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Chapter 1

Introduction

1.1 Motivation

Electromagnetic metamaterials are artificially fabricated structures that exhibit properties
unattainable in naturally occurring materials, such as negative index[1]-[4], epsilon-near-
zero[5]-[7], ultra-high index[8], perfect lensing[9], [10] and cloaking[4], [11]-[13]. Since their
inception, metallic unit cells have dominated the field of metamaterials. However, metallic unit
cells suffer from conduction loss[14]-[16], magnetic saturation at high frequencies[17], exhibit
anisotropic optical responses[18] and requires expensive lithography method for fabrication and
hence large area scalability is not feasible for practical applications. Recently, there has been
burgeoning interest in exploiting the Mie resonances[19] in dielectric particles with simple
geometries to design all-dielectric metamaterials, which not only have much less absorption
losses at optical frequencies than their metallic counterparts, but also provide the potential for
achieving isotropic optical responses by simplifying the design. The main motivations of this
dissertation are two fold - first, to understand how electric and magnetic Mie resonances in
dielectric particles can be used to design metamaterials exhibiting novel and unique optical
properties; and second, to experimentally realize metamaterials using nanofabrication techniques,
with a strong motivation towards scaling the metamaterial to large area for practical applications.
This chapter will serve as a guide to understand the inception and brief history of metallic
metamaterials and will also help us to understand the limitations of metallic unit cells and

advantages of transition from metallic unit cells to their dielectric counterparts.
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Figure 0.1 Progress of metal-based metamaterial with respect to operation frequency and time.
double SRRs denoted by orange; U-shaped SRRs denoted by green; metallic cut-wire pairs
denoted by blue; double fishnet structures denoted by red. The insets show optical image and
scanning electron microscope images of four different types of structures. Adapted from
reference[20].

1.2 Engineering Index of Refraction

The field of metamaterials provides the framework to engineer optical properties, which
would not otherwise be possible using naturally occurring materials. To achieve novel optical
properties metamaterials needs to be artificially fabricated with periodic or random arrays of
properly structured elements or unit cells, the size and spacing of which must be much smaller
than the wavelength of electromagnetic radiation. Hence, the probing wavelength cannot “see”
individual unit cells and the collective response from all the unit cells can be modeled using a
homogeneous effective permittivity and permeability. Most interesting of all is that the effective

permeability can also be controlled by proper unit cell design.



1.2.1 Negative Index Metamaterials

It is useful to begin the discussion of metamaterials with negative index of refraction to
comprehend the inception of this field and how it excited the imagination of researchers
worldwide. Refractive index is a complex number given byn=n"+n". n" is a measure of how
the phase velocity of light is slowed down when passing through a material and n" is a measure

of absorption of electromagnetic radiation and hence loss. The complex refractive index is
defined by n=«/5y , Where & and u are the complex electric permittivity and magnetic

permeability of a material. ¢ and u define the polarizabilities of a material under the electric and
magnetic field of light, respectively. Based on their ¢ and x values all the materials can be
categorized in terms of materials parameter space[21]. The materials parameter space is divided
in four quadrants (Figure 1.2). Quadrant I lists most of the dielectric materials with simultaneous
positive permittivity and permeability. Quadrant Il consists of materials with negative
permittivity such as metals and doped semiconductors. Quadrant 1V consists of materials with
negative permeability but positive permittivity, which includes some ferrite materials. The most
interesting region is Quadrant Il with simultaneous negative permittivity and permeability. No
naturally occurring materials belong to this region of parameter space.

Veselago[22] in 1968 was the first to postulate the optical properties of a hypothetical
material exhibiting simultaneous negative values of permittivity and permeability i.e. negative
index of refraction. He postulated that when light propagates from a positive index to negative
index material, or vice versa, it will refract in the wrong way i.e. at the same side of the normal
to the interface. To understand this concept let us review Maxwell’s equations (Eq. 1.1) and the

constitutive equations (Eq. 1.2), where the electric and magnetic fields of incident plane wave

are defined as E(w,k) = E, exp(ik F —iewt) and H(w,K) = H, exp(ik.F —iwt), respectively.



II

£<0, p>0
Mostly Metals

III

Figure 0.2 Materials parameter space illustrating different materials at different Quadrants[21].
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Here, B is the magnetic flux density, D is the electric flux density, p is the charge density, and ] is

the current density. In absence of any free charges (p ) and currents ( j ), Eq. 1.1 and 1.2 can be



simplified to

1.3

For the propagation of a plane wave in conventional dielectric materials with £ >0 and x>0,

the triplet vectors, K , E and H , follow the right hand rule (Eq. 1.3). However, during

propagation in a medium with ¢ <0 and x <0, these vectors follow the left-hand rule. Contrary

to conventional understanding, the Poynting vector, which is defined as S=ExH, and the wave

vector K are directed in opposite directions in such media (Figure 1.3). Furthermore, the real

part of refractive index which is given by n=+ |£r | | 4| , should take a negative sign to conserve

causality[22].
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Figure 0.3 Schematic of refraction behavior when light travels from positive to negative index

medium. Adapted from reference [21].

Designing Simultaneous Negative Permittivity and Permeability: Realization of negative
index requires both permittivity (&) and permeability () to be negative. Realizing negative

permittivity is relatively simple. Metals possess negative permittivity below plasma frequency.



The dielectric permittivity of a metal can be defined by Drude-Lorentz model at optical

frequencies as,

a)zp
&(w) :1——0)(60_ ) 1.4

Where, o, is the plasma frequency of the metal and » is the damping coefficient. However, use
of naturally occurring and unstructured metal does not provide any flexibility in terms of
engineering the permittivity and manipulating it at particular frequencies. On the other hand,
manipulation of the permittivity is possible at different frequencies using the metamaterial
approach. In 1996, Pendry et al.[23] proposed design of dilute metals with a three dimensional
lattice of metallic wires (Figure 1.4(a)), which possesses extremely low plasma frequency. The
effective dielectric permittivity is demonstrated in Figure 1.4(b).

However, realizing negative permeability has been a challenge because the magnetic field
of light couples weakly with materials. That is why the significance of Veselago’s work went
unnoticed for more than 30 years until Sir John Pendry proposed a practical way to realize a
strong magnetic resonance[24] that leads to achieve negative permeability.

A magnetic response can be induced by generating a circulating electric current in a ring
shaped structure using an external magnetic field passing along the axis of the ring. But this
induced magnetic moment will be weak, until a resonance is introduced into the structure. The
split ring resonator (SRR) design provides the opportunity to generate strong artificial
magnetism[24]. Each SRR has a gap and in the double SRR geometry (Figure 1.4(c), these gaps

are in the opposite directions to each other. The SRR can be modeled as an LC circuit with a
natural resonance frequency defined by m, =+/1/LC (L and C are inductance and capacitance,

respectively).



A strong circulating electric field can be induced in the SRR by magnetic flux directed

along the axis of the SRR in the frequency range centered at w,, which results in an effective

magnetic moment. The induced magnetic field can be either in or out of phase with the external

magnetic field. A strong induced magnetic field can lead to effective negative permeability.

(a) d (b),,
. o 5 s\
27 ‘ E ’ il
P -3 = = = Im(&refr)
. -10 — Re(&refr)
B8 10 12 14 16
Frequency (GHz)
(c) m (d)
F 20
/ :*_-}'1 ™ L (i o)
(@) (D 10 — Re(}retr)
e A% -10
N 7 Ve 6 7 & 9 10 11 12
- - Frequency (Glz)

Figure 0.4 (a) Schematic of periodic wires (with radius r) arranged in a simple cubic lattice (with
lattice constant d). (b) Effective permittivity of wire media, acting as dilute metals with an
extremelylow plasma frequency. (c) Schematic of split ring resonators, with outer radius r and
separation s between the two rings. A magnetic field penetrating the resonator induces a current

(), and thus a magnetic moment (M ). (d) Effective permeability of split ring resonators around

the resonance frequency. Adapted from reference [21].
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Figure 0.5 (a) Optical image of NIM sample. The NIM sample is made of copper split rings and
copper wires. (b) Transmitted power with respect to refraction angle for Teflon (positive index,
dashed curve) and NIM sample (solid curve). Adapted from reference [1]. (c) Schematic and (d)
SEM image of fishnet metamaterial. () SEM of prism of fishnet metamaterials milled using FIB.
(f) Ray diagram to demonstrate direction of refracted light coming out a prism with negative
index. (g) Fourier imaging to demonstrate bending the light in the other way of normal as
expected from a NIM. Adapted from reference[26].

Following Pendry’s work, Smith first experimentally demonstrated the practical

realization of a negative index medium [18] using periodic arrays of SRRs and a cut-wires



(Figure 1.5). All these ground breaking studies opened the door to the field of ‘metamaterials’
which has been followed by much work devoted to achieving better design methodologies for

negative index metamaterials at telecom (Figure 1.5) and visible frequencies[25]-[27].

1.3 All-Dielectric Metamaterials: Mie Resonance

Since the inception of metamaterials, researchers have strived to scale metamaterials to
optical frequencies[20], [28]. However, one of the major limitations in metal-based
metamaterials has been the presence of ohmic damping which results in absorption[14]-[16].
Moreover, as the plasmon resonance frequency is approached, the kinetic induction of the
electrons in the metal results in saturation of the magnetic response, limiting the use of metal-
based metamaterials at high frequencies[17]. In search for an alternative to metallic unit cells, the
interaction between electromagnetic waves and high dielectric materials has been investigated by
researchers. Exact theoretical solutions of light scattering by small dielectric spherical particles
was derived long ago by Lorentz and Mie and the theory is more popularly known as Mie theory
(Figure 1.6)[19].

Solutions to Mie theory for dielectric spherical particles yields electric and magnetic
multipole resonances characterized by peaks in the scattering coefficients. The lowest order
electric and magnetic resonances are the dipole modes. A magnetic dipole resonance is
accompanied by a circulating electric displacement current and an electric dipole resonance is
accompanied with a circulating magnetic field (Figure 1.7). These electric and magnetic dipole

resonances in a dielectric particle form the basis of utilizing them as a meta-atom.



14 ‘ .
s —— Electric
3 1.2¢ ---- Magnetic;
52, — Total
»n T
o
o 0.8}
=
g 0.6
o 04
A

0.2} :

oL~ S 3 b P
1000 1400 1800
Wavelength (nm)

Figure 0.6 Calculation of scattering cross-section of Si sphere based on Mie theory. Plot
demonstrates total scattering cross section and contribution of electric and magnetic dipole

modes to the total scattering.
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Figure 0.7 Electric and magnetic field distribution in a dielectric cube with the magnetic field
polarized along the z axis and electric field polarized along the y axis. (a) Electric field in the
plane z=0 near the first Mie resonance. (b) Magnetic field in the plane y=0 near the first Mie
resonance. (c) Electric field in the plane z=0 near the second Mie resonance. (d) Magnetic field

in the plane y=0 near the second Mie resonance. Adapted from reference [29].
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In 1947, Lewin[30] combined the scattering solution from Mie theory with Clausius-
Mossotti effective medium theory to calculate the effective permittivity and permeability of a

collection of non-interacting magneto-dielectric spheres (Figure 1.8).
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Figure 0.8 Calculation of effective permittivity and permeability based on Lewin’s theory.
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It didn’t take long to recognize the implications of Lewin’s work after the inception of
the field of metamaterials. In 2002, with a different approach than Lewin’s, O’Brien and
Pendry[31] showed that effective negative permeability can be obtained at the magnetic
resonance of ferroelectric rods arranged in a two dimensional lattice.

There are several advantages of using dielectric materials over metals as the metamaterial
building block. Firstly, dielectric materials experience less optical absorption than metals at high
frequencies, e.g. telecommunication and visible ranges. Secondly, dielectric materials do not
exhibit magnetic saturation at high frequencies. Thirdly, electric and magnetic Mie resonances
are inherent to dielectric particles with simple geometries opposed to more complicated metallic
unit cell geometries. The complicated unit cell geometry of metal based metamaterials leads to
anisotropic optical properties. Also, because of the complicated geometry of the metallic unit
cells, slow and expensive patterning techniques such as electron beam lithography or focused ion
beam lithography needs to be used to fabricate metal based metamaterials. This limits the
scalability of metal based metamaterials to large areas. However, due to having a simple unit cell
geometry, dielectric metamaterials are amenable low cost and high throughput patterning
techniques such as self-assembly based nanosphere lithography[32]—[49].

Dielectric metamaterial properties were first experimentally demonstrated in the
microwave regime[29], [50]-[54] which allows design of deep sub-wavelength unit cells because
of the availability of high dielectric constituents (e.g. ¢ > 100). Simple unit cell designs e.g
spheres[30], [55]-[58], cylinders[29], [31], [59], [60] and cubes[51]-[53], [61] have been used
to achieve all-dielectric metamaterials demonstrating high frequency magnetism[51]-[53], [59],

[61] and negative refractive index[29], [50], [54].
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Figure 0.9 (a) Light illumination scheme for an isolated sphere (top) and an array of cube
resonators. Electric field profiles at electric and magnetic modes for dielectric (b) sphere and (c)
cube. (d) SEM image of Te cube arrays. (e) Experimentally measured transmission and reflection
demonstrating distinct resonance corresponding to electric and magnetic modes. Adapted from

reference [61].

