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Abstract

Offering tailorable optical properties not achievable with symmetric or periodic optical materials,
chiral, weakly disordered, deterministic aperiodic, quasiperiodic and random structures make up a
new wave of asymmetric optical systems demonstrating unprecedented control of light compared
to their periodic counterparts in areas such as random lasing, imaging, and bio-sensing. The
governing physics of asymmetric systems is, however, not as analytically intuitive and
computationally straightforward as periodic or highly symmetric systems, and thus the availability
of simple analytic and computational design tools has made periodic systems an attractive option
for many optical applications. For example, plasmonic systems consisting of periodic arrays of
achiral metallic sub-wavelength scatterers, referred to as metasurfaces, can manipulate the phase
front of light waves over nanometer scale distances. This is possible due to the plasmonic
confinement of light to sub-wavelength dimensions.

In Part | of this work, a novel class of plasmonic aperiodic metasurfaces is introduced
exhibiting novel functionalities not possible in their periodic counterparts. Freeing the design
process from time costly FDTD simulations, the development of an analytically intuitive model
describing interference at a slit-aperture between directly incident light and surface plasmon
polaritons arriving from nearby illuminated grooves has enabled the speedy design, fabrication,
and experimental characterization of aperiodic slit-grooved plasmonic devices with easily tunable
angle-dependent multi-spectral responses. These devices, constituting part of a new and novel
class of aperiodic systems referred to as aperiodic-by-design, have lateral dimensions < 10 um and
consist of a sub-wavelength slit (circular) aperture surrounded by grooves (semi-annular rings) on
an opaque metal film. Each groove is individually optimized for position, width, and depth in order

to achieve a specific desired multi-spectral response.



Part Il of this work explores the chiroptical (CO) response of optical media. The potential
several-orders of magnitude plasmonic enhancement of the weak circular dichroism (CD) response
of natural molecules has generated a plethora of research interest and publications describing the
so-called CD response of plasmonic systems. However, this work demonstrates, through the
development of a generalized coupled-oscillator (GCO) model, the presence of other CO responses
not related to CD. Closed-form analytic expressions for various CO response types are developed
within the GCO model, and characteristics of each type are highlighted. This work both
demonstrates the necessity of careful interpretation of CO measurements and provides tools for
distinguishing between the response types. The GCO model unifies, for the first time, many of the
separately observed chiral-optical phenomena into a single theoretical framework.

The results presented in this dissertation testify to the novel and seemingly exotic behaviors
of asymmetric plasmonic systems. The in-depth analysis of the systems provided in this work
emphasizes the fundamental origins of these behaviors, providing a clear roadmap towards the
development of a new generation of optical devices with functionalities extending beyond the

existing state-of-the-art technologies.
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Chapter 1. An Introduction to Plasmonics

1.1 Plasmonics: A History

In 1998 a remarkable result was reported in the journal Nature. T.W. Ebbesen and colleagues
had observed that an opaque metal film perforated with a periodic array of deeply subwavelength
apertures exhibits an unusual zero-order transmission spectrum [1]. At certain wavelengths
related to the aperture lattice pitch, the transmitted spectra displayed peaks many times larger
than expected. Sub-wavelength apertures notoriously suffer from poor transmission, but they
observed each aperture transmitting more energy in the presence of the other apertures than it
would transmit if in isolation. This strange phenomenon was labeled extraordinary-optical-
transmission and gave life to the burgeoning field of plasmonics. Despite its relatively recent
emergence as a serious field of study, the history of plasmonics can be traced all the way back to
1902 with the discovery of at-the-time inexplicable diffraction behaviors called Wood’s
anomalies in which light diffracted from a metallic grating would sometimes sharply fall or
increase in intensity at some wavelengths [2]. The origin of these anomalies was eventually
described by Fano using the idea of propagating surface waves confined to the metal/dielectric
interface of the gratings [3], and this development may be viewed as the birth of modern
plasmonics. Since then, plasmonics has become a vast area of research contained within the
growing field of nanophotonics. The seemingly exotic behaviors observed in plasmonics occur at
visible frequencies where metals are no longer perfect conductors. This is the only important
theoretical difference between the topics discussed in this work and those encountered at

microwave frequencies where metals are treated as perfect conductors.



The field of plasmonics is the study of the resonant interaction of electromagnetic fields
with the free electrons of metals. Fundamentally, this resonant interaction is described by quanta
of plasma oscillations called plasmons. These plasmons come in two main varieties: volume and
surface plasmons. Volume plasmons occur within the volume of a metal and surface plasmons
occur at a dielectric/metal interface. Although the physics of both volume and surface plasmons
are described in the following sections for completeness and clarity, only surface plasmons are
directly relevant to the research and technological applications discussed in this work. Despite
being grounded in classical electromagnetic theory, the study of plasmonics has resulted in many
interesting and seemingly exotic applications. The negative permittivity of metals at optical
frequencies can result in strong field confinement and enhancement at subwavelength scales,
enabling a wide range of technologies such as surface-enhanced Raman spectroscopy [4-6],
improved photovoltaic solar harvesting [7], high sensitivity chemical/biological sensing [8],

metamaterials [9-11], and even potential cancer therapies [12].
1.2 Collective Oscillations of Electrons

The concept of a plasmon is illustrated by applying a static electric field E, to an opaque metallic
film as shown in Figure 1.2-1a. This field displaces the electrons by distance u, and creates
surface charge densities +neu,, where e is the electron charge and n is the metallic free charge
density. Removing the electric field results in a net driving force on each free-electron due to the
opposing charge densities. This driving force is described by

d?u, e
at2 ~  m*

E, (1.2.1)

where the driving field E, = neu, /¢, is due to the presence of the surface charge densities. The

effective mass of each electron is given by m* and free space permittivity by &,.

2



Inserting the expression for E, into equation (1.2.1) gives

d?u,
dt?

= —wsu, (1.2.2)

where the resonance frequency is given by w,., = ne?/m*g,. This is the natural collective
oscillation frequency of electrons in the volume of metal and is traditionally referred to as the

plasma frequency w,. This term finds its way into many of the equations in this work and is

summarized by the following equation

w, = (1.2.3)

A volume plasmon is a quantum of this collective plasma oscillation.

a b C
air metal air air metal air
-— +
0 Uy
-— - + <>
u, . U, +
- = +
= +
— - +
= +
Ey Eq Fo

Figure 1.2-1 | A classical description of plasmons as collective oscillations a, A static field E,
applied to a thin metallic film surrounded by air. b, A static field E, applied to a spherical metallic
particle surrounded by air. c, The oscillation of a single electron is represented by a damped oscillator
experiencing a driving force F,.

The collective free-electron oscillation frequency in a metal is strongly dependent on
geometry. Figure 1.2-1b illustrates the previously discussed scenario, but now with a metallic

sphere rather than film. The polarization density response to the applied static field E, is



calculated as P, = —neu, which in turn creates the response field E, = —P,/3¢,. Inserting this
into equation (1.2.2) shows that, after turning off the static field, the electrons will collectively
oscillate in this sphere at a resonance frequency w;.s = wp/\/§. In general, however, the
relationship between plasmon resonance and geometry is not so simple to calculate, and as seen
in the next section, the dielectric environment also influences these resonant frequencies.
Understanding the roles played by geometry and environment in accessing plasmon modes is a

fundamental goal of plasmonics research.

Although ignored in the previous examples, free electrons in a metal scatter from the

background positive ion lattice structure. This is represented by the damping factor y, and when

included in equation (1.2.1) for a time harmonic driving field Eoe‘i“’t gives
R - e - _;
0fu + you = — %Eoe_””t (1.2.4)

The oscillator model of the free-electron response to a driving field is illustrated in Figure 1.2-1c.
Macroscopic material parameters are derived using expressions for both the polarization density
P = ¢g,(e — 1)E, = neti and electric flux density D = gy¢E, = &,E, + P. Inserting a time
harmonic form u = fiue 't into equation (1.2.4) and substituting the polarization and electric

flux density gives the Drude-Sommerfeld expression for the permittivity of a damped plasma.

2

(w)=1 Yy 1.2.5
elw) = w? + iyw (1.25)

The real part of this dielectric constant is negative for frequencies below w,,. This characteristic

of metals at optical frequencies prevents light waves from penetrating far into a metal film, but

does allow some penetration. This light penetration is directly responsible for the presence of



plasmon modes confined to the surface of metallic structures called surface plasmons. These
surface plasmons are responsible for many of the exciting aspects of plasmonic technology and

are further discussed in the next section.
1.3 The Brewster Angle and Surface Plasmon Polaritons

Consider a time-harmonic electromagnetic field incident from one medium to another, where
both media are homogenous, isotropic, and non-magnetic. Media 1 and 2 are described by
magnetic permeability u; = u, = u, and dielectric constants &; and ¢,, respectively. Calculating
the reflected and transmitted fields is a simple matter of applying the appropriate boundary

conditions and deriving the Fresnel coefficients. Figure 1.3-1a illustrates this scenario for TM
polarized light. The incident k-vector in medium 1 with permittivity &, is El = A, kq, + k15,
and the k-vector in medium 2 with permittivity &, is Ez = Ayk,, + 4,k,,. The Fresnel

coefficients for reflection and transmission in this scenario are, respectively

_ kiz/e1-kaz/5;

"= k/ertio/e; (1.3.1a)
_ _ Zkig/Ee

t= klz/€1+k22/€2 (1-3.1b)

A condition for total transmission is given by setting r = 0. This is illustrated in Figure 1.3-1b
and corresponds to the well-known Brewster’s law. Using the Brewster condition k,,/&; —
k,,/€, = 0 along with the relation ki + k7, = & w?/c? for j = 1,2 then gives the following

dispersion relations

g8 w?

— 1.3.2
& +¢&,c? ( 3)



Kk?, = —2 (1.3.2b)

dielectric X

C A Z

l\ l\ dielectric X
>

Figure 1.3-1 | Transmission and reflection at a boundary a, A TM polarized field is incident
from medium 1 and transmitted into medium 2. b, At the Brewster’s angle 85 100% of the field is
transmitted into medium 2. Note that 8 + 8, = m/2. ¢, If medium 2 is a metal at optical frequencies, the
Brewster condition instead gives rise to propagating surface waves called surface plasmon polaritons. The
fields decay exponentially normal to both sides of the metal/dielectric interface.



For dielectric mediums, equations (1.3.2a-b) represent unbounded waves propagating in their
respective regions. This is a common result derived in many electromagnetics textbooks, but
something odd happens to these Brewster’s-law calculations at optical frequencies when medium
2 is treated as a metal. In this new scenario, the permittivity of medium 2 is complex and
represented as ¢, = €5 + ie;, where &, and &5 are real numbers. As suggested by equation
(1.2.5), &, possesses the defining metallic characteristics e, < 0 and |&5| > |&;'| for frequencies

less than the plasma frequency. Equations (1.3.1a-b) are expressed for a metallic medium 2 as

- k1z/51—k22/|5£|

t ~ — azler (1.3.3b)

- kiz/€1—k2z/ €]

Applying the Brewster condition to these equations no longer results in » = 0, but instead the
reflection and transmission coefficients approach infinite values indicating a resonant condition.
The physical significance of this becomes clearer by examining the reflected and transmitted k-
vectors. If medium 1 is a typical dielectric such as air or glass and medium 2 is a metal with
negative permittivity as described above, then the following conditions hold: ;¢, < 0 and &, +

&, < 0. With these conditions met, the k-vector components become

£1&5 W
ky ~ |—2—— (1.3.4a)
&g tec
k g o 1.3.4b
27 e+ € ¢ (1.3.4b)



The component k, is real valued, however k;, is purely imaginary in both mediums. This
represents a bound wave propagating along the metal/dielectric interface in the x-direction and
exponentially decaying in the z-direction. This type of surface wave is called a surface plasmon
polariton (SPP). The infinite values of the reflection and transmission coefficients imply the
SPP is a resonant phenomenon in which there exists only a reflected and transmitted wave, but
no incident wave. This may seem like an esoteric observation with little practical significance,
however SPPs are a central component not only of this work but in the larger field of plasmonics.
The close relationship between the SPP resonant mode and the Brewster angle suggests that only
TM light can couple to SPP modes, and indeed this is easily shown if one repeats the above
derivation for TE light. Only TM light couples to SPP modes. The next section will discuss a

method for accessing these resonant modes.

