Het belangrijkste
nadeel is de afstembaarheid van de piekgolflengte. Als alternatief kun-
nen ultra-smalbandige filters worden verkregen door een Fabry-Pérot-holte
te creëren uit twee gedistribueerde Bragg reflectoren (DBR). De hoogte van
de holte bepaalt de piekgolflengte, terwijl het aantal alternerende diëlek-
trische lagen in de DBR de bandbreedte bepaalt. Een typisch DBR-filter met
een volledige-breedte bij half-maximum (FWHM) van 10 nm bestaat uit meer
dan 10 lagen, waardoor het bewerkelijk is om deze te fabriceren. Een een-
voudiger meta-oppervlak met nanopatroon als alternatief voor een DBR-holte
wordt onderzocht. Een op een meta-oppervlak gebaseerde ultra-smalbandig
transmissiefilter voor de c-band wordt voorgesteld in hoofdstuk 4. Het filter
bestaat uit amorfe silicium (a-Si) ringen gekoppeld in het nabije veld aan een
plasmonische laag bestaande uit subgolflengte gaten in goud met een glazen
afstandslaag. Het filter combineert de voordelen van een hoge Q-resonantie,
gegenereerd door de a-Si-ringen, met de uitstekende out-of-band prestaties
van de plasmonische laag. Een model voor twee gekoppelde oscillatoren on-
thult de fundamentele resonanties die interfereren om de smalbandige trans-
missie te produceren. Meerpolige decompositie van de stromen in het fil-
ter bevestigt de dipool-dipool interactie die wordt voorspeld door het gekop-
pelde oscillatoren model. De piektransmissie van het filter kan eenvoudig
worden aangepast door de periodiciteit van de eenheidscel te wijzigen, waar-
door het gemakkelijker wordt om de filters in beeldsensoren te integreren.
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