One of the major challenges that dielectric metamaterials face at optical frequencies (mid
infrared, telecommunication and visible range) is that the permittivity of the constituent
dielectric materials is greatly reduced compared to that in the microwave regime. This makes it

challenging to realize a metamaterial that still falls under the effective medium limit as the unit
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cell size becomes larger. Hence, search for proper materials is crucial which exhibit moderately
high dielectric permittivity at optical frequencies. Telurium (Te) serves as a good choice of
dielectric material with moderately high permittivity (&~ 25) with low loss at mid infrared
regime. Figure 1.9 illustrates realization of strong electric and magnetic dipole resonances in Te
cube resonators at mid-infrared frequencies. Silicon (Si) serves as the most suitable dielectric
material at telecommunication frequencies because it exhibits moderately high permittivity
(& ~12) with low loss. Demonstrations of a magnetic response from metamaterials composed of
Si resonators at visible and telecommunication wavelengths along with its amenability to top-
down fabrication processes make Si a popular choice for a constituent material. Equipped with
the understanding of electric and magnetic scattering behaviors[62], [63] for any arbitrary shape
of single dielectric particle[64], manipulation of electric and magnetic responses can be more
adequately controlled by engineering the shape of the dielectric particle.

Recently, there has been a tremendous progress in the dielectric metamaterials research at
optical frequencies. Some of the important demonstrations includes realization of metasurfaces
for controlling the phase of reflected light[65], demonstration of Fano resonances [66] from
dielectric oligomers, achieving negative phase propagation with square arrays of dielectric
rods[60] (Figure 1.10), realization of Huygens’ surface by overlapping electric and magnetic
dipole resonances in cylindrical unit cells[67], [68] (Figures 1.11(a,b)), generating electric and
magnetic hot-spots between resonator dimers (Figures 1.11(f,g)), achieving super-directive
antennae radiation[69], active tuning of resonant modes[70] (Figures 1.11(c-e)), demonstration
of magnetic mirror with zero reflection phase[71], demonstration of achromatic lensing[72] and

many more. These interesting properties of dielectric metamaterials have drawn the attention of

14



many researchers and provide ample opportunities for further study. In this dissertation, I will

demonstrate my earnest attempts to take this field a step forward.
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Figure 0.10 Photonic band structures with square rod arrays with (a) e=600 and (b) e=12. (c, d)
Second-band IFCs of higher and lower € rod arrays. (e) Electric field profile showing negative
phase propagation inside the rod (e=12) arrays at 1.55 um wavelength with light incident at 20°.
Adapted from reference [60].

15



Electric
dipole

\

Magnetic
dipole

<0

——— experiment, x polarization -
——sy—— experiment, y polarization 37
simulation 4

0 i Lrod i R ;
1.37 14 143 1.48 1.49 152 155
Wavelength ( m) |,

I e

Metal Dimer Dielectric Dimer
— L
Electric hotspots Electric hotspots
No hotspots Magnetic hotspots

Figure 0.11 (a) Diagram illustrating an infinite array of nanodisks resonators where individual
resonators are represented as electric and magnetic dipoles for x-polarized incident light
describing a Huygens’ metasurface. b) Electric and magnetic field profiles of the magnetic (top)
and electric (bottom) mode of a silicon-nanodisk resonator. (¢) Schematic of the silicon nanodisk
metasurface integrated into an LC cell. (d) SEM image of Si nanodisks arrays (top). Sketch of
the (idealized) arrangement of the LC molecules in the nematic and the isotropic phase,
respectively (bottom). (f) Comparison between metal and dielectric dimers. (g) Schematic (left)
and experimental near field measurement of electromagnetic field enhancement in the gap
between Si nano dimers (right top). SEM of nano dimer (right bottom). Adapted from references
[68] (a.b); [70] (c.d.e); [73] (f.9).



1.4 Organization of the Document

Chapter 2 will describe the realization of an all-dielectric zero index metamaterial (ZIM) at
optical frequencies. The design methodology will be discussed in detail, followed by discussion
on the bulk fabrication methodology. Finally realization of the ZIM will be demonstrated by
optical experiments.

In Chapter 3, I will discuss the realization of near perfect broadband reflectance from a
single layer sub-wavelength-thick all-dielectric metamaterial. The role of the fundamental modes
of the single resonator will be discussed in achieving a broad near perfect reflectance band. We
will also explore the effect of disorder on the strength of reflectance by randomizing the unit
cells in the metamaterial. Finally, we will propose a mechanism to engineer the unit cell to
broaden the high reflectance bandwidth.

Chapter 4 will be devoted to demonstration of scalability of dielectric metamaterials to
large areas (centimeter sized) using nanosphere lithography, a low cost and high throughput
patterning technique. Large scale perfect reflection will be demonstrated over large areas using a
single layer of silicon resonators. The effect of disorder on the magnetic and electric dipole
resonances will be studied and mechanisms will proposed for overcoming the influence of
disorder on reflectance. The possibility of achieving a magnetic mirror at optical frequencies will
also be explored.

In Chapter 5, I will discuss the advancement of nanosphere lithography technique to
fabricate asymmetric resonators. Here, we propose an advanced large area and high throughput
lithography technique which can control the size and orientation of asymmetric patterns spatially.
This advanced gradient lithography technique will pave the way towards simple, expedited, and

high throughput large scale fabrication of gradient metasurfaces.
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In Chapter 6, I will summarize the accomplished work and give a perspective of future

work on dielectric metamaterials.
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Chapter 2

Impedance-Matched All-Dielectric Optical Zero Index Metamaterial

2.1 Introduction

Epsilon near zero (ENZ) and zero index metamaterials (ZIMs) are a special class of
metamaterials which exist at the origin of the parameter space (Figure 1.2, Chapter 1). A simple
way to realize an ENZ using a metal is to operate at the plasma frequency (). From the Drude-
Lorentz model (Eq. 1.4, Chapter 1), the permittivity of a metal at its plasma frequency is zero.
Control over realizing ENZ at different frequencies can be achieved by stacking thin layers[74]
or by a composite of complementary split ring resonators (SRRs) in host media[6]. Another
alternative way to design an ENZ is by utilizing the dispersive properties of metallic waveguides
which is operating near cut-off frequency of dominant waveguide mode[75]. The permittivity of

the transverse mode of a rectangular metallic waveguide can be given by,

e |6, =N°—C*/ (4F>W?), where, w is the width of waveguide, n is the refractive index, c is the

speed of light and f is the operating frequency. Hence, the effective permittivity is zero at the
waveguide cut-off frequency ( f =c/2wn).

ENZs have been experimentally demonstrated in the microwave[6], [76], mid-IR[77],
and visible regimes[75]. ENZ metamaterials have a permittivity (&) near-zero while the
permeability (1) remains unity, resulting in a near-zero refractive index (n = +/ue). However,
since the permeability remains finite, the relative optical impedance, (Z = M), is grossly

mismatched from free-space, which results in large reflections from the ENZ-air interface and

limits the functionality of ENZs.
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Figure 0.12 (a) and (b) Dirac cone like dispersion in 2D square lattice of circular rods. (c)
Retrieved effective parameters showing cross-over at zero at Dirac point demonstrating zero
index of refraction. (d) Simulated field profile to demonstrate wave can turn through waveguide
bends with a channel composed of ZIM and any obstacle cannot be recognized because the
wavelength is infinitely long inside a ZIM. Adapted from reference [78].

The solution to overcome the issue of high reflectance is to design a zero index
metamaterial which is impedance matched to air, i.e. both permittivity and permeability are equal
to zero. Impedance matched zero refractive index has been demonstrated at optical frequencies
with a fishnet geometry[79], however, the metamaterial only functions with normal incidence of
light. A more elegant design for an impedance matched ZIM was proposed by Huang et al[78].
In their design the realization of zero refractive index is dictated by designing a periodic
structure of infinite rods which forms a Dirac cone like dispersion at the I" point in the band
diagram (Figure 2.1). Prior to this study, Wang et al [80] proposed that a Dirac cone like
dispersion can be achieved at the I" point from a hypothetical homogeneous medium with linear

dispersion varying from negative-to-zero-to-positive from lower to higher frequencies. From
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these studies the correlation between Dirac cone like dispersion and zero index of refraction is
substantiated.

The most interesting feature of a ZIM is that the wave-vector inside such a material is
zero (k=0), which leads to many other interesting properties. The phase velocity, defined as
w /K, is infinite and the effective wavelength (4, =4/n ) inside a ZIM is infinite as well. Hence
any object inside a ZIM will practically be cloaked because an object will not scatter light if its
size is infinitely smaller than the wavelength of light illuminating it. Another interesting feature
is that a ZIM only transmits light normal to the interface. This follows directly from Snell’s law,

n,sing, =n,siné, 21
where, n; and n, are the refractive indices of two different media (medium 1 and 2) and light is
incident from medium 1 to medium 2 at an angle ¢, and refracts in medium 2 with an angle of 6..
Now, let us consider n,=0. To satisfy Snell’s law, 6; has to be 90°. This can also be explained by
comparing the isofrequency contours (IFCs) of a ZIM and air at the interface. In Figure 2.2, the
small circle (red), corresponding to an IFC of the ZIM, has a radius Kk, =Kk,n,,, Which is
proportional to the effective index of the metamaterial and the larger circle (black) has a radius

proportional to the index of air (n,, =1 ). In order to conserve angular momentum at the ZIM-air

interface light can only leave ZIM surface at an angle (&, ) very close to normal to the interface.

max

This also explains the directional emission behavior of emitters embedded inside a ZIM[76].
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Figure 0.13 Schematic illustrating directional emission from emitters from inside a ZIM.

This chapter illustrates the first experimental realization of zero index metamaterials
(ZIM) at optical frequencies with all dielectric constituents[81]. Although, impedance matched
zero refractive index has been demonstrated at optical frequencies with a fishnet geometry[79],
the metamaterial was restricted only to normal incidence of light. These issues have been
overcome by utilizing resonant all-dielectric metamaterial with high refractive index. Here, we
designed the ZIM at optical frequencies with periodic Si rod unit cells under TM polarization of
light. The simple geometry of the dielectric resonators along with advancements in the top-down

nano-fabrication technologies provided the possibilities of fabrication of 3D ZIMs.
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2.2 Design Methodology

The ZIM design started with calculating the band structure of an infinitely periodic
square lattice of Si rods. When properly designed, this structure can exhibit a Dirac cone at the I
point in the band structure[78], a feature that is similar to the electronic band structure in
graphene[82]. At the Dirac point, the metamaterial exhibits zero effective permittivity and
permeability, resulting in an impedance matched ZIM[78]. From fabrication stand point, we
designed the metamaterial with stack of square cross-section Si rods embedded in SiO,. The
band structure corresponding to the bulk ZIM (infinitely thick), withw =t = 260 nm and a =
600 nm, is shown in Figure 2.3(a). The band structure is computed for TM polarization with the
electric field oriented along the rod axis and the Dirac cone like dispersion can be observed at the
center of Brillouin zone where two transverse bands with linear dispersion intersect a flat quasi-
longitudinal band, resulting in triple degeneracy. We utilized field-averaging of the Bloch
modes[83] to retrieve the metamaterial’s effective bulk optical properties (Figure 2.3(b)) and
simultaneous zero-permittivity and permeability are obtained at the triple degeneracy frequency
of 211 THz (1,=1422 nm). This response is directly attributable to a linear combination of
electric monopole and magnetic dipole Mie resonances within the Si rods (inset of Figure 2.3(b)),
allowing the effective constitutive parameters to be accurately extracted using effective medium
theory[84]. This was confirmed by the excellent agreement between the extracted propagation
vector, acquired using field averaging, and the computed band structure around the triple
degeneracy point (Appendix A.2). A relatively broadband impedance matched low-index region
is present around the zero-index point and over the frequency range from 215 THz to 225 THz
there exists only one propagating band, TM4, which allows us to define an effective index of

refraction for the structure for off-normal angles of incidence. The iso-frequency contours (IFCs)
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over this frequency range are shown in Figure 2.3(c) and it can be observed that they maintain a
nearly circular shape indicating that the material maintains a relatively isotropic low-index
response for TM-polarized light over this bandwidth. This all-angle response is critical for
preserving the unique physics associated with low- or zero-index materials such as directionally
selective transmission and emission from within the material. It should be noted that in a
perfectly homogeneous zero-index metamaterial, the flat longitudinal band is not accessible with
TM-polarized light. However, due to finite spatial dispersion, this band becomes quasi-
longitudinal in our case and is accessible at off-normal angles of incidence. As can be seen from
Figure 2.3(a), the band bends down and thus prevents single mode propagation for off-normal
incidence at frequencies at and below the Dirac point (extended states of the crystal are provided
in the Appendix A.2). In this frequency region, a refractive index cannot be assigned for off-

normal incidence and directionally selective transmission is not preserved.
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Figure 0.14 (a) Band diagram of uniform bulk ZIM (infinitely thick) for TM polarization. Dirac
cone dispersion is observed at the I' point with triple degeneracy at 211 THz. The shaded area
denotes regions outside the free-space light line. (b) Retrieved effective permittivity and
permeability of the bulk ZIM acquired using field-averaging. The inset shows the electric and
magnetic fields within a single unit cell at the zero-index frequency indicating a strong electric
monopole and magnetic dipole response. (¢) IFC of the TM4 band. The contours are nearly
circular (i.e., isotropic) for a broad frequency range and increase in size away from the zero-
index frequency indicating a progressively larger refractive index.
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One of the consequences of a low or zero-index is that light will not be guided using a
conventional slab waveguide, in other words Dirac point appears in the light cone, and thus the
metamaterial must be designed for free-space access. Hence, the simulated 2D periodic infinite
rod structure needs to be designed as a 3D structure with periodicity along y and z direction, with
orientation of the rods along x. Along z direction which is the normal direction to the plane of
substrate, keeping in mind the fabrication convenience, number of unit cells needs to be
minimum. We optimized the number of unit cells as 5 based on the convergence of the zero
index response to the infinite periodic structure. In Fig, we show the electric and magnetic field
profiles at a frequency that is slightly above the zero-index frequency, where both the index of
refraction and magnitude of the wavevector are close to zero. This leads to negligible spatial
phase change across the length of the ZIM (¢ = kL), where L is total thickness of the ZIM
structure. In the field plots (Figure 2.4), it is clear that the transmitted light leaves the ZIM / air
interface with the same phase as the incident plane wave. The unit cells also show strong electric
and magnetic resonances, which are resonating in-phase, a characteristics that can be attributed

to infinite phase velocity leading to zero phase lag between the resonators.
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Figure 0.15 Electric and magnetic field plots demonstrating no spatial phase change of light
across the ZIM. All the Si resonators are resonating in phase because of infinite phase velocity
inside the ZIM.