1.4 Accessing Surface Plasmon Modes

The wavelength of SPPs is given by Agpp = 2m/kspp = Ao/ (&1 + £3) /€165 Where A, is the
free-space wavelength. It follows that Aqpp < A,. SPP modes squeeze light to sub-wavelength
dimensions. This is one of their attractive features, however this presents a problem in converting
light into an SPP since the incident k-vector (k,) can never satisfy the boundary condition at the
interface k,sin6; = kspp. The SPP dispersion curve, using parameters typical for metals at
optical frequencies y = 10'* Hz, w,, = 10'° Hz, and &, = 10 [13], is illustrated in Figure 1.4-1,
A constant &, is added to equation (1.2.5) to account for inter-band transitions occurring when
w > w, [13]. As illustrated in Figure 1.4-1, the metallic medium initially acts as a perfect
conductor at lower frequencies, resulting in the dispersion curve grazing the light-line. This is the

region of the well-known Sommerfeld-Zenneck surface waves. As the two curves diverge, the



portion of the dispersion curve lying to the right of the light-line represents the region of SPPs.
These modes are inaccessible to light directly incident on a smooth metal/dielectric interface.
The SPP wavevector approaches a maximum as the dispersion curve reaches the surface plasmon
resonance frequency. If the dielectric medium is air, this surface plasmon resonance frequency
takes the form wgp = wp/m [14]. Thereafter follows a forbidden region (wp > w > wsp)
with no allowed propagating modes until the plasma frequency w,, is reached. The dispersion

curve behaves like an ordinary dielectric material for frequencies above w,,.

1.2 1.6 20

0.8
Re{k,} (107 Hz)

Figure 1.4-1 | SPP dispersion curve, The SPP (blue-solid line) and free-space (red-dashed line)
dispersion curves are shown together. At low frequencies, these two curves follow each other. This is the
domain of grazing Sommerfeld-Zenneck waves. At higher frequencies, however, the two curves diverge,
and special techniques are required to couple light to SPP modes. As the frequency is increased beyond
wg, SPP modes are no longer excited because the medium loses its metallic properties.
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One of the most well-known methods for overcoming the SPP and light-line dispersion gap is to

introduce surface corrugations in the form of periodic gratings. A periodic grating imparts to the



incident k-vector an additional component 2mv/a for integer v = +1, 2, ... and grating pitch a.

An SPP mode is accessed for a grating satisfying the following condition for incident light [14]

kSPP = ko Sin 91 + ZT[V/a (14‘1)

This is illustrated below in Figure 1.4-2. The grating pitch strongly influences the incident
wavelengths that can couple to SPP modes. This is relatable to the Fourier relationship between
grating pitch and spatial frequency: a single surface corrugation will couple all wavelengths to
SPPs, but an infinitely long periodic grating results in the propagation of only a single
wavelength of SPPs. Although unknown to Wood in 1902, the presence of SPP modes at
wavelengths related to the grating pitch is responsible for the diffraction anomalies mentioned

earlier.

Figure 1.4-2 | Coupling incident light to SPP resonant modes An incident TM polarized field E,

with k-vector EO incident on a grating with pitch a can couple to SPP modes at a dielectric/metal
interface.

1.5 Asymmetry in Plasmonic Systems

Plasmonic technologies such as RGB color pixels [15] and bio-sensors [16] are made possible

due to the wavelength selectivity of periodic gratings. Many analytic and computational tools
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currently exist to quickly analyze periodic systems, resulting in a body of literature focusing on
periodic plasmonic structures and little focus given to the development of aperiodic and
asymmetric systems. In this context, symmetry in a plasmonic system refers to periodicity and a
lack of chirality. The mathematical simplicity of symmetric systems results in a more

straightforward design and analysis process relative to their asymmetric counterparts.

In this work, asymmetric plasmonic systems, including aperiodic gratings and chiral
structures, are explored and shown to possess many useful features not present in the traditional
symmetric plasmonic systems. This work is separated into two main parts: aperiodic and chiral
plasmonic systems. Chapters 2 and 3 discuss aperiodic grating systems and Chapters 4, 5, and 6

discuss chiral systems.

Chapter 2 further expands on the results of the previous section by developing a
mathematical model describing the transmission properties of a slit-aperture in the presence of an
aperiodic grating consisting of grooves. The predictions of this model are shown to agree with
finite-difference-time-domain (FDTD) calculations and suggest several useful applications that
are the focus of the next chapter. Chapter 3 discusses the fabrication and experimental
characterization of 2D and 3D versions of the aperiodic color filter. Such devices have potential
applications as single-pixel RGB displays, high performance chemical/biological sensors, solar

light harvesting, and directional light sensors.

Chapter 4 begins by developing a generalized theoretical model describing the chiroptical
response of chiral optical media. The chiroptical response is defined as the differential response
of media to right and left circular polarized light. The motivation for this work is to aid in the
development of enhanced circular dichroism (CD) spectroscopy techniques having applications

in the study of secondary protein structures and enantiomer identification. Such techniques are
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relevant to the study of medicines and several deadly diseases. Chapter 5 experimentally
demonstrates the chiroptical response of plasmonic media, validating the conclusions of Chapter
4. In Chapter 6 the previously developed model is expanded to describe the chiroptical response
of more complicated plasmonic structures, and the chiroptical response of an Al plasmonic

structure at UV wavelengths is experimentally demonstrated.

Finally, in Chapter 7 some potential research projects expanding on this work are proposed.
This author’s original research contributions to the field of plasmonics presented in this work are

as follows:

1. The author has developed an analytic model describing plasmonic aperiodic directional
color filters. This is the only existing model that utilizes a simple and intuitive 1%-order
model to relieve, in part, the burden of FDTD calculations in designing aperiodic
plasmonic systems. This model greatly reduces the overall device design time from days
to minutes.

2. The author has fabricated and experimentally characterized plasmonic aperiodic
directional color filters.

3. The author has developed and experimentally validated a theoretical model describing the
chiroptical response of plasmonic and optical media. This model treats chiral structures
as two arbitrarily oriented and placed oscillators. This is currently, as of the date of the
writing, the most comprehensive theoretical model describing the chiral response of
structures in the field of plasmonics.

4. The author has extended the previously mentioned theoretical model from two to an
arbitrary number of oscillators, allowing a description of the higher-order modes

influencing the chiroptical response of arbitrarily shaped plasmonic structure.
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5. The author has experimentally measured the chiroptical response of plasmonic media at
UV wavelengths. To the author’s knowledge, this represents one of the earliest
experimental demonstrations of a UV chiroptical measurement, and is relevant to many
UV-related technologies in medicine, physiology, and for ultrathin polarization filters for

use in optics labs.
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Part I: Aperiodic Nanoplasmonic Devices for Directional

Color Filtering and Sensing

Exploiting the wave-nature of light in its simplest form, periodic architectures have enabled a
wide range of tunable optical devices with the ability to perform useful functions such as
filtering, spectroscopy and multiplexing. Here, we remove the constraint of structural periodicity
to enhance, simultaneously, the performance and functionality of passive plasmonic devices
operating at optical frequencies. By using a physically-intuitive, first-order interference model of
plasmon-light interactions, we demonstrate a simple and efficient route towards designing
devices with flexible, multi-spectral optical response, fundamentally not achievable using
periodic architectures. Leveraging this approach, we experimentally implement ultra-compact
directional light-filters and color-sorters exhibiting angle- or spectrally-tunable optical responses
with high contrast and low spectral or spatial crosstalk. Expanding the potential of aperiodic
systems to implement tailored spectral and angular responses, these results hint at promising

applications in solar-energy harvesting, optical signal multiplexing, and integrated sensing.

14



Chapter 2. The Modeling, Design, and Fabrication of

Aperiodic Plasmonic Directional Color Filters

2.1 Introduction

Scattering and interference phenomena govern the novel, and sometimes unexpected, physics
associated with aperiodic optical systems that include weakly disordered, deterministic aperiodic,
quasiperiodic and random structures [17-21]. While the underlying mechanisms governing
localization and wave-transport in these devices require further elucidation, remarkable progress
has occurred in areas such as random lasing and imaging [22-24]. In recent years, plasmonic
systems, utilizing electromagnetic waves that are confined to a metal-dielectric interface, have
allowed confinement and manipulation of light on length scales that are simply not possible with
purely dielectric systems [25-28]. For example, periodic arrays of metallic and metallo-dielectric
scatterers patterned on a deep-subwavelength scale, commonly referred to as metasurfaces, have
demonstrated abrupt changes to the phase-front of light allowing complex wavefront shaping
using flat-optical components of nanoscale thickness [29, 30]. One class of such structures, a
periodic array of nanoscale apertures, slits or slit and grooves patterned on an opaque metal film,
has shown promise as an efficient wavelength-scale transmission light-filter [31-33] and
chemical/biological sensor [34-37]. The underlying periodicity inherent to these structures
allows a wide-range of analytical methods to be used for device-design [38-41]. However, since
periodicity a-priori limits the range of possible spectral responses, devices based on periodic
structures are intrinsically limited in their functional characteristics. In comparison, aperiodic

structures are less constrained in their configuration both in real and reciprocal (Fourier
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transform) space, and therefore potentially allow greater engineering control over the optical
response of devices which incorporate them [42, 43]. A large variety of recently demonstrated
aperiodic structures have added significant flexibility and richness towards engineering an
optical response in ways not possible with periodic counterparts. For example, computationally
intensive nonlinear search algorithms were employed to design ultra-compact polarization beam
splitters and wavelength demultiplexers at telecom wavelengths, wherein the algorithm searched
the full design-space of the device area with arbitrary topologies for the optimum solution [44,
45]. Alternate approaches utilizing the transfer matrix method [46], aperiodic Fourier modal
method [47, 48] and field-decomposition [49], or using asymmetric device profiles [50] have
recently been used to predict the scattering properties of surface plasmon polaritons (SPPs) from
subwavelength patterns on a metal surface, and were utilized to achieve dichroic beam splitting
[51] and directional launching of SPPs for normally incident light at a single wavelength of
interest [50, 52, 53]. However, the widespread use of aperiodic structures in optical devices has
been inhibited to date by the constraints of computationally-intensive optimization based on
multi-dimensional parameter searches using full electromagnetic numerical simulations [44, 45,

54].

Here, we show how the use of a physically-intuitive, first-order interference model of
plasmon-light interactions enables straightforward design of aperiodic plasmonic devices with
flexible and angle-dependent multi-spectral transmission signatures. Following this approach, we
experimentally implement visible frequency transmission filters that leverage an aperiodic
arrangement of metallic surface grooves to yield unique spectral and angular responses, in which
a discrete set of input (or output) angles is mapped one-to-one to a discrete set of output (or

input) frequencies. The device consists of a single-subwavelength linear slit (circular aperture)
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surrounded by multiple linear (annular) grooves on an opaque metal film with the position, width
and depth of the grooves individually optimized to achieve the desired multi-spectral response at
specific incident angles. The structure is designed using a nested-iterative search algorithm based
on a physically intuitive first-order analytic model of interference, at the slit, between directly
incident light and SPPs arriving from the illuminated grooves, each acting as SPP launch sites.
Use of an aperiodic arrangement for groove placement with respect to the slit affords utmost
flexibility in tailoring the spectral response of the device at arbitrary angles of incidence and over
a broad spectral range simultaneously. The interference model is physically intuitive and vastly
simplified compared to full numerical simulations typically underlying nonlinear search
algorithms because it requires only knowledge of SPP coupling and phase-shift coefficients for
optimum structure design. The deployment here of a first-order analytical model as the core of a
numerical optimization algorithm serves to confirm that the fundamental interference
mechanisms, shown to govern operation of periodic slit-groove devices implemented to date, can
also be successfully applied to the more general case of aperiodic plasmonic systems provided
that other geometrical degrees of freedom are also enabled. This approach, involving only
adjustment of in-plane dimensions (individual groove spacing and width), results in an easy-to-
fabricate device having a complex multi-functional response at optical frequencies. Furthermore,
we demonstrate that the model is broadly applicable by utilizing it to minimize the transmission
spectral linewidth for a refractive index sensing application. Expanding the potential of aperiodic
systems to implement tailored optical responses, these results hint at potential applications in

hyperspectral imaging, multi-junction photovoltaics and integrated sensing.
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2.2 First-order Interference Model for SPP-light Interactions

The spectral transmission response of an SPP-based slit-groove device can be explained by first
analyzing the angle-dependent transmission through an interferometer consisting of an opaque
metal film, facing a dielectric medium of refractive index n, and decorated with both a
subwavelength-width through-slit (width: W) and a parallel subwavelength-width groove (width:

w; depth: t) placed to the left of the slit at a center-to-center distance d (Figure 2.2-1a).
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Figure 2.2-1 | Transmission mechanism through an aperiodic slit-groove device. a, H-field
amplitude transmission from a slit in the presence of a single-groove placed to its left, illuminated by a
TM polarized white light laser (H-field parallel to the slit-length) at an angle 6 on a metal-dielectric
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interface, where d is the distance between the slit and the groove (of width w and depth t). The SPP
coupling process at the location of the groove is characterized by a real coupling coefficient § and phase
@. b and c, Variation in 8 and ¢ as a function of both groove-width (w: 50 nm to 400 nm) and free-space
wavelength (4,: 450 nm to 750 nm), for illumination at normal incidence (8 = 0°) and fixed groove-
depth (t = 100 nm) at a Ag-air interface. d, H-field amplitude transmission through a device consisting of
N grooves located to the left of an isolated slit. The propagation of an SPP coupled from an arbitrary
groove gy propagating over an intermediate groove on its way to the slit undergoes a phase-shift ¢’ and
an amplitude reduction of a factor B’. In both a and d, the superimposed guided-mode propagation,
through the slit, of both the free-space light and the SPP is characterized by a relative H-field coupling
coefficient Begr and phase-shift @.¢. € and f, Variation in 8’ and ¢’ as a function of groove-width (w: 50
nm to 400 nm) of an intermediate groove, and free-space wavelength (4,: 450 nm to 750 nm), and fixed
groove-depth (t = 100 nm) at a Ag-air interface.

The film is illuminated on the groove side, at an angle 6 with respect to the surface normal,
by a TM polarized plane-wave (free-space wavelength: 4,; wavevector magnitude: k), with H-
field parallel to the slit. H, designates the complex H-field amplitude of the incident wave at the
slit; the corresponding H-field amplitude of the incident wave at the groove is then H,e'?, where
¢ = —nk,d sin 6 is the phase retardation of the plane-wave at the groove with respect to the slit.
The incident light at the groove diffracts into an SPP mode of field amplitude Hye?Be?, and
mode index ngpp + ikspp, Where real coefficients f(w,t, 8, 4,) and @(w,t, 8, 1,) represent the
amplitude and phase of the free-space (FS) to SPP coupling process (assumed to depend on
groove width and depth as well as wavelength and angle of the incident light). The SPP
propagates towards the slit, where it arrives with complex field amplitude Hye'® e e¥e~(@/@)
where Y = ngppkod and a = 1/(kgppk,) are, respectively, the accumulated propagation phase
and amplitude decay-length of the SPP along the surface. Finally, free-space and SPP modes
incident upon the slit are converted into coherently superimposed guided modes inside the slit,
with amplitude coupling coefficient B(IW, 8, A,) and phase shift ®(W, 8, 4,) for the plane wave
incident upon the slit from free-space (where coupling is assumed to depend on slit width as well

as both wavelength and incident angle), and coupling coefficient B (W, 1,) and phase-shift
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& (W, 21,) for the SPP incident upon the slit along the metal interface (where coupling is
assumed to depend only on the slit width and free-space wavelength). The net complex field
amplitude at the output plane of the slit is then given by Hgg = T(HOBei“’ +
Hoe'®B e'?eWe=(4/®B'el®") where T is the complex amplitude transmission coefficient of the
slit. For reference, the complex field amplitude at the output plane of an isolated slit, illuminated
under identical conditions, is given by Hg = THyBe'®. The groove-slit interference process then

yields a net complex field amplitude at the output plane of the groove-decorated slit, relative to

that of an isolated slit, given by

H : :
y = HLSG = 1+ Begre! Peftfe™ (/@9 +¥+e) (2.2.1)

where quantities Beg(W,0,40) = B'(W,25)/B (W,0,15) and (W, 60,15) = ©'(W,A,) —
d(W,0,1,) represent, respectively, the amplitude and phase of the SPP-to-slit in-coupling
process normalized to the amplitude and phase of the FS-to-slit in-coupling process. The
corresponding transmitted intensity into the far-field for the slit-groove device, relative to that of
an isolated slit, is then given by T' = |y|2. The values of 8 and ¢ are calculated, in the case of a
single slit-groove pair device patterned in a 250-nm-thick Ag film facing free-space, by curve-
fitting the analytical expression for relative transmission intensity, I, to its value derived from
two-dimensional finite-difference-time-domain (FDTD) simulations. The variations in £ and ¢
as a function of both groove-width (w: 50 nm to 400 nm) and free-space wavelength (4,: 450 nm
to 750 nm) for illumination at normal incidence (6 = 0°) and fixed groove-depth (t = 100 nm)
are shown in Figures 2.2-1b and 2.2-1c, respectively. The corresponding plots for the variations
in B and ¢ as a function of w and A, for respective incident angles & = 10°and 20° can be

found in Figure 2.2-2.
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Figure 2.2-2 | Variation with 8 of coupling coefficient g and phase shift ¢. Variation in g and
¢ as a function of both groove-width (w: 50 nm to 400 nm) and free-space wavelength (4,: 450 nm to
750 nm), for illumination at & = 10° (a and b, respectively) and 8 = 20° (c and d, respectively), and
fixed groove-depth (t = 100 nm) at a Ag-air interface. The variation in B8, ¢, B’ and ¢’ at 8 = 0° is
summarized in Figure 2.2-1 and, for consistency, it was verified that 8’ and ¢’ does not vary with 6.

This approach can now be extended to model the transmission characteristics of a device
consisting of N grooves located to the left of a single slit, each having arbitrary depth and width
(Figure 2.1-1d). Once again, the film is illuminated, at an angle 6 with respect to the surface
normal, with complex H-field amplitude H, at the slit. The corresponding H-field amplitude of
the incident wave at the groove g; (located at a distance d; from the slit) is then Hye'®:, where
¢; = —nkyd; sin 8 is the phase retardation of the plane-wave at the groove with respect to the
slit. Free-space illumination of the groove results in launching of an SPP mode towards the slit

with relative amplitude and phase B; and ¢;, respectively. Upon crossing any intermediate
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groove, g; on its way to the slit, the SPP is modeled to undergo a phase-shift ¢; and an
amplitude reduction (modulation factor ;) due to its interaction with that specific groove. In
addition, the SPP experiences an accumulated propagation phase and amplitude decay length
along the surface of y; = ngppkod; and «a, respectively. Upon arrival at the slit entrance, this
SPP couples to the slit with amplitude coupling coefficient B (W,1,) and phase-shift
® (W, 1,), and coherently interferes with the waveguide modes resulting, from SPPs arriving
from all the other grooves (and coupled into the slit with the same coupling coefficient and phase
shift) and from direct illumination of the slit, with amplitude coupling coefficient B(W, 6, 4,)
and phase shift ®(W, 8, A,). The net normalized H-field transmission amplitude relative to that

of an isolated slit then given by

N i-1
vy =1+ Beffe@effz Bie~(i/ @) giloitbit ) 1_[ Ble'? (2.2.2)
i=1 j=1

i>1
Generalizing the device to an aperiodic slit-groove structure having N grooves to the left and M

grooves to the right of the slit, yields a normalized H-field transmission amplitude relative to that

of an isolated slit of

M -1
Vun = Vn + Beffe@effz Bie~(i/ @) giloitbi=0) 1_[ Bles] (2.2.3)
i=1 j=1

i>1
The corresponding relative transmission intensity into the far field is given by I' = |y,n 2.

In summary, the various amplitude and phase coefficients are summarized in the following

Table.
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PARAMETER DESCRIPTION

¢ = —nkydsind groove-to-slit phase retardation
B(w,t,6,4) FS—SPP coupling amplitude
p(w,t, 0, FS—SPP coupling phase
d; distance between groove g; and slit
Y; = ngppkod; SPP propagation phase from groove g; to slit
a; = 1/(ksppd;) SPP amplitude decay from groove g; to slit
B'(w,t, ) SPP—SPP amplitude reduction
o' (w, t, 1) SPP—SPP phase shift
B(W,0,1) FS—Slit coupling amplitude
o(W,0,1) FS—Slit phase shift
B'(W, 1) SPP-Slit coupling amplitude
o'(W, 1) SPP-Slit phase shift

Table 2.2-1 | Summary of parameters describing the relative transmission of an aperiodic
slit-grooved plasmonic structure.

FDTD simulations of a slit-groove device having two grooves (N = 2, M = 0) are used to derive
the dependence of the groove-crossing amplitude-drop B’ and phase-slip ¢’ on groove-profile
and illumination wavelength. The variations in 8’ and ¢’ as a function of both groove-width (w:
50 nm to 400 nm) and free-space wavelength (1,: 450 nm to 750 nm), at fixed groove-depth (¢t =
100 nm), are shown in Figures 2.2-1e and 2.2-1f, respectively. The variations in B.g and @ ¢ as
a function of free-space wavelength (4,: 450 nm to 750 nm), for illumination angles of 8 = 0°,
10° and 20° and fixed slit-width (W = 100 nm) along with those in constituent parameters B, B’,
® and &' are shown below in Figure 2.2-3. Contributions from higher-order interference effects
(such as multiple reflections of SPPs between the slit and the groove, or between grooves) are

not taken into account as they are expected to be minimal [55].
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Figure 2.2-3 | Coupling of free-space mode and SPP into a slit-mode. Variation in a, amplitude
coupling coefficient B(W, 8, A,) and b, phase shift ®(W, 8, A,) for a plane wave coupling into guided
modes inside a slit of width W = 100 nm at a Ag-air interface for A, = 450 nm to 750 nm at illumination
angles of 8 = 0°, 10° and 20°. Variations in ¢, coupling coefficient B’ (W, 1,) and phase-shift @' (W, 4,)

for SPP modes coupling into a guided mode inside a slit of the same width. Corresponding variations in
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the calculated values of d, B.¢r and e, @ ¢ under identical illumination conditions.
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The first-order interference model of equation (2.2.3) is used in-lieu of FDTD numerical solvers
and forms the core of a multi-dimensional iterative optimization algorithm described as follows.
Based on specifications for the model output, corresponding to desired characteristics for the
transmitted intensity (such as spectral shape including discrete peak positions and linewidths),
for given model inputs, corresponding to imposed illumination conditions (such as a range of
free-space wavelengths and angles of incidence), the algorithm performs a nested iterative-
adaptive search in which the number of grooves and individual position, width and depth of each
groove are simultaneously varied, using a least-square criterion to establish convergence. This
optimization algorithm, when used in conjunction with equation (2.2.3), reduces the design time

of an aperiodic color filter from several days, required by FDTD solvers, to a few minutes.