2.3 Fabrication of Multilayer ZIM

The overall fabrication process flow is described in Figures 2.5 (a-f). To realize a free-
space accessible ZIM, fabrication began with deposition of multilayer stack of 11 alternating
layers of a-Si (e=13.7, 260 nm thick) and SiO; (¢=2.25, 340 nm thick) (Figure 2.6 (a)) using low
pressure chemical vapor deposition with a single process run on a 4 inch quartz wafer. The
LPCVD tool used was a horizontal tube furnace. A quartz caged boat was used to contain the
wafer to improve cross wafer uniformity. Deposition temperature was 550°C and process
pressure was 300 mTorr and both were held constant throughout the deposition of both films.
Process gases were introduced into the tube furnace via mass flow controllers. The a-Si layer
was deposited by flowing 50 sccm’s of 100% SiH4. The SiO; layer was deposited by flowing 85
scem’s of SiHy and 120 scem’s of O,. A brief N, purge was introduced between layers. This

alternating process was repeated until the desired number of layers was deposited.
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Figure 0.16 Schematic of process flow to fabricate multilayer ZIM

A hard metal etch mask was patterned using electron beam lithography (Raith and/or Jeol)
and deposition of 50 nm chromium (Cr) followed by lift-off. To avoid surface charging
detrimental effects, electron beam sensitive resist (PMMA) was coated with a 10 nm Cr charge
dissipation layer to be chemically removed prior to the exposed resist development. A fluorine
based reactive ion etching (RIE) recipe was developed in an Oxford Plasma Lab tool to etch the
multilayer sample by alternating the recipe for the Si and SiO, layers. The final structure has a
10:1 aspect ratio with respect to the total height and gap width between the rods. The base etch
recipe involved 100 W RF power, 2000 W ICP power with C4Fg and O, gas flows for the SiO,
layers and 80 W RF, 1200 W ICP with C4Fg, SFs, O, and Ar gas flows for the a-Si layers. The

oxide had a positive slope as we etched down to subsequent layers underneath. Starting with the
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base recipe for the upper layers, the subsequent SiO, layers were etched more aggressively with
increasing depth. This was accomplished by changing the ratio of C4Fg and O, gas-flow which
provided less passivation to the side walls during etching. The base Si etch recipe resulted in
straight side walls until we reached the bottom most layer. The bottom most oxide and Si layers
were etched with the most aggressive recipes and the top layers were protected by additional
passivation steps. The metamaterial’s internal structure was characterized by imaging the edge
profile after milling cross-sections inside the array using focused ion beam milling (FIB). During
all imaging, a thin layer of Cr was deposited on the sample to provide a conducting surface. A
total of 5 functional layers (Si / SiO; pairs) results in a metamaterial with a thickness of 3 pum,
about twice the free-space wavelength at the zero-index point (Figure 2.6 (b)).

We made sure that PMMA, which was spin-coated on the sample after the RIE process,
filled in the gaps completely in order to provide a background with the same permittivity as the
Si0, spacer layers. The sample with a drop casted PMMA film was placed in an evacuated
desiccator to remove air bubbles and this process was followed by spinning and soft baking (120
degrees for 2 minutes) twice and reflowing at 300° C for 2 minutes to reach the desired
thickness. The final structure was cross-sectioned with FIB milling at multiple locations to

confirm the complete filling (Figure 2.6 (c)).
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Figure 0.17 (a) SEM image of multilayer stack of Si and SiO2. (b) FIB image (isometric view) of
ZIM (before PMMA filling). (c) Cross-sectional FIB showing complete filling of PMMA inside
the gap regions.

2.4 Influence of Non-Uniformity

The fabricated metamaterial has both a finite thickness as well as non-uniform rod sizes
and will thus deviate somewhat from the bulk parameters. To better understand the optical
response of the fabricated metamaterial, full-wave finite-difference time-domain (FDTD)
simulations were assigned with optical properties for arbitrary angles of incidence due to
presence of the quasi-longitudinal band which is accessible at large incident angles.

In order to gauge the agreement with the simulated material properties, transmittance of
the fabricated ZIM was acquired by illuminating the sample with normal-incident white light
with the electric field oriented along the Si rod axis (Figure 2.7(c)). The simulated and measured
transmittance show good agreement in spectral shape, though the experimentally obtained curve
has a lower amplitude that is likely due to non-uniformity in rod width at the edges of the sample
as well as surface roughness. The measured spectrum shows a peak transmission of 80% at 1405
nm, the spectral position corresponding to the impedance-matched low-index point. A dip in

transmission also occurs at 1460 nm, corresponding to the metallic region of the sample.
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Figure 0.18 (a) Effective permittivity and permeability of the fabricated ZIM obtained using S-
parameter retrieval. Regions corresponding positive index, metallic properties, and negative
index are denoted with blue, grey, and yellow shading, respectively. (b) Effective refractive
index of the fabricated structured obtained using S-parameter retrieval. (c) Experimental (red)
and theoretical transmittance (dotted blue) curves of the ZIM (200 x 200 um? total pattern area).

2.5 Experimental Characterization of the ZIM

One of the most fascinating properties of isotropic low-index materials is that light
incident from free-space is only transmitted over a narrow range of incidence angles. This effect
is a direct consequence of phase matching at the interface which requires that the wave vector
along the interface be conserved. As illustrated with the IFCs depicted in Figure 2.8(a), in a low-
index metamaterial, the wavevector is restricted to extremely small values causing light incident
at high angles (ky o > |kzy|) to be reflected while near-normal incident light is transmitted
(ky,0 < lkzm|). This effect is evident when examining the simulated transmittance with regard
to wavelength and angle of incidence (Figure 2.8(b)) for the fabricated ZIM. The material
exhibits near-zero transmission at off-normal incident angle within the positive index band
centered at 1400 nm, with improving angular confinement in transmission as we approach the
zero-index point. The presence of the quasi-longitudinal band within the negative index region

(1p~1475 nm) is also apparent, allowing transmission at large incident angles.
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Figure 0.19 (a) IFCs of air and a low-index metamaterial illustrating angularly selective
transmission due to conservation of the wave vector parallel to the surface. (b) Simulated angle
and wavelength-dependent transmittance of the fabricated structure. (c-f) Fourier-plane images
of a beam passing through the fabricated ZIM structure within the low index band. Angularly
selective transmission can be observed in the y-direction due to the low effective index. Along
the x-direction, angular selectivity is not preserved due to the one-dimensional nature of Si rods.
(9) Fourier-plane image of the illumination beam demonstrating uniform intensity over the
angular range measured.

To experimentally verify that the fabricated ZIM preserves these features, light
transmitted through the sample was imaged in the Fourier plane. Illumination was provided by a
femtosecond synchronously pumped optical parametric oscillator (Coherent, MIRA OPO) that
was focused with a large numerical aperture objective (NA=0.85), providing incident angles up

to 58.2°. The acquired Fourier images (Figures 2.8(c-g)) show confinement of light along the y-
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axis of the material which is in the direction of in-plane periodicity. Within the low index region
between 1400 nm and 1475 nm, tighter confinement of %, is observed with progressive lowering
of the refractive index, in agreement with the simulated data. Confinement is absent in the x-
direction due to the fact that the electric field is no longer directly along the rod axis for these
incident angles. The directional filtering of transmission demonstrates that a nearly isotropic low-
index for TM-polarized light is indeed preserved within the fabricated metamaterial.

An additional consequence of the near-zero spatial phase change is that incoherent
isotropic emitters placed within the ZIM will tend to emit coherently in the direction normal to
the air / ZIM interface[5], [76], [85]. To demonstrate this effect, we first simulated the emission
from a line source placed both in the center of the material as well as sources distributed
throughout the volume of the material, emitting at a free-space wavelength of 1;=1425 nm
(Figure 2.8(b)) Both emission profiles are confined to an overall angular spread of 10° and are
not sensitive to the position of the emitter. The two small side lobes at -60° and 60° are due to
scattering from the corners of the metamaterial, an effect associated with having a material with
finite area. For experimental demonstrations, we placed lead sulfide (PbS) semiconductor
quantum dots (QDs) within the ZIM to act as the emitter. The QDs had a luminescence peak
centered at 1420 nm and a full width at half maximum of 172 nm. The QDs were sandwiched
between two PMMA layers within the ZIM, and were excited with a tightly focused 1064 nm

laser beam (Figure 2.9).
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Figure 0.20 QD Emission Spectrum. Photoluminescence (PL) spectrum of PbS quantum dots
(Evident Technology) used in the main text. The emission peak appears at 1425 nm, with a full-
width at half-maximum of 172 nm. The blue-, gray- and yellow-shaded region corresponds to
positive index, metallic properties, and negative index as acquired from S-parameter retrieval.
The dip of measured luminescence spectrum at around 1380 nm is due to the water absorption
line.

The Fourier-plane images (Figures 2.10(c-f)) from both an unstructured PMMA/QD film
and QDs placed within the metamaterial show good angular confinement in the y-direction and
an over two-fold increase in intensity emitted normal to the interface from the ZIM compared to
the unstructured case. The increase in emission normal to the interface is a result of the uniform
phase distribution within the ZIM, leading to constructive interference from emitters throughout
the material[75], further supporting the realization of a near-zero refractive index. The
constructive interference of multiple emitters is in competition with the reduced optical density
of states associated with the low-index response. For instance, if the number of emitters is
reduced to one, the emitted power in air will be greater than the ZIM in all directions. However,

as expected for constructive interference within the material, the far-field intensity of waves
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propagating normal to the interface is proportional to the number of emitters squared. We also
note that although the luminescence peak of the QDs matches the low-index band of fabricated
ZIM structure quite closely, parts of the emission fall beyond the low-index band, resulting in

slightly lower angular confinement compared with the transmission data.
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Figure 0.21 (a) Schematic of laser-pumped QD emission from within the ZIM structure. (b)
Calculated emission profile for a line source placed in the center of the material (centered) and
the average profile from line sources placed throughout the material (averaged). (c) 2D Fourier-
plane images of quantum dot emission on the substrate, intensity is scaled by two times. (d) A
cross-section of the emission taken at ky = 0. (¢) 2D Fourier-plane images of QD emission within
the ZIM, respectively, showing enhanced rate and directivity of spontaneous emission. (f) A
cross-section of the emission taken at ky = 0.
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2.6 Conclusion

Here we developed a mechanism to experimentally realize an impedance matched and
lossless isotropic zero index metamaterial, consisting of all dielectric rod unit cells, at optical
frequencies for a particular polarization (TM) of light. We exploited the electric and magnetic
Mie resonances in single dielectric resonator and designed the ZIM with periodic square lattice
of collection of such resonators, exhibiting simultaneous zero effective permittivity and
permeability. The experimental demonstration of angular selectivity of transmission and
spontaneous emission illustrates the practical realization of isotropic ZIM for TM polarized light.
The realization of impedance matched ZIMs at optical frequencies opens new avenues towards
the development of angularly selective optical filters, directional light sources, and large area
single mode photonic devices. The advent of all-dielectric optical metamaterials provides a new
route to developing novel optical metamaterials with both low absorption loss and isotropic
optical properties. Proper understanding of controlling electric and magnetic Mie resonances
opens the door to other applications such as perfect reflection using single layer all-dielectric

metamaterial structures, which we will explore in the next chapter.
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Chapter 3

Mie Resonance Based All-Dielectric Metamaterial Perfect Reflectors

3.1 Introduction

In this chapter, we exploit the electric and magnetic Mie dipole resonances of silicon (Si)
cylinder resonators to design a single negative metamaterial with polarization independent near-
perfect broadband reflection within the telecommunication band. The study is also extended to
disordered metamaterials which demonstrates that near-unity reflection can be preserved by
avoiding interactions between resonators. We also explore the opportunities for broadening the
reflectance bandwidth by utilizing higher order resonances along with the fundamental
resonances. This has been achieved by manipulating the resonances with more complex
resonator design.

Perfect dielectric reflectors are important photonic elements due to their ability to handle
high power irradiation. Although gold (Au) and silver (Ag) mirrors exhibit high reflection
(~98 %) in the telecommunication band, they are not suitable for high-power applications due to
their absorption (~2 %). In place of metallic mirrors, distributed Bragg reflectors (DBRs), made
of alternating dielectric layers, are typically used for achieving near-perfect reflection. The
primary disadvantage of Bragg reflectors is that the deposition of multiple dielectric materials is
a lengthy process which adds to the cost of the product. Realization of perfect reflection from a
single-layer disorder metamaterial offers advantages in terms of possibilities of simple, high-
throughput, and low-cost fabrication, and in turn opens the door to future paint-like coatings of

metamaterials for even larger-area implementation.
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3.2 Design Methodology

We start with a discussion on the conditions required to achieve perfect reflection[86].
For a semi-infinite medium, it can be shown that the reflectance is unity when the real part of the
impedance of the medium is zero. This condition is achieved when &'/ 4/ <0and &"u' = g'u”,
where the complex permittivity and permeability are given by &'+ig" and 4 +iz", respectively.
The first condition requires that the real parts of the permittivity and permeability have opposite
signs, which is readily met in the vicinity of an electric or magnetic resonance, provided that the
resonances are spectrally isolated. While the second condition is more restrictive, it is readily
satisfied in lossless materials. To achieve near-unity reflection with a finite thickness slab, the
condition on the impedance is unchanged, but the imaginary part of the index (n") must also be
maximized to prevent evanescent tunneling across the slab.