2.3 Aperiodic Angle-Selective Color Filter

The algorithm described above provides an elegant platform for engineering the optical response
of aperiodic slit-groove transmission devices and suggests a broader range of applications than is
possible with periodic arrays. For example, while interference filters and waveplates provide an
easy route towards achieving high-contrast frequency and polarization selectivity, implementing
optical frequency components that provide angular or directional selectivity over a broad spectral
range represents a major technological challenge. Approaches utilizing anisotropic metamaterials
and plasmonic slit-arrays have been proposed to achieve broadband angular selectivity, though at
microwave frequencies [56, 57]. A one-dimensional photonic crystal was recently used to
achieve complete transparency over a broad spectral range at one incident angle [58]. Here, we
first use the algorithm to design a plasmonic angularly-selective color filter that exhibits
directionally modulated spectral output at optical frequencies under white-light plane-wave
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illumination. This filter yields tailored narrowband transmission spectra for specific incidence
angles, where each spectral peak position (respectively in the red, green and blue) of the
transmitted light corresponds to one of three pre-defined incident angles (Figure 2.3-1a). As an
illustrative example, we target a structure that transmits light at center wavelengths of 690 nm,
550 nm and 460 nm respectively, for incident angles of 0°, 10° and 20°, respectively. Based on
the above spectral excitation and angular transmission specifications, along with the respective
design choices of: (a) Ag as the constituent metal film, (b) five grooves to each side of the slit
(i.,e. N=5and M =5, limiting the device-footprint to a lateral dimension of L < 10 um), and (c)
a fixed groove-depth t = 100 nm, the search algorithm yields an optimized width and position
for each groove relative to the slit. A schematic cross-section of the resulting aperiodic surface
profile is shown in Figure 2.3-1b. The model-calculated transmission spectra for the slit-groove
structure relative to that of an isolated slit, I' (Figure 2.3-1c, solid lines), display a distinct
spectral peak at each of the specified incidence angles (with red, blue and green peak positions of
670 nm, 545 nm and 476 nm, closely matching the respective target values). Each peak is
characterized by low spectral crosstalk with respect to the two other peaks, as enforced by the
search algorithm. The corresponding relative transmission spectra numerically-simulated using
the FDTD technique applied to this slit-groove structure (Figure 2.3-1c, dashed lines), where Ag-
film thickness h = 250 nm and slit-width W = 100 nm are assumed, show remarkable
agreement with the model spectra validating in particular the efficacy of the assumptions
underlying the first-order analytical model. The spectral peak locations resulting from the final
aperiodic device design are also consistent with the associated spatial-frequency content denoted
by discrete peaks in the reciprocal-space representation of the projection of the surface profile

onto the plane of incidence, for each of the three angles of incidence (Figure 2.3-2). Aperiodic
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systems achieved using this approach differ from deterministic aperiodic geometries generated
using substitution rules or self-similar inflation symmetries and have been referred to as

aperiodic systems by design in the literature [20, 59-61].
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Figure 2.3-1 | Aperiodic directional RGB color-filter. a, Schematic illustration of the angle-
dependent light transmission characteristics of an angularly-selective aperiodic RGB color filter. The
device is targeted to transmit red light at an incidence angle 8 = 0°, green at 6 = 10°, and blue at 8 = 20°
when illuminated with a TM polarized white-light laser source. The device consists of a subwavelength-
width linear slit surrounded by five-grooves each on both sides within a total lateral device dimension of
< 10 um. b, Model predicted surface cross-section profile of the optimized device at a Ag-air interface.
Scale bar represents 1 pm. ¢, Relative transmission (I') spectra calculated using the interference model of
equation (2.2.3) (solid lines) and FDTD simulations (dashed lines) show remarkable agreement, and
demonstrate the unique spectral transmission characteristics of the device. d, Scanning-electron-
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microscope image of the patterned surface of the aperiodic slit-groove array device taken at 38° from the
surface normal. The device is fabricated using the procedure described in Section 2.5 and outlined in
Figure 2.5-1. Horizontal scale bar represents 2 um. e, Experimentally measured I' spectra at three angles
of incidence for the fabricated device. The spectral characteristics of the fabricated device, namely:
linewidth, optical contrast and spectral cross-talk, are summarized in Tables 2.4-1 and 2.4-2.
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Figure 2.3-2 | Spatial-frequency content of the aperiodic color-filtering device. a, The real-
space waveform representing the groove locations p, and their widths w, as projected onto the plane of
incidence at each of the three angles of incidence (6 = 0°, 10° and 20°), for the aperiodic color-filter
device described in Figure 2.3-1. As the angle of incidence 6 increases, the perceived groove location and
width of the aperiodic groove array varies as pegr = p(1 —sin @) and weg = w(1 — sin 0) respectively.
b, Spatial Fourier-transform of the real-space groove-waveform depicting the associated reciprocal wave-
vectors in inverse k-space. As expected, the aperiodic device exhibits dominant spatial-frequency content
at wavelengths that agree with the modeled and experimentally measured spectral outputs (Figure 2.3-1c
and 2.3-1e, respectively).

To further validate the efficacy of the aperiodic design, equivalent slit-groove devices where
the grooves were arranged periodically or in a chirped (linear and exponential) geometry were

designed for comparison (using constant groove width: w = 50 nm and groove depth: t = 50
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nm). As a basis for comparison with the aperiodic design, the periodic and chirped devices were
designed to also exhibit a spectral peak in transmission at 690 nm under normal incidence

illumination (Figure 2.3-3).
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Figure 2.3-3 | Incident-angle dependent transmission spectra for periodic, chirped and
random slit-groove devices. FDTD calculated relative transmission spectra (T'), at incident angles 6 =
0°, 10° and 20°, for slit-groove devices where the grooves are arranged: a, periodically with pitch p =
630 nm; b, in a linear chirped geometry; and c, in an exponential chirped geometry around a central
subwavelength slit. For the linear chirped device, the distance of each individual groove from the slit, x,,,
follows the equation: x,, = x,_1 + 2n/k, wheren > 0, k,, = 2m/xy + 0.0005n and x, = 630 nm. For
the exponentially chirped device: x,, = x,_1 + 2n/k, where n > 0 , k,, = (1.01)™ (2/x,) and x, =
620 nm. d, Relative transmission spectra (I'), at incident angles 8 = 0°, 10° and 20°, for a device with
random placement of ten grooves within the 10 pm-wide lateral footprint of the device. For each
simulated device, Ag-film thickness h = 250 nm, slit-width W = 100 nm, groove width w = 50 nm and
groove depth t = 50 nm was used.

For the other incidence angles of operation (6 = 10°and 20°), however, correct spectral
positioning of the targeted transmission peaks was not possible: the chirped devices exhibit a
complex transmission spectra with no specific trend, whereas the spectral peak in the periodic
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device shifts to shorter wavelengths that are determined by its spatial-frequency content (Figure
2.3-4).
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Figure 2.3-4 | Spatial-frequency content of an equivalent periodic groove device. a, The real-
space waveform representing the groove locations p, and their widths w, as projected onto the plane of
incidence at each of the three angles of incidence (68 = 0°, 10° and 20°) for a periodic groove device of
periodicity p = 630 nm and constant groove width W = 50 nm. As the angle of incidence 8 increases, the
perceived groove location and width of the periodic groove array device also varies as peg =
p(1 —sin @) and wg = w(1 — sin 6) respectively. b, Spatial Fourier-transform of the real-space groove-
waveform depicting the associated reciprocal wave-vectors in inverse k-space.

This comparison clearly illustrates that the underlying periodicity a-priori determines the
spectral (or spatial) response of devices based on periodic architectures, and hence these devices
cannot achieve the flexibility in engineering the optical response possible with aperiodic systems
by design [20-22]. Finally, random placement of the above grooves within the 10 pum-wide
lateral footprint of the device yields a total absence of angular-spectral control, as evidenced by

the transmission spectrum of one such random device (Figure 2.3-3d).
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The groove profile yielded by the optimization algorithm (Figure 2.3-1b) was
experimentally implemented (Figure 2.3-1d) into a Ag-film on an indium-tin-oxide (ITO) coated
fused-silica substrate. The groove structure was defined using a sequential combination of
electron-beam lithography and lift-off of an initial Ag-film (100-nm-thick), followed by further
evaporation of another Ag-film (150-nm-thick). Focused-ion-beam (FIB) milling was then used
to define a 100-nm-wide, 10-um-long through slit (see Section 2.5, Methods for fabrication
details). A reference device consisting of an isolated 100-nm-wide through slit on the same Ag-
film was also fabricated by FIB milling. The spectral transmission characteristics of the device
were measured by illuminating it with a TM-polarized supercontinuum white light laser at three
angles of incidence (0°, 10° and 20°) with respect to the surface normal, with H-field parallel to
the slit-length. The light transmitted through the device was collected using a 100x microscope
objective (numerical aperture, NA = 0.75) and directed to a grating spectrometer coupled to a
charge-coupled device (CCD) camera. The experimentally measured relative transmission
spectra at each angle of incidence (normalized to that of the isolated reference slit) are shown in
Figure 2.3-1e. A close match to the model predictions was obtained, namely: distinct red, green
and blue spectral peaks, respectively, at each of the illumination angles; peak positions of 690
nm, 545 nm and 480 nm, closely matching both target and analytic model-computed values; and
low-crosstalk evidenced by low-transmittance out-of-band spectral features that match the
analytic predictions. Non-optimized, full-width-at-half-maximum (A4, ,,) linewidth values for
each of the peaks are 60 nm (6 = 0°), 60 nm (6 = 10°) and 38 nm (8 = 20°), respectively,
which are systematically smaller by a factor of approximately two to four compared to those
reported in the literature for plasmonic transmission devices incorporating periodic arrays of

grooves [62-64].

31



2.4 Plasmonic Color Pixel Analysis

The optical contrast I of the aperiodic slit-groove device summarized in Figure 2.3-1 for the

three spectral peaks with FWHM linewidths (A4, ,,) is calculated as:

ION - IOFF

Ic (2.4.1)

" Ton + logr
where oy represents the spectral amplitude at the targeted wavelength of interest at
corresponding incident angle (for e.g., 690 nm at 0°) and Iogr is the residual spectral amplitude
at that same wavelength (690 nm) for other incident angles (10° and 20°). The device exhibits an

optical contrast of up to 93 % and linewidths as narrow as 60 nm (Table 2.4-1).

Ali/2, FWHM | I (690 nm, 0°) 1%55’45 nm, QCO(S;LSO nm,
690nm, 0° |60 (120)nm | N/A 60 (87) % 93 (70) %
(545 nm, 10°) | 60 (85) nm 80 (93) % N/A 84 (95) %
(480 nm, 20°) | 38 (55) nm 74 (72) % 83 (88) % N/A

Table 2.4-1 | Linewidth and optical contrast of the aperiodic color filter. Experimentally
measured spectral peak characteristics (linewidth A4,,, and optical contrast I¢) for the aperiodic color

filter device at & = 0°, 10° and 20° corresponding to spectral peaks at A = 690 nm, 545 nm and 480 nm.
The values predicted by FDTD-calculations are shown in parenthesis for reference.

The angle-resolved spectral color filtering property of the aperiodic plasmonic device has
potential for applications as RGB color pixels. In recent years, several periodic plasmonic color-
pixel designs that include array of apertures, slits or slit-grooves have been proposed for high-
quality CMOS digital image sensor applications [65-68]. Here, we quantitatively measure the
spectral crosstalk, or bleed, which is a measure of the performance of a color-filter, for the

aperiodic angle-resolved color-filters fabricated in this study (Figure 2.3-1). Spectral crosstalk is
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a quantitative measurement of the overlap between various spectra in a device with a multi-band

spectral response, and is defined as [68, 69]

C./C = { fA Air(ej,/lj) a2/ fA @) d/l}

(2.4.2)

i#j

where A4; is the integration range extending over the linewidth AA,,, for a relative spectral
transmission I'(6, A1) peak at 4;. Each integrated spectral range is represented by C;/C; with i and

j =1, 2 or 3 for the three-peaks, respectively and i # j. The ideal spectral crosstalk for a color-
pixel, given by equation (2.4.2), is 0 % — indicating that there is no spectral overlap between
neighboring spectral peaks. The aperiodic plasmonic device studied here is able to achieve
spectral crosstalk values that are comparable to conventional color filters (Table 2.4-2). Note
here that the performance specifications of the experimentally implemented aperiodic color-filter
structures including spectral linewidth, optical contrast and spectral crosstalk, are all comparable
to state-of-the-art plasmonic counterparts that rely on periodic nanostructures [70-72]. Modern
color pixel displays require three separate structures to display each of the RGB color output, but
the optimization algorithm incorporating equation (2.2.3) allows us to achieve angle resolved

RGB-color response from a single-pixel device on a micron-scale device footprint.

Red (690 nm)

Green (545 nm)

Blue (480 nm)

Red (690 nm) N/A 10 (5) 15 (6)
Green (545 nm) 15 (9) N/A 14 (32)
Blue (480 nm) 29 (0) 16 (17) N/A

Table 2.4-2 | Spectral crosstalk exhibited by the aperiodic color filter. Experimentally
measured spectral crosstalk exhibited by the aperiodic color filter along with the crosstalk values for
conventional filters shown in parentheses [66].
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Moreover, mapping the angle of incident radiation to a given color using optimized
aperiodic groove positions can be readily extended to more than three input angles (e. g., five as

shown in Figure 2.4-1).
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Figure 2.4-1 | Multispectral Plasmonic Response. An aperiodic device designed on Au to exhibit
five angle-dependent spectral peaks spanning the visible-near infrared spectral range. The simultaneous
multi-band spectral response from a micron-scale single-pixel size device suggests application for spectral
color-sorters in areas such as multiplexed sensing or hyperspectral imaging.

Note that the absolute transmission efficiency of the aperiodic device at the spectral peak
locations is on the order of 1.5 % to 3 % across the visible frequency range for illumination with
a TM polarized light. For reference, the FDTD-simulated absolute transmission efficiency of an
isolated single-slit as a function of Ag-film thickness h and slit-width W, for a normally incident

TM polarized light at three wavelengths (690 nm, 550 nm, and 460 nm) is shown in Figure 2.4-2.
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Figure 2.4-2 | Absolute power transmission efficiency of a single-slit. a, FDTD calculated power
transmission efficiency n of a single-slit of width W = 100 nm fabricated on a Ag substrate of thickness h
= 250 nm. Power transmission efficiency here is defined as n = P,,:/P;, Where P, is the power of a
normally incident TM-polarized wave on the slit and P, is the power transmitted by the slit into the far-
field. b, Variation in n as a function of W for h = 250 nm at three incident wavelengths (1, = 690 nm,
550 nm and 460 nm). As expected, n increases with increasing slit-width W. c, Variation in n as a
function of h for W = 100 nm at 4, = 690 nm, 550 nm and 460 nm where the oscillatory modulation in
transmission vs. h is due to Fabry-Perot interference of the guided-mode propagating within the slit.

2.5 METHODS

2.5a Nanofabrication

The complete summary of the aperiodic device implementation procedure including modeling
and optimization, nanofabrication and experimental characterization is outlined in Figure 2.5-1.
The aperiodic color-filter structures are fabricated on 20-nm-thick indium-tin-oxide (ITO) coated

fused silica substrates. Electron-beam lithography at 100 keV was used to expose the inverse
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groove pattern on the 100-nm-thick poly-methyl methacrylate (PMMA\) resist spun-coated on the
substrates. After the exposure, PMMA was developed for 60 s in methyl isobutyl ketone (MIBK)
followed by a 30 s rinse in isopropyl alcohol (IPA). Electron-beam evaporation was used to
deposit a 5-nm-thick Cr adhesion layer, followed by a 100-nm-thick Ag-film. A twelve-hour
soak in acetone was used for lift-off leaving rectangular islands of Ag at the location of the
exposed areas. A second Ag deposition of thickness 150 nm was performed using electron-beam
evaporation in order to elevate the groove pattern by an optically thick layer above the plane of
the substrate. Finally, focused-ion-beam milling was used to create a 100-nm-wide, 10-pum-long
central through slits (or 150-nm-diameter circular through apertures). The fabrication steps are

schematically outlined in Figure 2.5-2.
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Figure 2.5-1 | Design and implementation process summary. The complete process-flow for the
design and optimization, nanofabrication and experimental characterization of an aperiodic plasmonic
device with target performance specifications. The optimization process uses the transmission model
described in Section 2.2 along with design and target constraints to optimize for the final aperiodic
groove-design. The nanofabrication procedure (outlined in Figure 2.5-1) is used to fabricate the device,
and experimental characterization using a supercontinuum white-light laser as the illumination source and
a spectrometer coupled to a cooled Si-CCD, is used to measure the relative spectral transmission
intensity. Finally, model calculated relative transmission spectra for the optimized device design are
compared with the target specification and experimentally measured spectra.
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Figure 2.5-2 | Nanofabrication process steps. E-beam resist (PMMA) was spin-coated on a pre-
cleaned 20 nm thick ITO-coated fused silica substrate. E-beam lithography (at 100 keV) was used to
expose the inverse groove pattern on the resist, and the exposed resist was subsequently developed for 60
s in MIBK followed by 30 s rinse in IPA. Using E-beam evaporation, a 5 nm thick Cr adhesion layer,
followed by 100 nm thick Ag was deposited. Following deposition, lift-off was carried out by soaking the
sample in Acetone for twelve-hours. The lift-off procedure leaves Ag islands at the location of the
exposed regions. A second Ag deposition of thickness 150 nm was performed using electron-beam
evaporation in order to elevate the groove pattern by an optically thick layer above the plane of the
substrate. Finally, focused-ion-beam milling was used to create a 100 nm-wide, 10 pum-long central
through slits (or 150 nm-diameter circular through apertures). The scale bar in the SEM image represents
2 pm.
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2.5b Measurements

For experimental characterization, the samples were illuminated using a TM polarized
supercontinuum white light laser (emission wavelength range: 400 nm to 2000 nm) at various
angles of incidence, and sample orientation. The angle of incidence at the sample was controlled
using a motorized rotation-tilt-mirror mounted on a linear translation stage. For spectral
measurements, the light transmitted through the devices was collected using 100X microscope
objective (NA = 0.75) and directed to a grating spectrometer connected to a cooled Si-CCD
camera. In each case, the transmitted intensity from the linear slit-groove device was normalized
to that of an isolated reference slit. For spectral splitting experiments, accurate referencing of the
focal plane of the optical microscope relative to the exit surface of the device was achieved by
imaging the exit surface (Az = 0 um) of the device. The color and intensity distribution of the
transmitted light in a far-field plane located at a distance Az = 17.5 um from the device exit
surface was imaged using an inverted optical microscope (100, NA = 0.75 microscope
objective) and a color-CCD camera. The x-position of the transmitted light field relative to the
center of the slit was calibrated by imaging the exit surface of a reference single-slit illuminated
under identical conditions. By directly measuring the distance of the local intensity maximum of
the red, green and blue streaks relative to the center of the slit, Ax, the diffraction angles, 8 =

tan~1(Ax/Az) for the red, blue and green light were determined.
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Chapter 3. Applications of Aperiodic Plasmonic Directional

Color Filters
3.1 Introduction

In this chapter, applications and limitations of the aperiodic plasmonic directional color filters
are explored. The first section (3.2) demonstrates the reciprocity of the aperiodic devices, hinting
at applications in solar harvesting. The next section (3.3) applies the design model developed in
the previous chapter to truly 3D directional light sensors. Section 3.4 experimentally
demonstrates the environmental sensing capabilities of aperiodic plasmonic sensors. Finally, the

device limitations and potential for performance improvements are discussed in Section 3.5.
3.2 Anti-symmetric Spatial Spectrum Splitting

Spectrum splitting using diffractive optics has been utilized in recent years to enhance the
photovoltaic output power in solar cells [73] as well as for hyperspectral imaging applications
[31, 62, 74]. Periodic plasmonic antennas have also been utilized to achieve symmetric,
angularly-continuous, directional spectral sorting of white-light [63] or emission from quantum
dots and fluorophores [75, 76]. The angle-resolved color sorter described above, on the other
hand, can be exploited to achieve anti-symmetric spatial spectrum-splitting, in other words,
spectrally resolving transmitted light into different angles all belonging to a single angular half-
space with respect to the normal. This functionality results upon illumination of the un-patterned
side of the structure with white-light, i.e. “reverse illumination”, leading to emergence of a
discrete set of color-sorted beams from the patterned side, each traveling along a different, pre-
defined angle to one side of the normal only (Figure 3.2-1, top panel). For experimental

characterization of this effect, the fabricated device was illuminated at normal incidence on its

39



groove-free side using a TM-polarized supercontinuum white light laser with H-field parallel to
the slit-length (oriented along the y-direction at x = 0, Figure 3.2-1). The color and intensity
distribution of the transmitted light in a far-field plane located at a distance Az = 17.5 um from
the device exit surface was imaged using an inverted optical microscope (100x, NA = 0.75
microscope objective) and a color-CCD camera (where the x-position of the transmitted light
field relative to the center of the slit is calibrated by imaging the exit surface of a reference
single-slit illuminated under identical conditions). By directly measuring the distance of the local
intensity maximum of the red, green and blue streaks relative to the center of the slit, Ax, the
diffraction angles for the red, blue and green light are determined to be 0° + 0.49°, 9.72° + 0.47°,
and 18.92° + 0.44° respectively. The uncertainty in measurement of angles is one standard
deviation, and calculated from the uncertainty in measuring the distances of the red, green and
blue streaks relative to the normal to the slit due to the finite pixel-spacing of the CCD camera.
The measured angles are close to the angles specified for angle-selective color-filter operation
under “forward illumination” (0°, 10°and 20° respectively), verifying the time-reversal
symmetric behavior expected for any linear device. Note that the same spectrally resolved
angular output response can be achieved for any angle of “reverse illumination” on the un-
patterned side, the slit acting as a spatial filter. This approach to map the wavelength of incident
radiation to a given angle can also be readily extended to more than three input wavelengths (e.g.
five, by applying reciprocity to the result of Figure 2.4-1) allowing hyperspectral imaging where
a spectral image cube can be directly acquired in a single exposure using a two-dimensional
array of such devices coupled to an imaging chip. In contrast to other spectral imaging
techniques, the color-sorting approach presented here does not rely on filters or scanning

interferometers that require long acquisition times for spectral-cube measurements. The multi-
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color functionality achieved here with a single-device stands in contrast to the mono-color
functionality, characteristic of periodic plasmonic structures that require physically separate

structures to achieve a full set of discrete color responses [32, 33, 62, 70, 76].