With this analysis as a guideline, we can begin to design perfect reflecting MMs using the
Mie resonances in dielectric particles. In the work presented here, we utilize the cylinder
resonator geometry due to its amenability with top-down fabrication techniques. For a cylinder
resonator, the positions of the magnetic and electric dipole modes are a function of the aspect
ratio (AR), defined as AR =H /D where H is the height of the cylinder and D is the diameter.
To demonstrate this dependence, scattering cross-sections for a single Si (¢ = 12) cylinder
resonator embedded in air are plotted in Figure 3.1(a) for two different ARs (1.25 and 0.6),
where the maxima in electric and magnetic cross sections indicates the positions of the electric
and magnetic modes, respectively. The electric and magnetic contribution to the scattering cross

sections, with incident light polarization defined by E, and H, were determined by plotting the

far-field scattering cross-sections at the & = 90° plane with ¢ = 90° and 0°[87], [88], where 9 and

@ are schematically illustrated in Figure 3.1(b). Polar plot of far-field scattering cross-sections at
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the & = 90° plane (Figure 3.1(c)) confirms the excitation of electric and magnetic dipole modes.
The electric dipole scattering amplitude is multiplied by 1.78 so that its amplitude matches that
of the magnetic mode. The excitation of dipolar modes are further corroborated in Figure 3.1(d)
which illustrates the electric and magnetic dipole field profiles at their respective resonance

positions.
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Figure 0.22 (a) Scattering cross-sections of single Si (¢ = 12) cylinder resonators embedded in an

air background for two different aspect ratios (AR = 1.25 and AR = 0.6). Solid and dashed lines

represent the electric and magnetic contributions to the scattering cross-section, respectively. (b)

Diagram showing incident plane wave polarization and the azimuthal angles of polar coordinates

for scattering cross section calculation (c) Polar plot of electric and magnetic contribution to

scattering cross sections (m?) at the respective Mie modes at 6 = 90° plane with ¢ varying from 0°
to 360°. (d) Magnetic and electric field profiles at the center of single disk resonator at respective

dipole modes.

38



To illustrate the spectral separation of electric and magnetic modes across a larger
domain, the corresponding mode positions are plotted against the AR in Figure 3.2(a). At low
ARs we find that the electric mode is the first resonance and increasing the AR results in a mode
crossing. Further increasing the AR results in spectral separation of the modes with the largest
spacing occurring at an AR ~ 1.0. After this point, increasing the AR results in slight reduction
of the spectral separation and eventual saturation in the spacing of the modes. To better
understand the collective response of a metamaterial formed from these resonators, the
reflectance of an array of resonators is shown in Figure 3.2(b). As expected, the reflectance
bandwidth is maximized at ARs corresponding to the largest separation between the modes.
Furthermore, as the AR is reduced, complete modal overlap occurs, leading to a wavelength at
which the resonator is impedance matched to air and a narrow transmission window appears.
This effect has previously been studied for cylinder resonators as one way to achieve complete
suppression of backscattering[67].

At AR ~1.0, there is also a slight dip in the middle of the reflectance band. This dip can

be understood by the fact that this region is far from either resonance and thus |¢| and || are

small, reducing the magnitude of n” and thus reducing the strength of the reflectance. Large
ARs also result in weakening of the electric and magnetic dipole resonances and a subsequent
reduction in the bandwidth of the response. In the design of broadband reflectors, caution must
therefore be taken to ensure that spectral separation between the modes and weakening of the

resonances does not adversely affect the average reflection across the band.
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Figure 0.23 (a) Spectral positions of the electric and magnetic dipole Mie resonances as a
function of the AR. The solid lines are fitted to the points as a guide for the eye. (b) Simulated
reflectance plots for periodic Si cylinder metamaterials, illustrating reflectance as a function of
cylinder AR.

With these studies as a guideline, we have chosen a Si cylinder resonator-based
metamaterial with H = 500 nm, D = 400 nm (AR = 1.25), and a periodicity of 660 nm for
experimental studies. This particular AR and cylinder geometry was chosen as it preserves a
broad reflection band while the band’s position remains within the measurable range of our
microscopy setup. It should also be noted that in experimental studies, H was constrained by the
wafers used to realize the metamaterials, as outlined below. To better understand the
metamaterial’s response, full-wave simulations were performed using the Floquet mode solver
using the commercial finite-element code HFSS (Ansys). S-parameter retrieval[89]-[91] was
used to extract the effective optical properties. These simulations were performed for Si
resonators, in air, with a permittivity equal to that of our experimental samples which was
measured with spectroscopic ellipsometry. As illustrated in Figures 3.2(a,b), the metamaterial is

single negative with &' <0 and x' > 0between 1315 nm and 1500 nm. This leads to an extreme

impedance mismatch with z'=0 across this bandwidth, as shown in Figure 3.2(c). Within this
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region, n”"also remains high, satisfying the conditions outlined above and resulting in a band of

near-unity reflection as shown in Figure 3.2(d), with a peak reflectance of 99.9% at 1450 nm.
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Figure 0.24 (a) Effective permittivity and (b) permeability of a periodic cylinder resonator-based
metamaterial in an air background with a resonator geometry corresponding to D = 400 nm, H =
500 nm, and a periodicity of 660 nm. (c) Retrieved n”and z' for the periodic metamaterial. (d)
Reflectance of the metamaterial array numerically calculated using HFSS. A 100 nm near-

perfect reflectance band is achieved (reflectance > 99%) from 1398 to 1498 nm.
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3.3 Periodic Metamaterial Reflector

The designed metamaterials were realized by fabricating cylinder resonators in the
crystalline Si device layer of a silicon-on-insulator (SOI) wafer (SOltech). The SOI wafers
consists of a Si handle wafer, a-2 um-thick buried silicon oxide layer (SiO,), and a 500-nm-thick
crystalline Si device layer. Electron beam lithography (EBL) was used to define the circular
mask patterns in poly methyl methacrylate (PMMA) which was spun on top of the Si device
layer. This PMMA mask was used to create a 40 nm thick Cr mask, defining cylinders, using a
lift-off process. The device layer of the wafers was then etched using reactive ion etching (RIE)
to create the arrays of Si cylinders with a diameter of D = 400 nm and height of H = 500 nm
(Figures 3.4(a,b)).

The reflectance from the periodic metamaterial was measured with a white light source at
normal incidence and is compared with the simulated reflectance in Figure 3.4(c). The simulated
reflectance was calculated using dispersive Si optical properties which were measured using
ellipsometry. To properly compare with the measured spectra, the simulations include a 2 pm
SiO; layer below the Si resonators and a semi- infinite Si substrate. The maximum measured
reflectance is 99.3% at 1503 nm and the average reflectance is over 98.0% over the wavelength
span of 1355 nm to 1555 nm, which is denoted by the grey shaded region in the plot. Moreover,
there is excellent agreement between the simulated and measured spectra. It should be noted that
the reflectance band is slightly different than that in Figure 3.3(d) due to the presence of the SiO,

layer and Si handle wafer below the resonators.
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Figure 0.25 (a) Top and (b) isometric SEM images of periodic Si cylinder-based metamaterials.
The scale bars in the images are equal to 1 pum. (c) Comparison between the numerically
calculated and measured reflectance spectra of the metamaterials. The average reflectance
between 1355 nm and 1555 nm (grey shaded region) is over 98.0%.

3.4 Disordered Metamaterial Reflector

One of the benefits of using metamaterials over photonic band gap materials is that their
response should, ideally, not be a strong function of the periodicity. This is because the
resonance is isolated to the unit cell, and the absence of coupling between unit cells ensures that
resonance is not spectrally shifted upon distortion of the lattice. To investigate the effect of
periodicity on the perfect reflectors, we have explored the reflectance from disordered
arrangements of the cylinders in the metamaterials. The metamaterials were designed with

periodic 2 by 2 and 3 by 3 resonator supercells and the position of each resonator within the
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supercell was randomized by offsetting them from their perfectly periodic x and y positions. The
perfectly periodic positions for each sample are based on a resonator spacing of 660 nm, the
same spacing that is used for the metamaterials presented in Figure 3.4. The disorder was
quantified by computing the standard deviation in the distances between the four nearest
neighbors to each resonator in the supercell and then normalizing this by the periodicity of the
perfectly ordered array.

Metamaterials with 5 different levels of disorder, equal to 6%, 9%, 15%, 15% and 17%
were modeled and experimentally measured for both E, and E, polarizations at normal incidence
(Figures 3.5(a-¢)). Figures 3.5(a-d) correspond to 2 by 2 resonator supercells and Figure 3.5(e)
corresponds to a 3 by 3 resonator supercell configuration. Each metamaterial configuration is
illustrated by SEM images of the fabricated structure in the inset of the figure. The reflectance
from the disordered structures agree well with the simulated curves for both polarizations and
exhibit a reflection band that is ~180 nm wide. The maximum reflectance value within the band
decreases as the percentage disorder increases, with a maximum reflectance of 98.3%, 96.8%,
91.9%, 92.0% and 86.8% for E, polarized incidence and 97.1%, 95.8%, 93.1%, 91.0% and 79.9%

for E, polarized incidence.
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Figure 0.26 (a-e) Comparison between the simulation and measured reflectance spectra for x and
y polarized incidence for metamaterials with 5 different levels of disorder (6%, 9%, 15%, 15%
and 17%). SEM images of the metamaterials are shown in the insets. Panels (a-d) have 2 by 2
supercells and (e) has a 3 by 3 resonator supercell. The Figure indicate a reduction of reflectance
with increasing levels of disorder for both polarizations.
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The correlation between the strength of disorder and the reduction in reflectance is
attributed to spatial variations in the coupling between resonators. For large disorders, cylinders
within the supercell have different separations and thus different coupling strengths. Spatial
variations in the coupling strengths cause the resonances to shift, leading to spatial variations in ¢
and p within the supercell. This is illustrated by the far-field scattering cross-sections of a
cylinder dimer, plotted as a function of separation, in Figure 3.6(a). It can be observed that
narrowing of the gap between the particles leads to blue-shifting of the magnetic dipole
resonance, causing it to converge with the electric dipole resonance. Moreover, because the
supercell periodicity for the disordered structure is comparable to the wavelength of light within
the reflection band, the spatial variations in ¢ and p within the supercell lead to the diffraction of
light into higher order reflection and transmission modes. This is illustrated in Figure 3.6(b)
where we plot the calculated total and 0™ order (specular) reflection and transmission of the
disordered metamaterial corresponding to Figure 3.5(e). It can be observed that while the total
reflection remains high, the specular reflection is reduced due to loss to higher order modes.
This issue is not present in the lightly disordered metamaterials in Figures 3.5(a,b) as their
spacing remains large enough to prevent significant coupling between the resonators. So, while
near-perfect reflection from single layer is not limited to periodic structures, the resonators must
be prevented from coming in close proximity to one another. It should be noted that this level of
control is potentially achievable when utilizing nanosphere lithography by managing the
electrostatic repulsion between the dielectric spheres used for masking[92].

One way to reduce the transmission to higher order modes is to utilize a low index
substrate. For instance, we found that some of the 0™ order reflectance can be recovered by

replacing the SiO, / Si substrate with porous Si with an index of 1.1, which supports fewer
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diffraction modes. Numerical simulations also showed that the reflection band is maintained
across all angles of incidence for s-polarized light, and up to a 20° incident angle for p-polarized
light for ordered metamaterials. This allows the use of the metamaterial for moderately curved
surfaces such as lenses and extreme curvatures or angles of incidence in applications with a well-

defined polarization state.
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Figure 0.27 (a) Scattering cross-sections of Si cylinder dimers as a function of particle spacing. Solid and
dashed lines represent the electric and magnetic contributions to the scattering cross-section, respectively.
Reduction in the gap size results in a convergence of the resonance positions. (b) Reflection and
transmission for a 3 x 3 supercell metamaterial with a disorder of 17%. While the total reflection remains
high, light is lost to higher order reflection and transmission modes.

3.5 Ultra-Broadband Perfect Reflector

So far we explored the electric and magnetic dipole Mie resonances in single dielectric
cylindrical resonators and described their roles in achieving broadband high reflection. In this
section, we carry forward the systematic understanding of the origin of near perfect reflectance
in a periodic metamaterial and attempt to overcome the limitations on perturbation of the modes
in a cylindrical structure, where only height to diameter aspect ratio can be varied to separate the

dipole modes from each other. To accomplish this, we convert the circular cylinder to an
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elliptical cylinder, providing control in engineering the geometry of the unit cell. As our goal is
to achieve a polarization independent response the unit cell is further modified to contain
elliptical cylinders with axes that are perpendicular to each other. A schematic of the unit cell is
illustrated in the inset of Figure 3.7(c). The relative bandwidth of the high reflection window is
defined as the ratio between the wavelength range with average reflectance above 98% and the
center wavelength of the band (AMX). The three important design parameters which contribute to
the broadening of reflectance bandwidth are identified as the in-plane aspect ratio, defined by the
ratio between the major and minor axis of the single ellipse, vertical aspect ratio, defined as the
ratio between the minor axis and height of the resonator, and the duty cycle (DC), defined as the
ratio between the major axis and periodicity. First, the effects of these individual design
parameters on broadening the bandwidth were separately explored. After that, the combined
effects of all design parameters were fine tuned to optimize the bandwidth exhibiting maximum
average reflectance. By proper engineering of cross-elliptical cylinder resonator, with in-plane
aspect ratio of 4.5, vertical aspect ratio of 0.15 and DC of 0.88, a relative bandwidth (AMX) of 28%
(Figure 3.7(c)) is achieved at optical frequencies. The effective permittivity and permeability
plots (Figure 3.7(a)) show realization of three single-negative spectral regions (&'/ 4 <0) in
succession, which are shaded in the Figure 3.7(a) (region 1, 2 and 3). The first single-negative
spectral region (shaded region 1) opens up due to a broad electric resonance which exhibits
negative permittivity over a wavelength range of 220 nm at the higher frequency side of the
resonance. Region 2 defines a single negative spectral region of about 100 nm with permeability
being negative. Adjacent to region 2, spectral region 3 again defines a negative permittivity band
30 nm wide. The real part of effective impedance (z') and imaginary part of index (n") are

plotted in Figure 3.7(b). Values of z'remains close to zero over the 3 single-negative spectral
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regions and n” shows 4 consecutive peaks within these regions confirming realization of perfect
reflection at the respective peak positions based on the analysis in section 3.2.1. The spectral

positions corresponding to perfect reflection are marked with dashed lines in Figures 3.7(a,b) and
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Figure 0.28 (a) Real parts of effective permittivity and permeability of metamaterial formed from
cross-elliptical cylinder unit cell arranged in 2D square lattice. The shaded spectral regions (1, 2
and 3) demonstrate the region with single negative metamaterial response. (b) Real part of
effective impedance (z’) and imaginary part of effective index (n”). In Figs (a,b) the condition
for achieving unity reflection is demonstrated with dashed lines. (c) Broadband near perfect
reflectance from the metamaterial structure. Schematic of the unit cell geometry is illustrated in
the inset. A broad bandwidth (AAMA=28%) with average reflectance of 98% is achieved in the
optical frequencies.

We recognize that broadband high reflectance can be achieved with Bragg reflectors.
However, the fabrication of a Bragg reflector requires deposition of multiple layers of alternating
(high and low permittivity) dielectric materials, which makes the fabrication expensive and
complicated. An alternate route to achieve broadband high reflectance at optical frequencies with
a single layer of patterned structures has been proposed in terms of high contrast gratings (HCG)
[93], [94]. In spite of matching bandwidth and reflectance strength with a Bragg reflector, HCGs

suffers from a polarization dependent response. Metamaterials composed of periodic arrays
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single layer of cross-elliptical cylinders, on the other hand, have a polarization independent
response with a bandwidth and reflectance comparable to HCGs. Dielectric unit cells in the form
of cross-elliptical cylinders could also be used to explore other novel properties such as a

negative index.

3.6 Conclusion

In conclusion, the electric and magnetic dipole modes of single Si cylindrical resonators
have been manipulated by changing the cylinder height to diameter aspect ratio. Separating the
dipole modes leads to the formation of a single negative metamaterial with an extreme
impedance mismatch, which, along with satisfying the condition of large imaginary effective
index, results in broadband near perfect reflectance. Furthermore, since the metamaterial
response is dominated by the Mie resonances in the individual resonators, it is tolerant to
disorder in the lattice, so long as significant coupling between resonators is avoided. The
potential to achieve near-perfect reflection with a compact disordered MMs opens the door to
large-area fabrication using low-cost and high-throughput patterning techniques such as
nanosphere lithography, which we will discuss in the next chapter. Furthermore, a general
mechanism to broaden the high reflectance bandwidth is provided by manipulating the

fundamental as well as higher order resonances by controlling the dielectric resonator shape.
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Chapter 4

Large-Scale Metamaterial Perfect Reflectors

4.1 Introduction

In Chapter 3, electron beam lithography was used for a proof-of-concept demonstration
of a dielectric metamaterial reflector with a sample size of 100 um x 100 um. However, for
large-area applications, electron beam lithography is impractical. Here, we describe the design
and fabrication of large-scale (centimeter-sized) MM perfect reflectors based on silicon (Si)
cylinder resonators. Cylindrical resonators are a particularly interesting unit cell design because
they allow spectral separation of the electric and magnetic Mie resonances by changing the
aspect ratio, and can be patterned by self-assembly based nanosphere lithography, a low-cost and
high-throughput fabrication technique. Using this platform, we demonstrate near-perfect
reflection over large centimeter-sized areas with around half a billion resonators comprising the
metamaterial. In addition, by studying the effect of lattice disorder originating from the self-
assembly patterning process, it was found that the reflectance due to the magnetic resonance is
more tolerant to disorder than the electric resonance due to better confinement of the optical
mode. This research could lead to the use of large-scale perfect reflectors within the
telecommunication band for large-area applications.

Additionally, the metamaterial approach provides the freedom to manipulate both the
magnetic and electric response of the reflector. Conventional mirrors made from metal and
Bragg reflectors operate as electric mirrors in which the reflected electric field undergoes a 180°

phase change resulting in an electric field minimum at the mirror surface. Dielectric
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metamaterial perfect reflectors can exhibit perfect reflection due to both electric and magnetic
dipole Mie resonances[61], [71], [86], [95]. In this case, the phase of the reflected electric field
can be swept from 180° to 0° by moving from the electric to the magnetic resonance[71], [96].
Most importantly, at the magnetic resonance a reflection phase shift of 0° results in an electric
field maximum at the surface of the material, strongly enhancing the light-matter interaction[97]
of materials placed on the mirror. This field enhancement could be useful for applications such

as surface-enhanced Raman spectroscopy or SERS.

4.2 Nanosphere Lithography: A Brief Review

Nanosphere lithography, also known as colloidal lithography or natural lithography[98],
has been proven to be a simple and high throughput large-scale lithography technique with
feature sizes ranging from couple of 100 nm to micrometers. It was first introduced in early 80’s
by Fischer and Zingsheim[99] and Deckman and Dunsmuir[98]. The process is generally
categorized in to two steps. The first step is the self-assembly of polystyrene (PS) particles in a
hexagonal close-packed monolayer on a substrate. The second step is the downscaling of the size
of the PS particles so that it results in a hexagonal non close-packed lattice. The following
fabrication steps depend on the intended applications of the device. The non-close-packed
polystyrene arrays either can be used as an etch mask to pattern the metallic or dielectric layer
underneath or can be used to form a shadow mask during a directional metal evaporation.
Subsequent lift-off of the nanospheres yields intricately shaped plasmonic resonators[45], [100],
[101].

There are a numerous methods that has been explored in generating highly close packed

self-assembled PS monolayers such as spin coating[102]-[111], self-assembly at air-water
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interface[32]-[49], dip drying[112], colloid confinement methods[113] and many more.
Different methods have their own advantages and disadvantages. After a thorough review of the
nanosphere lithography literature we decided on implementing a modified technique based on
self-assembly of PS nanospheres at an air-water interface followed by transfer of the pattern to

the substrate.

Figure 0.29 (a) Camera image of wafer of 2 cm diameter coated with close-packed monolayer of
PS particles. SEM images (b) top view and (c) tilted view of the close-packed monolayer of PS
particles. (d) SEM image of downscaled PS particles. Adapted from reference [114].
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Figure 0.30 (a) Schematic of shadow nanosphere lithography demonstrating generation of a
single bar or an array of bars by a single angle of deposition. (b) SEM image of an array of chiral
tri-polar structure composed of three different metals of 20 nm thickness fabricated using
shadow nanosphere lithography. (c) SEM images of various intricate plasmonic structures
demonstrating the capability of the fabrication of complicated structure utilizing behavior of the
shadow cast by nanospheres. Adapted from reference [100].

4.3 Nanosphere Lithography: Our Approach to Large-Scale Metamaterial Fabrication

In the following section | describe our modified nanosphere lithography technique. First,
polystyrene (PS) spheres (820 nm in diameter) were self-assembled in a monolayer of hexagonal
close packed lattice at an air-water interface[34], [41], [46], [48] (Figure 4.3(a)). Then, two key
techniques—orientating the PS spheres and maximizing their concentration— were used to
expedite the formation of a wafer-scale close-packed pattern with millimeter scale single grain
sizes. The reorientation of PS particles at the air-water interface was accelerated by perturbing
the particles with a gentle and controlled flow (5 L / min) of compressed air through a flat

nozzle[46]. We maximized the concentration of PS particles at the air-water interface by
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minimizing loss of PS particles in the liquid phase[115] (see Methods for details). After
formation of the close-packed monolayer of PS particles at the air-water interface, the pattern
was transferred onto an SOI substrate placed below the water surface at a 10° inclination
angle[42] by slowly draining the water from the Teflon bath.

Commercially available polystyrene spheres in an aqueous solution (10 wt%) were mixed
with an equal volume of ethanol and injected on to the water surface at a rate of 5 pL/min using
a syringe pump. A tygon tube with a diameter of 0.5 mm was connected to the syringe and held
upright with the bevel tip of the tube just touching the water (18.2 M-Ohm) surface. This results
in the formation of a meniscus onto which PS particles are deposited. This technique reduces the
chance of PS particles falling into the liquid phase. Contrary to the common practice of using a
surfactant (SDS or Triton-X-100) to facilitate self-assembly process, here we avoided using any
surfactant as PS particles fall into the liquid phase more readily with increasing surfactant
concentration. The self-assembly process was facilitated by reorienting the PS particles on the
water surface using a controlled flow of compressed air through a flat nozzle (5L/min) that was
aimed at the water surface. This perturbation assisted self-assembly process led to better packing
and larger single grains. It took about 5-6 minutes to cover the entire water surface held in a
cylindrical Teflon bath with a diameter of 100 mm. The defects in the close-packed monolayer
formed at the air-water interface are unavoidable due to size variations in the PS particles and
results in stress within the pattern. To relieve the stress and to accommodate the defects such as
PS particles randomly dispersing in the monolayer, the pattern was transferred on a substrate at a
10° inclination angle. The substrate was placed below the water surface and the film was
deposited by slowly draining the water from the bottom of the bath. The overall process of

pattern transfer and drying the substrate in air took 20 to 25 minutes.
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An image of a PS pattern assembled on an SOI substrate (2 cm-by-2 cm) is shown in
Figure 4.3(b). The strong opalescence indicates the formation of a close-packed pattern with
individual single grain sizes varying from 2 mm to 10 mm. Next, the PS spheres (SEM image in
Figure 4.3(c)) were downscaled in size to 560 nm (Figure 4.3(d)) using isotropic oxygen plasma
etch. This pattern served as an etch mask for the subsequent RIE processing of Si using SFg /
C4Fg chemistry. Figures 4.3(e,f) show SEM images of the top and isometric views of the final
metamaterial (after removal of PS mask) consisting of Si cylinders (Dip=480 nm, Dyottom=554
nm, H=335 nm and P=820 nm) arranged in a hexagonal lattice. The SEM images along with the
optical image clearly demonstrate that the nanosphere lithography can yield high quality

dielectric resonators over a large area.
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Figure 0.31 (a) Schematic of the self-assembly based nanosphere lithography technique. PS
particles are first assembled in a monolayer at an air-water interface. The monolayer is then
transferred to the SOI substrate by slowly draining the water from the bottom of the Teflon bath.
(b) Camera image of the large-scale pattern (~2 cm-by-2 cm) of close-packed polystyrene
spheres on an SOI substrate. Strong opalescence suggests fabrication of a close packed pattern.
The pattern also exhibits formation of large single grains (mm size). (c-f) SEM images of (c)
hexagonal close-packed polystyrene spheres (green, false color) of diameter 820 nm and (d)
polystyrene spheres downscaled in size to 560 nm using isotropic O, plasma etching. (e) Top
view of the final metamaterial structure consisting of an array of Si cylinders (blue, false color).
The cylinders were formed by using SFe/ C4Fg reactive ion etch chemistry. (f) Tilted view (45°)
of the final metamaterial consisting of an array of Si cylinders (blue, false color). The inset
shows an SEM image of a single Si resonator with a top diameter (Dyop), bottom diameter (Dpottom)
and height (H) of 480 nm, 554 nm and 335 nm, respectively. The scale bar for SEM images (c-f)
is 2 um.

4.4 Experimental Measurements
The size variations in PS spheres (coefficient of variance (CV) < 3 %) and the self-

assembly process resulted in some disorder of the lattice. The positional disorder (4.1 %) was

57



calculated by first finding the standard deviation of nearest neighbor distances for 188 resonator
samples (SEM image) and then normalizing the standard deviation to the ideal periodicity (820
nm). To characterize the role of disorder, the reflectance from the metamaterial was measured
using a custom-built infra-red (IR) microscope with white light illumination at normal incidence
to the metamaterial surface and was compared with the simulated reflectance from a perfectly
periodic metamaterial (Figure 4.4(a)). The simulated reflectance was calculated using the
dispersive optical properties of Si measured by ellipsometry. To properly compare with the
measured spectra, the simulations include a 2 um SiO; layer below the Si resonators and a semi-
infinite Si substrate. The reflectance from the metamaterial reflector was first normalized to the
reflectance from a silver mirror. The absolute reflectance of the silver mirror was also measured
and used to calculate the absolute reflectance of the metamaterial reflector. The maximum
reflectance measured at normal incidence was 99.7 % at 1530 nm, which is in excellent
agreement with the simulation. It is important to note that the maximum reflectance from the
metamaterial reflector surpasses the average reflectance of the silver mirror (97.7 %) in the
telecommunications wavelength band.