Figure 3.2-1 | Spectrum-splitting using the aperiodic slit-groove device. top panel, Schematic
illustration of the device transmission under “reverse illumination” from the non-patterned side. Owing to
reciprocity, the device when illuminated with TM polarized white light laser source from the non-
patterned side is able to spatially separate the three-colors along well-defined discrete angles on the same
side of the surface normal. bottom panel, Wide-field projected image of the transmitted light, collected at
a distance Az = 17.5 um from the exit-surface of the device, using an inverted optical microscope (100,
NA = 0.75 microscope objective) connected to a color-CCD camera. Scale bar along the x-axis in the
CCD image represents 6.5 um. The diffraction angle 8 = tan~1(Ax/Az) for the three colors is
determined by directly measuring the distance of the local intensity maximum of the red, green and blue
streaks relative to the center of the slit, Ax. The experimentally measured diffraction angles for the red,
green and blue colors (0° + 0.49°, 9.72° + 0.47° and 18.92° + 0.44°, respectively) match closely the
angles specified for angle-selective color-filter operation under “forward illumination” (0°, 10° and 20°,
respectively).
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3.3 Bullseye Directional Light Filter

Angle-selective color filtering can also be realized by replacing an input surface decorated with
an aperiodic collection of linear grooves surrounding a linear subwavelength-width slit, with one
decorated with an aperiodic collection of circular concentric grooves surrounding a circular
subwavelength-diameter aperture, forming an aperiodic bullseye pattern (Figure 3.3-1a). Such a
structure offers an additional rotational degree of freedom in obtaining different output spectra
under white-light illumination for a given collection of input angles for a fixed plane of
incidence and fixed TM polarization with respect to the surface (H-field vector in the plane of
the bullseye). This is achieved by dividing up the bullseye into a discrete number of angular
sectors (Figure 3.3-1a, showing two such sectors), each having a distinct aperiodic groove
arrangement. Each angular sector can then be individually addressed for a unique target color
response as a function of polar angle, 8, with respect to the principle axis of the aperture, by
rotating the bullseye about that axis to an azimuthal angle, ¢, such that the direction of the H-
field vector is azimuthally centered within that sector. To implement such a ¢ addressable,
azimuthal angle-selective color-filter, a bullseye with two different functional sectors was
designed using the optimization algorithm incorporating the one-dimensional interference model
of equation (2.2.3), treating the curved grooves in a manner equivalent to the linear grooves. The
device targets three specific illumination angles for color sorting into two staggered sets of
output wavelengths in the visible (listed in Table 3.3-1) for ¢ = 0°and 90°, respectively. The
model-calculated transmission spectra relative to that of an isolated circular aperture, I', for a
bullseye structure consisting of two distinct aperiodic angular sectors, arranged orthogonally at
¢ = 0°and 90°, and probed at three different polar angles of incidence (6 = 0°, 10°and 20°)

show a distinct spectral peak, one for each of the six unique illumination conditions (Figures 3.3-
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1b and 3.3-1c, solid lines), closely matching the target values (Table 3.3-1). The corresponding
relative transmission spectra numerically-simulated using the FDTD technique (Figures 3.3-1b
and 3.3-1c, dashed lines), where Ag-film thickness h = 250 nm and aperture-diameter d, = 100

nm are assumed, show remarkable agreement with the model generated spectra.

6=0° 6= 10° 0= 20°
Target 700 nm
$=0°
Model 695 nm
Measured 702 nm
Target 640 nm 555 nm 460 nm
=90°
¢ Model 620 nm 520 nm 454 nm
Measured 628 nm 532 nm 484 nm

Table 3.3-1 | Designed, modeled and experimentally measured spectral peak positions.
Targeted spectral-peak positions for the aperiodic bullseye structure (Figure 3.3-1d) under various
illumination conditions, compared to the peak-positions from the interference-model for the optimized
structure, and to those measured experimentally from the fabricated device.

The aperiodic-bullseye was experimentally implemented (Figure 3.3-1d) on an ITO coated
fused-silica substrate using the same fabrication sequence as the linear slit-groove device (Figure
2.5-1). A reference device consisting of an isolated aperture of identical dimensions through the
same Ag-film was also fabricated by FIB milling. The spectral transmission characteristics of the
device, at its two azimuth orientations (¢ = 0° and 90°), was measured by illuminating it with a
TM-polarized supercontinuum white light laser (H-field vector in the plane of the bullseye) at
three angles of incidence (6 =0° 10°and 20°) for a fixed plane of incidence. The
experimentally measured relative transmission spectra at each angle of incidence (normalized to

that of the isolated reference aperture) are shown in Figures 3.3-1e and 3.3-1f.
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Figure 3.3-1 | Aperiodic bullseye directional light-filter. a, Schematic illustration of the light-
transmission through an aperiodic bullseye structure consisting of two distinct radially integrated linear
aperiodic slit-groove structures. b and c, Relative transmission (I') spectra calculated using the
interference model of equation (2.2.3) (solid lines) and FDTD simulations (dashed lines) for 6 = 0°, 10°
and 20° at both ¢ = 0° (b) and 90° (c). The calculated and simulated spectra agree with each other and
demonstrate the incident angle (8) and sample orientation (¢p) dependent multi-spectral response of the
device. d, Top-down scanning-electron-microscope image of the bullseye device fabricated following the
same procedure as the linear structure. The central circular aperture diameter in the bullseye structure is
150 nm and the scale bar represents 4 um. The sample orientation (¢) relative to the axis of the bullseye
is defined in the inset. e and f, Experimentally measured I" spectra corresponding to simulated spectrain b
and c, respectively.
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A close match to the model predictions is obtained: namely, six distinct spectral peaks at each of
the illumination conditions, and peak positions closely matching both target and analytic model-
computed values (Table 3.3-1). The multi-spectral response of the aperiodic bullseye structure
wherein a particular spectrum is directly related to a specific directionality of the incident beam
(©) and rotational orientation of the device (¢) suggests applications as a directional light sensor

in three-dimensions.

3.4 Refractive Index Sensing

3.4a Narrow linewidth Refractive Index Sensing

The aperiodic color filters designed in this study are limited to five grooves each on both sides of
the central slit within a lateral device footprint of approximately 10 um, and the structural
parameters of each groove was optimized to achieve angular color selectivity at multiple angles
of incidence simultaneously. However, for alternate applications such as refractive-index
sensing, it is straightforward to redefine the angular and spectral target constraints input to the
optimization algorithm to instead perform linewidth optimization (at the cost of angular
selectivity) for a single angle of incidence within the same device-footprint. Spectral linewidth is
inversely related to the figure-of-merit (FOM), which is a metric used to compare the
performance of refractive index optical sensors, and is defined as: FOM = Sy, /A4, ,, where
Sy, = AM/An is the bulk index-sensitivity of the device, AA is the spectral peak shift for a change
An of the refractive index of the surrounding media, and A4, /, is the full-width at half-maximum
(FWHM) linewidth of the spectral peak [78]. Here, we experimentally implement an aperiodic
linear slit-groove Ag structure for which white-light illumination of the groove-decorated side at

normal incidence yields narrow linewidth transmission at a center wavelength of 540 nm. The
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optimization algorithm vyields an aperiodic device configuration for which the modeled
transmission spectrum under illumination at 8 = 0° exhibits a distinct peak at a center-
wavelength of 540 nm characterized by narrow linewidth AA,,, = 14.1 nm (Figure 3.4-1a,
dashed line). The corresponding relative transmission spectra numerically-simulated using the
FDTD technique (Figure 3.4-1, solid line), where Ag-film thickness h = 250 nm and slit-width
W = 100 nm are assumed, show remarkable agreement with the model generated spectra. The
aperiodic sensing device was experimentally implemented (Figure 3.4-1b) on an ITO coated

fused-silica substrate using the same fabrication sequence as the other aperiodic devices (Figure

2.5-1).
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Figure 3.4-1 | Linewidth optimization and refractive index sensing. a, Spectral response,
calculated using the interference model of equation (2.2.3) (dashed lines) and full-field FDTD simulations
(solid lines), of a linewidth optimized aperiodic slit-groove device using Ag as the substrate upon
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illumination with a TM polarized light at 8 = 0°. The relative transmission (I') exhibits a peak at 540 nm
with a linewidth of 14.1 nm corresponding to a resonance quality factor of = 38. b, Top-down SEM image
of the optimized device fabricated using the procedure outlined in Figure 2.5-1 along with the model
predicted surface cross-section profile of the optimized device at a Ag-air interface. Scale bar represents 2
um. ¢, Experimentally measured spectral response as a function of increasing Al.Os layer thickness,
varying from 0 nm to 9 nm, for the device in b. Inset shows the surface cross-section profile of the
optimized device with top Al,Os layer. the patterned Ag-air interface was conformally coated with an
ultra-thin layer of Al>Os of thickness ranging from 1 nm to 9 nm using atomic layer deposition. Scale bar
represents 2 um. d, Peak spectral shift (AA) vs. refractive index change (An) for the data in c, resulting in
a bulk sensitivity S, = 330 nm/RIU and a figure of merit FOM = 22.3. The FOM value achieved here is
comparable to that of the state-of-the-art surface plasmon resonance sensors [80].

To evaluate the performance of a refractive-index sensor based on the aperiodic slit-groove
array, we expose the Ag-air interface to a superficial perturbation in index of refraction under the
form of ultra-thin Al>O3 layers of index n = 1.77 of thickness ranging from 1 nm to 9 nm (Figure
3.4-1c), conformally deposited using atomic layer deposition. Nanometer-scale spectral shifts of
the spectral peak to longer wavelengths, as a function of increasing layer thickness (Figures 3.4-
1c and 3.4-1d), are easily resolvable due to the narrow resonance linewidth characteristic of the
device. The experiments yield a refractive index wavelength sensitivity S, = AA/An = 330
nm-RIU?, along with an FOM = S, /A7, 2 = 22.3 that is comparable to that of the state-of-the-
art, commercial SPR sensor based on Kretschmann configuration excitation [79] as well as
plasmonic interferometric sensors [80]. The effective refractive index change (An) is determined
using an effective medium approximation of dielectric bi-layer coating the metal surface into a
single dielectric medium of refractive index ngg. This is described in the next section. Finally,
the applicability of multi-band spectral transmission of the aperiodic devices for multiplexed
plasmon sensing applications is demonstrated for five spectral peaks spanning the visible

frequency range in Section 3.4c.
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3.4b | Effective Refractive Index Calculation of a Bi-layer Dielectric Medium

In order to accurately determine the figure-of-merit (FOM) of the aperiodic plasmonic sensor
(studied in Figure 3.4-1), an accurate determination of the effective change in refractive-index
(An), when the metal (Ag, medium 1) surface is coated with nanometer-scale thick dielectric
(Al203, medium 2) layer, is required. This is achieved by converting the bi-layer Al,Oz/vacuum
dielectric over-coating (medium 2 and 3 in Figure 3.4-2a) into an effective bulk dielectric of

refractive index neg (Figure 3.4-2b).
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Figure 3.4-2 | Effective medium approximation of dielectric bi-layer into a single effective
dielectric medium. a, A 3-layer system. Medium 1 (described by complex dielectric permittivity &, and
free-space permeability 1) and medium 3 (&3, 1) are assumed to be of semi-infinite thickness on either
side of medium 2 (e, up) of thickness d. All three mediums are assumed to be non-magnetic, linear,
isotropic, and homogeneous. b, Mediums 2 and 3 together are approximated to be semi-infinite effective

medium of complex dielectric permittivity e.¢ and free-space permeability p,.

The conversion requires the calculation of the lowest order bound modes in Figure 3.4-2a.
Assuming TM polarization, Ampere’s law VxH = —iweoejﬁ gives the full field expressions for

each medium j (j =1, 2, 3). This is expressed in equations 3.4.1 to 3.4.3 using Cartesian unit
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vectors d,, d,, and a, where w is the angular frequency, ¢; is the medium dielectric constant,

and g, the permittivity of free-space. The field amplitudes for each region are given by H;

(region 1), H, 1, H, , (region 2), and H; (region 3). The wave-numbers for each region are given

by k; = \/e_jko where ko = w/cy and ¢, is the speed of light in free-space. Each k; obeys the

H 2 _ 1,2 2
relation kj* = ki, + k; .