To characterize the uniformity of the reflectance over a large area, we carried out a
spatial scanning of reflectance at 1530 nm over a 10 mm-by-10 mm area of the fabricated sample.
The spatial reflectance scan, shown in Figure 4.4(b), indicates an average reflectance of 99.2 %
with a standard deviation over the entire area of only 0.21 %, which is less than the measurement
noise of 0.25 %. The uniformity of the peak reflectance over such large areas indicates that the
homogenized properties of the metamaterial hold over large areas despite the disorder of the

lattice.
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Figure 0.32 (a) Measured and simulated reflectance of the metamaterial demonstrated in Figure
4.3. A maximum reflectance of 99.7 % is achieved at 1530 nm. In the inset a binarized SEM
image is shown. The percent disorder calculated using 188 resonator samples is 4.1 %. d1
through d6 denote the 6 nearest neighbor distances from a particular resonator. The simulated
reflectance was calculated using a perfectly periodic metamaterial. (b) Spatial scan of reflectance
at 1530 nm over a 10 mm by 10 mm area of the metamaterial. The average reflectance over the
entire area is 99.2 % with measurement error of £0.25 %.

To illustrate the angle-resolved behavior of the perfect reflector we have plotted the
theoretical and experimental reflectance at 1530 nm as a function of the angle of incidence for s
(electric field parallel to the surface) and p-polarizations (magnetic field parallel to the surface)
in Figure 4.5. In the experimental measurements, the sample was mounted in an integrating
sphere and reflectance was measured for incident angles ranging from 10° to 45° with respect to
the normal direction of the substrate. The theoretical and experimental data are in good
agreement and it can be observed that the reflectance for both polarizations is constant up to an
angle of 15°. For larger angles, the reflectance for s-polarized light remains constant while the p-
polarization experiences a marked decrease in reflectivity. We also find that the higher-order
reflection modes at 1530 nm are negligible for all angles of incidence, indicating that the most of

the incident energy is reflected into the zeroth order specular mode. To demonstrate the

uniformity of its specular reflectance, a Vanderbilt University logo was reflected off the
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metamaterial at a 20° incident angle and imaged using an IR camera at 1530 nm. The diameter of
the logo on the MM reflector surface was approximately 7 mm. The image produced by the MM
reflector is compared to that produced by a metallic mirror in Figure 4.5(b). No distortion in the
image was found in the case of MM reflector compared to the case of the planar metallic mirror.
To better understand the polarization and angular dependence of the reflection, the
numerically calculated reflectance spectra for s- and p-polarizations are plotted as a function of
incident angle in Figure 4.5(c, e), respectively. For s-polarization the magnetic dipole mode
maintains a relatively constant spectral position with increasing angle of incidence as
demonstrated in the reflectance spectrum in Figure 4.5(c). The presence of the magnetic dipole at
an 80° incident angle and illumination wavelength of 1530 nm is further supported by the field
plot in Figure 4.5(d). However, for p-polarization, increasing the illumination angle results in a
red-shift of the magnetic mode (Figure 4(e)), decreasing reflection at 1530 nm. Another
interesting feature to note here is the formation of a sharp reflectance peak due to vertical
magnetic dipole resonance (H,). The field plot corresponding to the vertical magnetic dipole at

1833 nm and an 80° angle of incidence is illustrated in Figure 4.5(d).
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Figure 0.33 (a) Schematic of s and p-polarized incident light and the simulated and
experimentally measured angle-resolved reflectances at 1530 nm. Reflectance was measured for
incident angles between 10° and 45°. (b) IR camera images of a Vanderbilt logo that was
reflected off of the MM reflector and a silver mirror with a 20 degree angle of incidence. The
MM reflector leads to strong specular reflectance. The beam diameter at the surfaces of the
reflectors was ~7 mm. (c) Simulated angle-resolved specular reflectances for s-polarized light at
20°, 40°, 60° and 80° angle of incidence. (d) Magnetic field plots (Hy, and H,) illustrating
magnetic dipole resonances. (e) Simulated angle-resolved specular reflectances for p-polarized
light at 20°, 40°, 60° and 80° angles of incidence.

It is also critical to understand what role disorder plays on the electric and magnetic
resonances of the surface. Figure 4.6(a) compares the measured reflectance from a MM with a
disorder of approximately 4 % and the simulated reflectance from a perfectly periodic
metamaterial with a hexagonal lattice (P=820 nm). While the measured reflectance shows

excellent agreement with the simulated reflectance at the magnetic resonance, it is approximately
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15 % less than the simulated reflectance at the electric resonance. This is because the electric
mode is leaking into the regions between the resonators, whereas the magnetic mode is well
confined within the resonator. To achieve tolerance to disorder, the electric mode must be more
confined inside the resonator which can be achieved by increasing the aspect ratio. In Figure
4.6(b) we present the simulated and measured reflectance from a metamaterial with a resonator
height of 500 nm, increased from 335 nm in the original design. The new design has a 200 nm
broad reflectance band centered at 1700 nm with an average measured reflectance greater than
98 %. The simulated electric field plot shows better confinement for the electric mode inside the
resonators (Diop=460 nm, Dpottom=600 nm, H=500 nm, P=820 nm) than that observed in Figure
4.6(a) which ultimately results in higher reflectance near the electric mode in the fabricated

samples.
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Figure 0.34 (a) Comparison of the simulated reflectance spectra of a perfectly periodic
metamaterial and the measured reflectance spectra of a metamaterial with 4% disorder in the
lattice. The figure demonstrates the higher tolerance to disorder of the magnetic mode compared
to the electric mode. Simulated time-averaged electric fields are shown for the two modes in the
inset. The electric mode results in more field being located outside of the resonator, resulting in a
lower tolerance to disorder. (b) Simulated and experimental reflectances of a broadband mirror
demonstrating strong reflectance over a 200 nm bandwidth with an average reflectance
(experiment) of 98%. The resonator dimensions are Dip=460 nm, Dyottom=600 nm, H=500 nm
and the periodicity of lattice is P=820 nm. Simulated time-averaged electric field for the electric
and magnetic modes are shown in the inset. Better confinement of electric mode is apparent.

It is interesting to note that the metamaterial perfect reflector design, in contrast with
metallic mirrors, can be used to realize magnetic mirrors in which the maxima of the electric
field is located at the surface of the metamaterial. However, only when the magnetic mode is
spectrally separated from the electric mode will the perfect reflection due to the magnetic mode
lead to the formation of a magnetic mirror. Due to the moderate dielectric constant of Si, the
resonators must be separated optimally to minimize coupling while at the same time avoiding
diffraction. This can be achieved using a metamaterial design with AR=H/D=1.675 and
D,=D/P=0.24. As shown in Figure 4.7(a), the reflection phase at the magnetic-dipole resonance
(An=1.16) remains close to zero, consistent with a magnetic mirror, while the difference in

reflection phase between the electric (A,=1.01) and magnetic resonances is close to 180°. Figure
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4.7(b) illustrates the phase offset[71] of the reflected electric field of the metamaterial reflector
compared to a perfect electric conductor (PEC), demonstrating the magnetic mirror response.
Furthermore, the metamaterial reflector shows no offset in reflection phase compared to a PEC at

the electric resonance, as shown in Figure 4.7(c).
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Figure 0.35 (a) Simulated reflectance with respect to normalized wavelength. Perfect reflection is
present for both the spectrally separated electric and magnetic modes. This results in a perfect
electric reflector with a reflection phase close to 180°, the same as a metallic mirror. The
magnetic mode however has a reflection phase close to zero. (b) Electric field plots
demonstrating the phase offset due to a metamaterial perfect magnetic reflector with respect to a
perfect electric conductor (PEC). (c) Electric field plots demonstrating no phase offset between a
metamaterial perfect electric reflector with respect to a perfect electric conductor (PEC).

4.5 Conclusion

In summary, we demonstrated that dielectric MMs can overcome two serious issues of
plasmonic metamaterials—absorption loss and scalability limitations. Furthermore, these
reflectors are tolerant to disorder and can be designed for either narrowband or broadband
performance. To the best of our knowledge, this is the first reported effort for scaling up the
fabrication of all-dielectric metamaterials to large areas using a simple, low-cost, and high-
throughput method. This research could pave the way towards experimental demonstrations of

other large-scale metamaterials and metasurfaces with even more complex optical properties.
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Chapter 5

Large-Scale Gradient Metasurface Using Nanospherical Lens Lithography: A Perspective of

Advanced Large Scale Lithography with Spatial Control of Patterns

5.1 Introduction

Self-assembly based nanosphere lithography has been proven to be a low cost and high
throughput patterning technique for large area patterning of materials. In Chapter 4, we have
extensively studied and demonstrated large scale fabrication of dielectric metamaterials using
nanosphere lithography. While the technique is restricted to the fabrication of circular patterns,
asymmetric patterns such as ellipses can be generated using a more advanced nanosphere
lithography technique commonly known as nanospherical lens lithography or nanosphere
photolithography[116]-[118]. Here, we take advantage of nanospherical lens lithography, which
utilizes light-focusing through the nanospheres to expose the underlying photoresist, to further
develop a novel large scale gradient lithography technique allowing spatial control over the

orientation of asymmetric patterns.

5.2 Nanosphere Lens Lithography: Past Achievements

In order to illustrate the large scale gradient lithography technique we have to first
understand how basic nanospherical lens lithography works. Nanospherical lens lithography or
nanosphere photolithography is a novel photolithography technique that utilizes a self-assembled
planar array of spheres as optical lenses to generate regular hole-patterns over large areas on a
photoresist. Figure 5.1 shows the basic process flow of nanosphere photolithography. First, a thin

photoresist film is spin coated on the substrate (Figure 5.1(a)) and soft baked at 95° C.
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Figure 0.36 (a-c) Schematic of photolithography using PS nanospheres. (d) Simulated electric
field distribution in photoresist layer. (¢) 3D FDTD simulation demonstrating light focusing
ability of single PS nanosphere. (f) SEM image of circular-hole patterns on photoresist after
development. Some left-over PS nanospheres helps to visualize that the circular-hole patterns are
transferred from the nanospheres. (g) Cross-sectional view of circular-hole patterns in photoresist.
Adapted from references [119] (a-d), [120] (e-Q).
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Then, polystyrene spheres are self-assembled in a monolayer on the photoresist layer (Figure
5.1(b)). After that, the polystyrene particles are exposed with UV light which is focused on the
photoresist layer by the polystyrene spheres exposing the resist (Figure 5.1(c)). Figure 5.1 (d)
shows the intensity plot on the photoresist surface. The focusing of UV light with a single PS
particle is demonstrated with the simulated field plot (Figure 5.1(e)). After the exposure, the
sample was sonicated in DI water to remove the PS particles. Finally, the photoresist is

developed and rinsed in DI water to reveal the final pattern as illustrated in Figures 5.1(f, ).
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Figure 0.37 (a-c) Simulated electric field demonstrating field concentration in elliptical spatial
pattern as asymmetric UV light focused by PS nanosphere. Adapted from reference [118].

The simulated field profiles in the vicinity of a nanosphere with a diameter of 1 um are
illustrated in Figures 5.2(a—c) at 3 orthogonal planar cross-sections i.e. at xz, yz, and xy. The
asymmetric UV light (365 nm) is emitting from a line-shaped source oriented along the y axis.

The asymmetric light propagation is defined by its two finite propagation vectors ky and k;, with
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k,=0 (Figures 5.2(a, b)), i.e. propagation vector along the axis of the line source is zero. This
asymmetry in the in-plane wave vector causes asymmetry in focusing of light by the nanospheres.
Because of the finite wave vector along x direction (finite ky and hence divergent beam) light is
more tightly focused along x compared to y direction (as ky=0) and it generates asymmetric or
elliptical focusing spot size in xy plane (Figure 5.2(c)).

Figures 5.3(a-d) illustrate SEM images at different stages of the lithography. Figure 5.3(a)
illustrates SEM images of PS nanospheres assembled on the photoresist layer. The SEM image
of elliptical-hole pattern is demonstrated in Figure 5.3(b). The SEM images of final structures
with two different orientations of the metal nanorods (after metal deposition and lift-off) are

shown in Figures 5.3(c, d).
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Figure 0.38 SEM images at different steps of lithography to generate elliptical patterns. (a) Self-
assembled close-packed nanospheres. (b) Elliptical-hole patterns in photoresist after lift-off. (c,d)
metal nanorods after lift-off, oriented differently. Adapted from reference [118].