(z<0)
ﬁl — a\yHle_ikl'Zzeikl‘xx
= —Hy (A ~ i -
E = — ; (Gyky, + sk, ) e HraZetkiax
0c1
(0<z<d)
HZ — ay(Hz’leikz‘ZZ + HZ'Ze_ikz'ZZ)eikZ’xx
E') — 1 [" k (_H ikZZZ+H —iICZZZ) ik2xx_
2 = Wy AxK3 7 2,16 2,2€ AT )e e
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The boundary conditions for this system are given by:

Hy(z=07)=H,(z=0%)
Hy,(z=d)=H,(z=d")
E,(z=07) = Ey(z = 0%)
Ex(z=d") = Ex(z=d")

(3.4.1a)

(3.4.1b)

(3.4.2a)

(3.4.2b)

(3.4.3a)

(3.4.3b)

(3.4.4)

Applying these boundary conditions to equations (3.4.1 — 3.4.3) gives ky, = ky, = k3, = ky

and:

Hy = H,, + Hy,
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Eliminating the four H-field amplitudes from equations (3.4.5a-d) gives the dispersion relation

(or guidance condition):

(k3,z ) kz,z)(kl,z ) kz,z)

eizkzyzd — 28 & &1 &
(k3,z kz,z)(kl,z kz,z)

€3 €2 &1 €2

(3.4.6)

A similar dispersion relation is obtained in [14], however, in equation (3.4.6) no initial
assumptions about k, in the three-regions is made.

Using equation (3.4.6) along with the relation kZ + k7, = &;k§ for j = 1,2,3, Table 3.4-1
shows the solutions of equation (3.4.6) for various medium 2 thicknesses d, ranging from d = 0
nm to d — oo. For the aperiodic sensing device (in Figure 3.4-1): medium 1 is Ag, medium 2 is
Al;03, and medium 3 is free-space. At the sensor operating wavelength of 540 nm, this
corresponds to e; = —10.5760 + 0.8383i, &, = 3.1364, and &5 = 1, using published values of
dielectric constant for Ag [81]. For d = 0 nm, medium 2 makes no contribution and the values
of ky , and k3 , that satisfy equation (3.4.6) are complex and represent a bound-mode (Table 3.4-

1). The calculated value for k, (Table 3.4-1) also agrees with the theoretical prediction for a

bound SPP-mode in a two-layer metallo-dielectric system, k, /k, = \/3153/(51 + &3) = 1.0505
[82]. In the limit d — oo, medium 3 makes no contribution, and the values of k, , that satisfies

equation (3.4.6) is large and imaginary. The calculated mode for k, (Table 3.4-1) in this case

also agrees with the theoretical prediction k,/k, =\/elez/(el+ez) = 2.1079 [82]. For

intermediate values of d, an effective medium dielectric constant can be calculated by setting
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ky/ko = €186/ (€1 + o). Recognizing that the refractive index of a non-magnetic, isotropic

medium is given by n; = | [¢; gives ky/ko = nineg/ |nf + nég, and so:

Fex
Nefr = ) (3.4.7)

n%—(kx/ko)z
The refractive index values for Al,Oz and free-space at 540 nm are n, = 1.7701 and n; =1,
respectively. Using equation (3.4.7), Table 3.4-1 shows excellent agreement with the expected
values for n.g in the limiting cases of d = 0 nm and d — oo. Using the experimental values for
the wavelength shift and linewidths (from Figure 3.4-1c) and the data in Table 3.4-1, the bulk

sensitivity and FOM can be directly calculated.

d (nm) kl,z/ko k2,z/k0 k3,z/k0 kx/ko Real{neff}
0 0.1226+3.4198i 1.4257 0.3223i 1.0506 1.0000
1 0.1225+3.4209i 1.4230 0.3338i 1.0542 1.0031
2 0.1225+3.4221i 1.4202 0.3456i 1.0580 1.0066
3 0.1224+3.4233i 1.4172 0.3577i 1.0620 1.0099
4 0.1224+3.4246i 1.4140 0.3700i 1.0662 1.0135
5 0.1223+3.4260i 1.4107 0.3825i 1.0706 1.0172
6 0.1223+3.4274i 1.4071 0.3954i 1.0753 1.0213
7 0.1222+3.4290i 1.4034 0.4086i 1.0802 1.0255
8 0.1222+3.4306i 1.3994 0.4219i 1.0853 1.0298
9 0.1221+3.4323i 1.3952 0.4356i 1.0907 1.0344
60 0.1131+43.7047i 0.0101 1.4616i 1.7709 1.5562
70 0.1118+3.7483i 0.5700i 1.5688i 1.8604 1.6159

d— oo 0.1081+3.8777i 1.1457i 1.8571i 2.1092 1.7709

Table 3.4-1 | Effective refractive index of a bilayer dielectric medium surrounding a metal
film. Effective index n.g vs. dielectric layer thickness d (medium 2) for the three-layer system shown in

Figure 3.4-2a assuming medium 1 to be silver Ag, medium 2 to be Al,Os, and medium 3 to be free-space.
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3.4c | Multiplexed Sensing

In addition to demonstrating the versatility of the optimization algorithm, incorporating the
interference model, to perform linewidth optimization necessary for sensing applications at any
arbitrary wavelength and angle of incidence (Figure 3.4-1), we summarize here the sensing
capabilities of the multi-spectral response of an aperiodic device designed on Au-film for
operation spanning the visible wavelengths. Simultaneous illumination of the sample at multiple
angles of incidence would result in multiple discrete pre-defined spectral peaks in transmission
thereby allowing for multiplexed sensing capabilities, which can result in higher-sensitivity than
is possible from devices that exhibits only one spectral peak [83]. The aperiodic Au device was
designed to fit within the same lateral foot-print as the Ag aperiodic slit-groove device (< 10
pm), and is theoretically implemented here to exhibit spectral peaks at 790 nm, 725 nm, 665 nm,
630 nm, and 560 nm for incident angles 0°, 5°, 10°, 15° and 20°, respectively, (Figure 2.4-1). As
the refractive index of the medium surrounding the patterned side of the device is varied from
1.00 to 1.02, each of the five-spectral peaks were found to red-shift with comparable index-
sensitivities. Representative spectral-shifts as a function of change in refractive index for two
spectral peaks corresponding to angles of incidence of 8 = 5° and 15° are shown in Figure 3.4-
3a, and the device sensitivity response is plotted in Figure 3.4-3b. For the Au multi-band device
operating at & = 0°, the bulk sensitivity is calculated to be Sp = 532 nm/RIU. Combining this

with the resonance linewidth of A4, ,, = 24 nm at A; = 615 nm gives a figure-of-merit, FOM =

22. For other angles of incidence, the FOM values are 35, 42, 25, and 25 at 6 = 5°, 10°, 15° and
20°, respectively. These FOM values for the multiband structure over multiple angles of

incidence are comparable to the typical values for plasmonic sensors [78,79,83-85].

52



| — n=1.000 @ 0=0
6 A ! 800
E 7s0p 970
5 = a A
S % 700 ; E: %9 . 4,,,/¢7——07——4
= E M
> 650
0 1 . . 550k . . . . .
500 600 700 800 1.00 1.01 1.02 1.03 1.04 1.05
Wavelength (nm) Refractive Index

Figure 3.4-3 | Multiplexed plasmonic sensing. a, Representative shift in spectral response of the
five-peak Au device (shown in Figure 2.4-1) as a function of change in refractive index of the
surrounding media when illuminated at multiple angles of incidence (6 = 5° and 15°). The spectra in a are
offset vertically for clarity. b, Summary of the shift in spectral peak as a function of change in refractive
index for the Au slit-groove array devices at the five pre-defined angles of incidence. The slope of each
curve corresponds to the index-sensitivity of the device which in conjunction with linewidth is used to
calculate the FOM.

3.5 | Discussion

The performance (in terms of spectral or spatial crosstalk, and sensing FOM) of the aperiodic
devices studied here is primarily limited by the losses in the deposited evaporated Ag-film,
wherein the 1/e SPP decay length (Lspp) placed an upper-limit on the lateral footprint of the
device to L < 10 um. The experimentally measured value of Lgpp for the evaporated Ag-films
used in the experiments, at a free-space wavelength of 690 nm, is determined to be Lgpp =

7 um.

The SPP propagation decay length Lgpp is experimentally measured (using the method

described in ref. [86]) to be =~ 7 um at Ao = 690 nm on an evaporated Ag-air interface (Figure 3.5-
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1, blue squares). For an equivalent Ag-air interface fabricated using the template-stripping
approach, the SPP propagation decay length Lgpp is experimentally measured to be = 30 um at Ao
= 690 nm on an evaporated Ag-air interface (Figure 3.5-1, purple spheres), a value that closely
matches the theoretical SPP decay length calculated using the bulk effective permittivity of
template-stripped Ag measured by a spectroscopic ellipsometer (Figure 3.5-1, dashed black line).
Note that oxidation of Ag can also have a detrimental issue on device performance when
operated under ambient conditions for long periods of time. We have not observed any
degradation of Ag films used in our experiments as they were only exposed to air for the
duration of the experiments (few minutes to an hour) and stored in a dry environment. A few-nm
thick atomic-layer-deposited protective overcoat of low-loss oxide (Al.O3) or use of doped-Ag
films has been shown to dramatically improve the stability of Ag films without any compromise

on the optical performance [87, 88].
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Figure 3.5-1 | Propagation decay length of SPPs propagating on a Ag-air interface.

Experimentally measured 1/e decay length Lgpp 0f SPPs for free-space wavelengths ranging from 500 nm
to 800 nm on an evaporated Ag-air interface (blue squares) and a template-stripped Ag-air interface
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(purple spheres). The theoretical SPP decay length calculated using the bulk effective permittivity of
template-stripped Ag (dashed black line).

This limit on lateral device footprint was also determined from the dependence of spectral
response of the aperiodic color filter on the number of grooves wherein the spectral response
saturated with increasing number of grooves (reaching saturation at N = M = 5, Figure 3.5-2).
However, based on recent progress in using the template-stripping approach to create ultra-
smooth Ag films with typical values of Lgpp ranging from 30 pum to 80 um [89, 90], utilizing
template-stripped Ag-films would be one very straightforward approach to enhance the
performance of these devices. The template-stripping approach also directly lends itself towards
fabricating the inverse groove structures onto reusable Si templates where groove-depth along
with its width and location can be used as a free-parameter to further improve the flexibility in
device design. Regarding the interference model, incorporating higher-order SPP-SPP and SPP-
incident light interactions would allow for a more accurate prediction of the resonance lineshape
and spectral peaks that closely match those predicted by numerical solvers or measured
experimentally. Finally, as illustrated in Figure 3.5-3, the aperiodic color filter functions

correctly only at the optimized angles.
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Figure 3.5-2 | Number of Grooves Dependence. Optimized relative spectral transmission (T')
through an aperiodic plasmonic device as a function of increasing number of grooves on both sides of the
slit(N,M =1,1)to (N,M =5,5) for the three angles of incidence 8 = 0°, 10° and 20°.
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Figure 3.5-3 | Relative transmission at off-angle incidence. Relative spectral transmission (I)
through the aperiodic plasmonic device (Figure 2.3-1) at non-optimized angles of incidence of 8 = —10°
and —20° (dotted lines) along with the spectral transmission at optimized angles of 8 = 0°, 10° and 20°
(solid lines).
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3.6 Conclusion