5.3 Large-Scale Metasurface Using Modified and Advanced Nanospherical Lens Lithography
531 Optical Set Up for Lithography

With this basic understanding of nanospherical lens lithography, here we describe our
approach to modify the basic nanospherical lens lithography to further develop large scale
gradient metasurfaces. Figure 5.4(a) demonstrates the schematic of the optical set-up for the
exposure. A CW Nitrogen (N>) laser (405 nm) is used as the light source. The 405 nm laser light
first goes through a 50:50 non-polarizing cube beam splitter and is reflected off of a digital
micro-mirror device (DMD), which imparts a desired spatial pattern in the reflected light with

this pattern being imaged at the sample. Here, it is important to note that spatial patterning of
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light is important to define a particular region in the sample having a particular orientation of the
elliptical pattern. The spatially patterned light (Figure 5.4 (b)) is again reflected from the beam
splitter. The orientation of the ellipse is controlled by masking the Fourier plane with a
rectangular slit. The rectangular slit transmits all the k-vectors along the length of the slit, while
suppresses the high k-vectors in the direction of the short axis. All the higher order diffracted
modes from the micro-mirror array are also masked at the Fourier plane. The transmitted light,
which is masked at the Fourier plane, defines the asymmetric illumination that is incident on the
monolayer of nanospheres and in turn is focused asymmetrically by the PS particles to generate
the elliptical-hole pattern in the underlying photoresist. It is important to note here that the
orientation of the patterned ellipse is normal to the slit axis (Figure 5.5(c)). To define different
regions on the sample with different orientations of ellipses the spatial patterning of the light is is

accompanied by rotating the axis of the slit which is mounted on a rotation stage.
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5.4 Motivation: Metasurfaces

The motivation behind developing the advanced nanosphere photolithography technique
is to achieve low cost and high throughput fabrication of metasurfaces that are composed of
spatially varying resonators. ‘Metasurfaces’ are planar ultra-thin optical components that provide
complete control over the phase of light, opposed to conventional optical elements that solely
depend on accumulating phase during propagation over an optical path that is much larger than
the wavelength. With complete control of light i.e., spatial phase variation from 0 to 2,
metasurfaces provide a new design methodology that can be used to realize novel ultra-thin
optics such as ultrathin planar lenses[121], [122], optical vortex beam generation[123], [124] and
holograms[125]-[127]. Metasurfaces typically utilize asymmetric electric dipole resonances to
allow 0 to 2w phase control for the cross-polarized light. Initial metasurface work started by
utilizing plasmonic antennae, however, one of the drawbacks of plasmonic metasurfaces is that
they generally suffer from low efficiency because of weak coupling between incident and cross-
polarized fields. In order to increase efficiency, efforts have been made to combine an array of
plasmonic nano antennae with a metal ground plane to achieve 80% efficiency for anomalous
reflection and linear polarization conversion. However, the use of metallic nano antennae still
limits the efficiency because of ohmic loss at optical frequencies. The efficiency for polarization
conversion was recently boosted up to 98% over a 200 nm bandwidth in the short infrared band
by replacing metallic nano antennas with dielectric nano antennas. This allowed high efficiency
optical vortex beam generation over a band from 1500-1600 nm by azimuthally varying the
phase of the cross polarized reflected light[65]. Some selected examples of metasurfaces are

demonstrated in Figure 5.6.
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Figure 0.40 Demonstartion of Metasurface utilizing linear cross-polarized transmitted light. (a)
SEM image of a plasmonic interface that creates an optical vortex. The plasmonic pattern
consists of eight regions, each occupied by one constituent antenna of the eight-element set of
Fig. 2F. The antennas are arranged so as to generate a phase shift that varies azimuthally from 0
to 2p, thus producing a helicoidal scattered wavefront. (b) Zoom-in view of the center part of (a).
(c and d) Respectively, measured and calculated far-field intensity distributions of an optical
vortex with topological charge one. The constant background in (c) is due to the thermal
radiation. (e and f) Respectively, measured and calculated spiral patterns created by the
interference of the vortex beam and a co-propagating Gaussian beam. (g and h) Respectively,
measured and calculated interference patterns with a dislocated fringe created by the interference
of the vortex beam and a Gaussian beam when the two are tilted with respect to each other. The
circular border of the interference pattern in (g) arises from the finite aperture of the beam
splitter used to combine the vortex and the Gaussian beams (20). The size of (c) and (d) is
60mmby 60mm, and that of (e) to (h) is 30 mm by 30 mm. Adapted from reference [123].

5.5 Metasurface Utilizing Pancharatnam-Berry Phase

The type of metasurface that we are interested in exploring here is one that modifies the
geometric or Pancharatham-Berry phase of the incident beam[128][129]. Such surfaces work
with circularly polarized light and utilize spatially varying orientations of nanorods[127], [130].
Using our fabrication methodology the spatial orientation of elliptical dielectric cylinders can be

controlled, which in turn will lead to control the geometric phase or Phancharatnam-Berry phase
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acquired through polarization conversion of circularly polarized light. The uniqueness of
Pancharatnam-Berry phase is that it is not a function of particular antenna design or material

properties and hence possesses a broadband response. Figure 5.6 illustrates metasurfaces

utilizing Pancharatnam-Berry phase.
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Figure 0.41 Demonstartion of Metasurface utilizing circular cross-polarized light utilizing
Pancharatnam-Berry phase. (a) Geometry of a metasurface composed of rectangular apertures
defined in a metal film and arranged into an array with rotational symmetry. (b) Simulated phase
distribution of the azimuthally polarized transmitted field. Incident light is circularly polarized.
(c) Upper panel: Schematic of a planar cylindrical lens consisting of arrays of U-apertures with
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different orientations. Lower panel: Schematic and simulation showing that the lens focuses the
right-handed circularly polarized (RHCP) component of the transmission when the incident light
is left-handed circularly polarized (LHCP). (d) SEM image of a dipolar antenna array designed
for generating an optical vortex beam with L = 1 (RHCP incidence/LHCP detection). The
antennas have the same geometry but spatially varying orientations. (e) Measured intensity
distribution of vortex beams generated by the metasurface in panel d at different wavelengths
from 670 to 1,100 nm. (f) IHlustration of the reflective nanorod-based computer-generated
hologram (CGH) under a circularly polarized incident beam. The circularly polarized incident
beam, which is converted from a linearly polarized one by passing through a quarter wave plate
(QWP), falls on the metasurface. The reflected beam forms the holographic image in the far field.
(9) The 16-level phase distribution with 2 x 2 periods designed to generate the target holographic
image in the far field. (h) Enlarged phase distribution (100 x 100 pixels) of the upper-left corner
of (g). Adapted from references [131] (a,b), [132] (c), [124] (d,e), [127] (f,g,h).

5.6 Design Methodology

Here, we demonstrate geometric dielectric metasurface reflectarray, consisting of
elliptical dielectric cylinders, a dielectric spacer layer, and a metal ground plane. The motivation
behind the demonstration of geometric metasurface is the ease in controlling the geometric phase
or Pancharatnam-Berry phase simply by controlling the geometric orientation of the elliptical
nanorods. The principle that governs the geometric metasurface is that it inverts the direction of
the electric field of the incident circularly polarized (CP) light in transmission or reflection[133],
[134]. This maintains the polarization direction in reflection (because reflection itself is
accompanied by a w phase shift) and inverts the polarization in transmission. A multilayer design
is implemented to increase the polarization conversion efficiency[65]. The design rationale is
derived from the fact that a circularly polarized beam is completely converted into its cross-
polarized counterpart in transmission as it passes through a half-wave plate because of the phase
delay of  between its fast and slow axes. To obtain full conversion of one circularly polarized
state to another the phase difference in reflection from light linearly polarized along the major
and minor axes of the nanorod must be equal to n. Figure 5.7(a) shows that the simulated

reflectance from an elliptical Si nanorods array for both polarizations i.e. along major and minor
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axes of the ellipse is more than 99% while at the same time maintaining a reflection phase
difference of m for both polarizations over a broad wavelength range of 1600-1850 nm (Figure
5.7(b)). Hence, irrespective of the orientation of nanorods, this reflectarray acts as a very
efficient reflective wave plate which inverts the polarization direction of electric field upon
reflection and in turn maintains the handedness of incident circularly polarized light. We note
here for future reference that the reflected light that maintains the handedness of the incident
beam will be referred to as cross-polarized and that of the opposite handedness will be referred to
as co-polarized. This convention is followed because CP light goes through inversion of the
polarization state upon normal reflection i.e. left-handed polarized light converts to right handed

polarized light and vice-versa.
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Figure 0.42 (a) Reflectances from an array of elliptical cylinder resonators with electric field
polarized along long and short axes, respectively. (b) Reflection phase plot demonstrating «
phase difference between reflections from two linear polarizations for 200 nm broad bandwidth.

While the polarization conversion of circularly polarized light can be achieved
irrespective of the orientation of the elliptical nanorods in the reflectarray, a geometric phase or

Pancharatnam— Berry phase, which is acquired upon cross-polarized reflection, can offer
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complete phase control from 0 to 2w by changing the orientation of the nanorods. The efficient
control of the phase of light utilizing geometric phase is the key feature of the geometric
metasurface reflectarray. Figure 5.8(b) shows that our design maintains broadband cross-
polarized reflectance over 99% from 1600-1850 nm as a function of the orientation angle of (0)
of the elliptical cylinder resonators. The transformation of circular polarization is accompanied
by a geometric phase change of ¢=20, where 0 is the orientation angle of nanorods[135][127].
Hence, by changing the orientation angle of the elliptical cylinder resonators from 0 to 180
degrees, a complete sweep of 0 to 2m phase can be obtained in the cross-polarized light. The
simulated reflection phase (Figure 5.8(c)) as a function of angle for broad wavelength range of

1600-1850 nm confirms this.
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Figure 0.43 (a) Schematic of elliptical patterns with different orientations. (b) Broadband cross-
polarized reflectance as a function of orientation of resonators. (c) Broadband cross-polarized
reflection phase as a function of orientation of resonators. Complete phase control from 0 to 2z is
demonstrated for over 200 nm bandwidth. (d,e) Phase profiles for optical vortex generator and
axicon, respectively.
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5.7 Practical Implementation

The first step in the fabrication of an asymmetric dielectric meta-reflectarray is the
deposition of 400 nm of high density amorphous Si on quartz substrate using low pressure
chemical vapor deposition (LPCVD) furnace. The substrate is then diced to 20mm X 20 mm
sized samples. The sample is spin-coated at 6000 rpm with diluted AZ5214 photoresist which is
diluted with equal volume of solvent (AZ EBR) to get 500 nm thin photoresist layer. The
photoresist is soft baked at 95° C and immersed in MIF 316 solution to provide hydrophilicity to
the surface, which helps in the self-assembly of PS monolayer on the photoresist film. The same
procedure as described in the previous chapter is used in the process of self-assembly and pattern
transfer on the substrate. AZ5214 is sensitive to both i-(~365 nm) and h-line (~405 nm) exposure.
Here, we utilize the h-line exposure (405 nm) because of the optimized working wavelength of
400-700 nm for the DMD and also for the availability of laser source. After the exposure, the
polystyrene particles are removed by sonication of the sample in DI water. The photoresist is
developed with MIF 316 developer which reveals the elliptical-hole arrays.

The remainder of the fabrication follows the conventional lift-off process to metallize the
elliptical mask followed by reactive ion etching (RIE) of the underlying silicon. 250 nm PMMA
is then spin-coated on the sample, followed by soft baking (180 degrees for 2 minutes) and
reflowing at 300° C for 2 minutes to reach the desired thickness and flatness. In the last step, 150
nm of silver is thermally deposited on top of the sample, serving as the ground metal plane. The

entire process is summarized in Figure 5.5.
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(i) Self-assembly of PS particles
(vii) Silver evaporation

PMMA
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(v) RIE of Si and mask removal
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Figure 0.44 Schematic of fabrication process flow.
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5.8 Future Demonstrations

The two most important parameters to create a metasurface are complete 0 to 2x phase
control and efficient conversion of polarization. In our design we have demonstrated over 99%
efficiency in polarization conversion along with complete phase control using a dielectric meta-
reflectarray. With the advanced lithography technique outlined in this chapter the fabrication of
different metasurfaces such as lenses, axicons, optical vortex generators or phase holograms will
be greatly simplified and expedited with at the same time cost of fabrication will be highly
reduced. However, the experimental demonstration of such a metasurface is not within the scope

of this dissertation and will be explored in detail in future work.

5.9 Conclusion

Here, we demonstrated the idea of a novel lithography approach that combines
asymmetric pattern generation with the spatial control of resonator orientation using spatial light
patterning using a DMD. The overall lithography set-up is simple and should result in high
throughput fabrication of metasurfaces. Moreover, in addition to controlling the orientation of
the patterns the size of the pattern can also be controlled spatially by controlling the intensity of
the incident light using grayscale masking. Better control over resonator size can also be
implemented by controlling the Fourier plane masking. We believe that the demonstration of a
simple, low-cost and high-throughput gradient lithography technique will lead to the

implementation of metasurfaces for practical applications.
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Chapter 6

Conclusion and Future Outlook

6.1  Conclusion

The advent of metamaterial research started with the use of metal based unit cells[1][18]
and many interesting demonstrations have followed including negative index of refraction[25]—
[27], ultra-high index[8], epsilon near zero[5]-[7], [136], electromagnetically induced
transparency[137]-[144], chirality[145]-[148], nonlinearity[149]-[155], magnetic mirrors[97],
and spatial control of phase [72], [123], [125], [127], [156]. However, at optical frequencies the
path towards further improvement using metal based metamaterials face immense challenges
mostly because of parasitic loss due to absorption. Secondly, with scaling to high frequencies
dimensions of the unit cells gets extremely small and the intricate unit cell designs prohibit large
area scalability due to the need for expensive patterning equipment. Thirdly, the intricate unit
cell designs also render the optical properties anisotropic. While metal based designs served well
to understand the physics of metamaterials, the search for alternative approaches is now in full
swing. Dielectric metamaterials are excellent alternatives which address all the challenges faced
by metal based metamaterials. Dielectric materials are lossless at optical frequencies and exhibit
electric and magnetic dipole Mie resonances with very simple and isotropic resonator geometries,
which, in turn, can result in an isotropic optical response. Finally, due to simple resonator

designs dielectric metamaterials offer large area scalability with simple, low cost, and expedited
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lithography processes. The purpose of my research has been to take advantage of all these
interesting features and hopefully contribute to advancing this field of study.

In Chapter 2, | experimentally demonstrated zero-index-metamaterial with multilayered
design at optical frequencies[81]. A proper design methodology has been followed to achieve
Dirac cone like dispersion in band diagram of a square lattice of dielectric (Si) rods with square
cross section. Effective metamaterial properties have been retrieved to demonstrate impedance
matched zero index of refraction. Rigorous fabrication challenges were overcome to achieve
uniform resonator dimensions in the direction normal to the plane of substrate. Finally, zero
index of refraction was experimentally demonstrated with directional transmission and
directional enhanced emission from quantum dots from inside the ZIM.

In Chapter 3, | explored the advantage of using dielectric (Si) cylinder unit cell as it
offers control over spectral manipulation of electric and magnetic resonances. With optimized
design, | was able to demonstrate broadband perfect reflection from sub-wavelength single layer
metamaterial formed from ordered and disordered arrays of Si cylinders[95][157]. Because of
the simple unit cell design, this research leads to the farther demonstration of perfect reflection
from large area using low cost and high throughput fabrication technique for practical
applications.

In Chapter 4, | scaled the metamaterial perfect reflector to large area (centimeter size). To
fabricate large area metamaterial, | developed a modified nanosphere lithography technique with
self-assembly of polystyrene particles which forms a highly close packed monolayer. The size of
the polystyrene particles is then reduced using isotropic oxygen plasma etching and the
downscaled polystyrene particles are used as mask for subsequent reactive ion etching of silicon.

The influence of disorder in the lattice imparted by the self-assembly process, on reflection was
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studied at electric and magnetic modes. It was found that reflection at magnetic modes is more
tolerant to that of electric modes. This was because of the fact that magnetic mode is more
confined in the resonators than the electric modes and disorder does not influence the optical
response at magnetic mode. | farther proposed a mechanism and demonstrated that with
increasing aspect ratio the electric mode can also be confined inside the resonators which will
lead to high reflectance at electric mode and can be used to achieve broadband reflectance.
Finally, a design is numerically proposed for achieving magnetic mirror at optical frequencies,
which can be fabricated conveniently in large area with the present capability.

In Chapter 5, the perspective of advancement of nanosphere lithography is discussed
which can lead to achieve gradient metasurface with spatially varying resonator sizes and
orientations. The key to achieve this advanced nanosphere photolithography technique is to first
spatially pattern light using a digital micro-mirror device (DMD) which is imaged at the sample
and second, controlling the wave vector of light at the Fourier plane for asymmetric light
illumination at the sample. Spatial patterned light defines the pixel locations on the sample while
orientation of rectangular slit at the Fourier plane controls the orientation of the elliptical-hole
pattern in the photoresist. The asymmetric light incident leads to asymmetric focal spot on the

photoresist and in turn leads to formation of elliptical-hole pattern.

6.2  Future Outlook

2015 is being celebrated as the International Year of Light. As a researcher in optical
metamaterials | take pride in the contributions that metamaterials research has made in the
advancement of the fields of photonics and plasmonics. Still, there is a long and bumpy road

ahead for metamaterials that requires further research advances. Here, | will briefly describe the
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major challenges that can be addressed by advancing the future research in the direction of my
dissertation work.

The performance of all-dielectric metamaterials can be greatly improved at
telecommunication wavelengths if the dielectric permittivity of the constituent material is high,
because of stronger and more confined dipole resonances and sub-wavelength unit cell
geometries. Silicon serves as the most suitable material in this wavelength range because of its
comparatively high permittivity (¢ ~ 12) and low loss. However, it should be actively pursued

to develop a metamaterial which has low-loss and high effective permittivity, e, (much higher

than ¢ of silicon). This artificial high permittivity metamaterial with low-loss would serve as an
ideal constituent to further develop a “Meta-Metamaterial” design, i.e. a metamaterial which is
composed of unit cells made of homogeneous metamaterials. Though the idea may sound a little
far-fetched, the motivation can be derived from experimental demonstration of high-permittivity
metamaterials in THz wavelengths[8].

Another interesting area for advancement is the active tunability of silicon based
metamaterial properties at telecommunication wavelengths. This can be achieved with the
thermo-optic and electro-optic effects in silicon i.e. changing index of refraction of silicon as a
function of an increase in temperature[158] or electric field[159]. These effects has been
experimentally demonstrated for silicon based waveguides[160]-[163]. Experimental
demonstration of the tunability of resonances of silicon resonator based dielectric metamaterials
is yet to be done and is subject to future study.

Finally, for practical applications and commercialization of metamaterials, development

of a cost-effective well-ordered large area fabrication with minimum defect is essential.
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Appendix

A.1 Retrieval of Effective Index from Bloch Modes
Retrieval of the permittivity and permeability was carried out by extracting the average
field components from the TM Bloch modes at the boundary of the unit
cell (Ey, D, H,, B, H,, B,). Inthe extraction of the permittivity and permeability, we ensure the
continuity of the tangential and normal components of the average field at the unit cell boundary,
ensuring that Maxwell’s equations are satisfied. The constitutive equations for the average fields

are then given by,

Ex Eo * & Axy Ayz Ex
y| = Ayx Ho * Ky Ayz Hy (Al)
_Z Azx Azy Ho * Uz H z

The diagonal elements of the 3 x 3 parameter tensor define the permittivity (e, ) and

permeability (u,, 1) of the bulk structure along the x, y and z directions respectively.

A.2 Optical Property Retrieval from Bloch Modes and Extended States
To ensure that an accurate retrieval of the material properties was acquired, we compared
the retrieved wavevector, computed with the retrieved effective index, to the band structure
calculated numerically using MIT Photonic Bands (MPB) in the range from I' to X, as illustrated
in Figure A.1(a). The retrieved band structure has a very good agreement with the MPB band
structure at smaller k,,, though it deviates at large k,, as spatial dispersion becomes apparent near
the band edge. Only the transverse bands are considered in the calculation of the effective optical

properties.
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In order to properly assign a refractive index to a material for off-normal angles of
incidence, there must be only one propagating band at a particular frequency. To verify that there
is only one propagating band within the material, we simulated the extended states of the crystal,
shown in Figure A.1(b). Within the frequency range from 215 THz to 225 THz, slightly above
the zero-index point, there is a single band (TM4) throughout k-space. Within this region, a
refractive index may be assigned to the metamaterial, though it may change slightly with the

angle of incidence, as illustrated in the IFC plot shown in Figure 2.1(c).
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Figure A. 1 Comparison of optical properties and band structure and extended states of the
metamaterial. a, The solid lines represent the band structure of the square lattice calculated from
MPB and the circles correspond to band diagram retrieved from effective index n.s and the
dispersion relation k, = n.¢r w/c. The mismatch of the two methods at the band edge is due to
the fact that the effective medium approximation no longer holds in those regions. b, Extended

states of the crystal showing that only one band (TM4) is present between 215 THz and 225 THz,
allowing an effective index to be assigned to this region.

A.3 Comparison of Normal and Angle Dependent Transmission from ZIM and
Homogeneous Media

To verify the use of effective constitutive properties in the case of the ZIM, we also
simulated normal and angle dependent transmission of a homogeneous medium with the same
effective optical properties. The ZIM structure that was simulated consisted of 5 identical unit

cells along the light propagation direction and the homogenous medium it was compared to was
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modeled with the optical properties acquired from the bulk metamaterial retrieval (Figure 2.1(b)).
In Figure A.2(a) and A.2(c), we compare the transmittance at normal incidence for the effective
medium and ZIM, respectively. Transmittance for both cases stays near unity over the
wavelength range of 1200 nm to 1600 nm, with some undulation in transmission occurring in the
case of the ZIM. This undulation can be attributed to the limited thickness of the material and
thus the optical properties have not fully converged to the bulk case. In Figure A.2(b) and A.2(d),
the transmittance with respect to angle of incidence is plotted for the homogenous medium and
the ZIM at the wavelengths of 1340 nm (n = 0.254) and 1380 nm (n = 0.121). These wavelengths
lie within the frequency region where only a single band (TM4) exists. The close match between

the results supports the assignment of effective optical properties to the ZIM.
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Figure A. 2 Comparison of normal and angle dependent transmittance of a homogeneous
medium and the ZIM structure. a,c, Transmittance of the homogeneous medium and ZIM
structure (5 periods), respectively, under normal incidence. b,d, Angle dependent transmittance
of the homogeneous medium and ZIM structure, respectively, at wavelengths of 1340 nm and
1380 nm.

A.4 Homogeneous Effective Materials Properties
To further justify our claim that the proposed metamaterial structure can indeed be
homogenized as an effective medium and has an isotropic low index property for TM-polarized
light, we conducted numerical simulation with a Gaussian beam incident at the ZIM from
multiple angles. The wavelengths of the incident beams (1340nm and 1380nm) are chosen such
that they fall within the bandwidth where only one propagating band (TM4) exists.
The simulated electric field profiles with multiple angles of incidence and wavelengths

are shown in Figures A.3(a-f). In all cases, we see no higher order diffraction taking place at the
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exit surface of the sample. The transmitted light from the material is plane wave like as shown in
Figures A.3(a,b,d,e) for normal and low angle incidence, while light transmission is clearly
forbidden at even higher angles of incidence due to the conservation of parallel angular
momentum (Figures A.3(c,f)).

From the field plots in Figure A.3(b), with 10° incidence at 1340 nm, the light refracts at
an angle of ~ 43° with clearly longer effective wavelength inside the material. From simple
calculation from Snell’s law we find the corresponding nes agrees well with retrieved index of
0.254. The same phenomenon occurs with 5° incidence at 1380 nm where the refraction angle is
~ 46°, which corresponds to a nes of 0.121 and again matches our parameter retrieval result.

In Figures A.3(g-i), we illustrated the refraction phenomenon at 1458 nm which is
negative index region where calculated index is -0.121, i.e. the same absolute value of index for
1380 nm wavelength. With 0° angle of incidence the light transmits normally out of the material
with plane wave profile. With 5° incidence we can clearly see the negative phase propagation
inside the medium, finally light transmitting out of the exit surface at 5° from the normal. But
contrary to the refraction phenomenon at 1380 nm, refraction is not forbidden at 30° angle of

incidence for 1458 nm wavelength, due to coupling to the longitudinal band at higher angle.
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Figure A. 3 Simulated electric field plot of uniform periodic 5 layered ZIM probed with a
Gaussian beam. a-c, Light incidence at 0°, 10°, 30° respectively at wavelength of 1340 nm. d-f,
Light incidence at 0°, 5°, 20° respectively at wavelength of 1380 nm. g-i, Light incidence at 0°,
5°, 20° respectively at wavelength of 1458 nm.

A.5 Comparison of Dispersion Relation and Effective Optical Properties as a Function of Si
Rod Filling Fraction

We compared the dispersion relations and corresponding effective optical properties of
the bulk ZIM as a function of the Si filling fraction to identify changes that could arise due to
fabrication imperfections. Figures A.4(a,c) show the band diagram with the Si filling fraction set
at smaller (0.400) and larger (0.500) values than the zero-index case (0.433,Figure A.4(b)). With
deviated filling fraction, the triple-degeneracy at the T" point breaks up and the dispersion of two
transverse bands changes from linear to quadratic. A bandgap opens between the two transverse

modes, leading to a discontinuity in the effective optical properties as well as impedance
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mismatch at the band edge, as shown in Figure A.4(d) and Figure A.4(f). A similar effect is

present in the fabricated structure due to non-uniform Si rod size.
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Figure A. 4 Band diagram and parameter retrieval for three different filling fractions. a-c, Band
diagram of a square lattice with Si filling fraction of, a 0.400, b 0.433, ¢ 0.500. The lattice
constant is 600 nm, with &g = 13.7, &0, = 2.25. d-f, Corresponding retrieved optical

properties of the bulk material using field averaging. A bandgap appears when the Si filling
fraction deviates from the ideal design. In this case, at the band edge where index is low, the
permittivity and permeability no longer match each other, leading to impedance mismatch to free
space.

A.6 Characterization of Disorder
Here, we provide the lattice positions of the resonators composing the disordered
metamaterials shown in Figures 3.5(a-e) as well as the percentage of disorder. The disorder in
the lattice has been realized by placing the resonators in 2 x 2 and 3 x 3 resonator super cells and
off-setting the resonators’ x and y positions from a nominal spacing of 660 nm.
The percentage disorder in the different lattices is characterized by taking the standard

deviation of the distances between the 4 nearest neighbors to each resonator and normalizing the
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standard deviation by the period of the perfectly ordered lattice (Fig. S2). With this approach, a
higher disorder represents a larger offset in the resonator position from its location in the
perfectly ordered lattice.

Table A.1 Resonator positions of the disordered metamaterials

Figure Supercell X (um) y (um) Periodicity (um) Percent Disorder
-0.264 0.404
0.354 0.234
4a 2x2 20380 20245 1.36 6 %
0.267 -0.406
-0.241 0.374
0.354 0.234
4b 2x2 0302 0231 1.36 9%
0.357 -0.425
-0.231 0.33
0.295 0.237
4c 2x2 0255 20265 1.36 15%
0.32 -0.428
-0.274 0.412
0.231 0.332
4d 2x2 0267 20253 1.36 15%
0.371 -0.420
-0.561 0.6
-0.035 0.567
0.735 0.725
-0.670 -0.098
4e 3x3 0.056 0.082 2.04 17%
0.561 0.002
-0.597 -0.583
0.0413 -0.75
0.726 -0.586
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Figure A. 5 Schematic of a disordered lattice and the 4 nearest neighbor distances for one of the
resonators. These distances were used to compute the standard deviation in the resonator
positions from their perfectly periodic arrangement in the computation of percent disorder shown
in Table A.1.
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