In conclusion, we have developed a robust interference-based first-order analytical model to
calculate the transmission properties of plasmonic devices with aperiodic topologies.
Incorporating the model into a structural optimization algorithm enables straightforward design
of ultra-compact directional light-filters and color-sorters exhibiting angle- or spectral-tunable
optical responses with both high contrast and low spectral or spatial crosstalk, hinting at
promising applications in solar-energy harvesting, optical signal multiplexing and high-figure-of-
merit refractive index sensing. By substituting, as the core of the optimization process, an
analytical physical model for brute-force numerical simulation, we demonstrate a simple and
efficient route towards leveraging aperiodic topologies to achieve devices with flexible and
multi-spectral optical functions that are fundamentally not achievable using periodic

architectures.
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Part I1: Microscopic Origin of the Chiroptical Response of

Plasmonic Media

The potential for enhancing the optical activity of natural chiral media using engineered
nanophotonic components has been central in the quest towards developing next-generation
circular-dichroism spectroscopic techniques. Through confinement and manipulation of optical
fields at the nanoscale, ultrathin flat optical elements composed of an array of metallic or
dielectric nanostructures have enabled a path towards achieving orders of magnitude
enhancements in the chiroptical response. Here, we develop a theoretical framework based on
coupled electron-oscillators to describe the underlying physics governing the origin of
chiroptical response in an optical media. The model identifies optical activity to fundamentally
originate from electromagnetic coupling to the hybridized eigen-states of a coupled electron-
oscillator system, whereas differential near-field absorption of opposite handedness light,
though resulting in a far-field chiroptical response, is shown to have incorrectly been identified
as optical activity. The model highlights the common microscopic origin of three distinct
chiroptical phenomena, and unifies them under a single theoretical framework. We further
validate the model predictions using experimental measurements, and show it to also be
consistent with observations in the literature. The work provides a generalized theoretical

framework for the design and study of chiroptical systems.
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Chapter 4. A Unifying Theory of Chiroptical Phenomena in

Optical Media

4.1 Introduction

Chirality is the geometric property of an object being non-superimposable on its mirror image
along any symmetry axis, and is ubiquitous in the natural world. For example, sugars, proteins,
and deoxyribonucleic acids are chiral molecules essential to the functioning and continuation of
biological processes. The two variants of a chiral molecule, known as enantiomers, are chemically
identical but structured in either a left or a right-handed arrangement. Biological systems on Earth
have evolved to prefer left-handed enantiomers — a property referred to as homochirality [91, 92].
A comprehensive understanding of the evolutionary mechanisms responsible for homochirality
remains elusive, but investigations are yielding insights into the origins of life on Earth [93, 94]
and even in the search for extraterrestrial life [95]. Many biochemical processes, to function
correctly, also require a particular handedness enantiomer. This is observed in the metabolism of
pharmaceuticals such as thalidomide [96] and penicillamine [97] wherein one enantiomer produces
medicinal effects and the other toxicity. Thus, enantiomer discrimination techniques such as
circular dichroism (CD) spectroscopy are essential for minimizing the toxic effects of medications
[98-100], developing effective treatments for diseases [101, 102], and probing the nature of chiral
systems [103]. In addition to enantiomer discrimination, CD spectroscopy also provides
information on protein secondary structures crucial to understanding protein folding [104-106].
This understanding benefits the development of treatments for several deadly diseases such as
Alzheimer’s, Parkinson’s [107, 108], and some cancers [108]. However, the inherently weak CD
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response from natural molecular systems coupled with the limited sensitivity of conventional CD
spectroscopic techniques have placed an upper-limit on the overall detection sensitivity. In recent
years, engineered ultrathin nanoscale optical devices, composed of an array of metallic or dielectric
nanostructures, have been used to enhance the CD response of natural chiral media by several
orders in magnitude, suggesting the possibility of next-generation CD spectroscopic techniques
with significantly improved measurement sensitivities [109-111]. However, the underlying
phenomena governing the microscopic origin of chiroptical response from nano-optical devices is
still not well understood, and often misinterpreted. Here, we present, and experimentally validate,
a generalized model that identifies the fundamental origin of optical activity in a chiral medium,
and unifies the distinct chiroptical phenomenon observed in literature under a single theoretical

framework.

Circular dichroism is a measure of the optical activity in a chiroptical medium, and is
characterized by the differential absorption between right and left circularly polarized light (RCP
and LCP, respectively). Since chiral media exhibits circular birefringence, optical activity can also
be characterized by the degree of rotation of a linearly polarized light as it propagates through it —
a phenomenon commonly referred to as optical rotary dispersion (ORD). CD and ORD are both
synonymous with optical activity since they originate from the same quantum mechanical
phenomenon, and are related to each other through the Kramers-Kronig transformation [112]. We
define a generalized far-field chiroptical (CO) response of an optical medium as the differential
transmission (or reflection) response to RCP and LCP source fields, quantitatively expressed for
transmission measurements as CO(w) = Trep(w) — Trcp (W), Where Trep (Ticp) is the spectral
intensity transmission for illumination with a RCP (LCP) light. As we demonstrate in this work, a

far-field CO response does not always correspond to CD and can originate from other microscopic
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phenomenon not related to optical activity. Hence, careful consideration must be given to the

interpretation of CO measurements [113-115].

We identify three primary CO response types that are both experimentally characterized, and
theoretically studied within the framework of an all-purpose, generalized coupled-oscillator
(GCO) model described in the next section. We demonstrate optical activity to fundamentally
originate from the accessibility of RCP and LCP light to the hybridized energy-shifted eigen-states
of a coupled electron-oscillator system — a result that is consistent with the predictions of the Born-
Kuhn model [116]. Subtracting the two energy-shifted spectral responses from one another, upon
illumination with RCP and LCP light respectively, results in a far-field CO response associated
with optical activity, which we hereafter refer to as COoa. Differential absorption to opposite
handedness light, not related to optical activity, but originating from near-field absorption modes
in a planar chiral medium has also been shown to produce a far-field CO response, which we refer
to as COabs [117, 118]. In contrast to COoa, COabs results from a difference in amplitudes between
the transmission (or reflection) spectra without any associated spectral shift when subjected to
illumination with opposite handedness light [119]. Finally, by employing birefringence in an all-
dielectric metamaterial acting as a uniaxial or a biaxial medium, a strong far-field CO response
has been observed through spatial filtering of either the RCP or the LCP light [115, 120, 121]. This
response type, referred to here as COaxial, IS also not associated with optical activity in the
underlying optical medium. Since the three response types can be present in a single CO
measurement, we express the total chiroptical response of an optical medium as CO = COoa +
COapbs + COaxial Where COoa # COabs # COaxial. Note that these phenomena have been separately
observed experimentally [122-125], and the former two are analytically described in previous

works [116, 118, 126] — however, independent models have been used to describe them without
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any clear relation between them. No analytical model has yet successfully described the various
types of CO responses observed in literature under a single comprehensive theoretical framework.
The GCO model as developed here provides the analytical foundation for a generalized CO
response from an optical medium, and suggests easy-to-implement methods for identifying the
presence of, and distinguishing between, the distinct phenomena present in a CO measurement
that may or may not be originating from optical activity. The model predictions are experimentally
validated using far-field CO measurements on engineered nanoscale devices at optical frequencies,

and are shown to also be consistent with observations in the literature.

4.2 The Generalized Coupled-Oscillator (GCO) Model

We model the microscopic chiroptical response of optical media at the molecular unit-cell level
using two lossy coupled electron oscillators. The two oscillators are assumed to be arbitrarily

located and oriented relative to each other, and interacting with an arbitrarily polarized and angled
incident light with electric field E,e‘(*7=»t) (Figure 4.2-1a), where k and w are the wavevector

and frequency of incident light, respectively. These coupled oscillators constitute a single

molecular unit-cell described by a pair of fully vectoral second-order coupled differential

equations:
— — — e - L
0fUy + ¥10,0y + ity + G 1uplly = T (Eo - ﬁl)ﬁlel(k'rl_“’t) (4.2.1a)
— N — e - T
at-zuZ + VzatuZ + (,I)%UZ + {1’21111’12 = - W (EO - az)ﬁzel(k.rz_wt) (4‘21b)

Each oscillator u; is characterized by an oscillation amplitude u;(w, t), resonant frequency w;,

damping factor y;, and cross-coupling strength ¢; ;(w) for i,j = 1, 2. The oscillator locations are
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given by 7; = 1, + &7;, with 67; being the oscillator displacement from the molecular center of

mass 7, (Fig. 4.2-1b-d).

a Z b 4 :
A A B Z
u, N
01y | 67 sl
’—9& /: IOI y,
— E FO x' E
/ k :
0 SN E >y 0) — : >y
\_/\\\‘Jj ~~‘~§‘E:
bo
X X
c ZI ., d ZII
A Z A

144

xl

Figure 4.2-1 | Generalized coupled oscillator model space. a, Representation of an arbitrarily
oriented incident plane-wave of wavevector k = —k(d,sin 8, cos ¢, + dy k sin 6 sin ¢ + @,k cos 8,)
originating from a source placed at infinity. b, A molecular unit-cell consisting of two oscillators u, and
u, located at distances 6r;and &7, respectively from the molecular center of mass, 0, which is located at
a distance 7, from the origin 0. Each oscillator is arbitrarily oriented with respect to the other. ¢, Coordinate
system with the origin (0") corresponding to the molecular center of mass. The oscillator displacement from
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0’ is given by 67; = 61;(a, sin§; cosy; + @, sin&; siny; + a, cos ;) for i = 1,2. d, The origin here
corresponds to oscillator center of mass (0'") which is positioned at a distance 67; from the molecular center
of mass (0'). The orientation of each oscillator is described by the unit vector i; = @, sin 6; cos ¢; +
dy, sinf;sin¢; + a,coso; fori =1,2.

Furthermore, the electron-oscillators are described by a charge e and an effective mass m*. The
displacement and orientation terms corresponding to the two oscillators u; in cartesian coordinates
are shown in Figure 4.2-1. The incident electric field, F?O, can be conveniently defined as the sum
of transverse-magnetic (TM) and transverse-electric (TE) components as EO = ETM + ETE, and
expressed individually in Cartesian coordinates as:
Ery = Ery(—ay cos 8, cos ¢y — @y, cos 6, sin ¢, + d, sin 6 (4.2.2a)
ETE = ETE(&x sin ¢y — @, cos ¢o) (4.2.2b)
Here, Ey and E;g are the magnitudes of the TM and the TE components, respectively. Inserting
equations (4.2.2a-b) into EO gives

—

EO = dx(—ETM COoS 90 COS d)o + ETE Sin ¢0) +

4.2.3
Ay (—Ery cos 0 sin ¢g — Erg cos ¢g) + d, Erysin B, ( )

The coupled differential equations (4.2.1a-b) are solved by inserting the time harmonic expressions

U, (t) = tyu et and 1, (t) = f,ue ™"t resulting in:

—w Uy — lwy Uy + wiug + Uy = Y (EO . ul)e (4.2.4a)

2 : 2 _ € (o, ikT
—W Uy — lwYaUy + walUy + LUy = _F(EO . uz)e (4.2.4b)

Substituting Q;, = \/w,% — w? — iy,w for k = 1,2 in equations (4.2.4a-b) gives:

e N s o
Ofus + Gpatty = = — (Eo - 1y Je 0Tt (4.2.5a)

e ,= = L
Q%uZ + {LZul = _% (EO " ﬁz)elk.arzelk.ro (425b)
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Solving equations (4.2.5a-b) simultaneously results in the final expressions for u; (w) and u, (w)
given by:

—e

Uy (w) = — eikTo (4.2.6a)

Q%(Eo ,ﬁl)eiﬁ-afl _ 52,1(1?0 . az)eiﬁ-afz
0105 — {12021

—e
U (w) = ey

(4.2.6b)
0705 — 12021

,Q,% (EO . ﬁz)eﬁc'6f2 _ (1’2 (EO . ﬁl)eiﬁ-é‘ﬁ] eiE'Fo

The current density response is calculated for a volume AV of the medium (see Figure 4.2-2)
containing N, unit-cells, each consisting of the two electron oscillators, by performing the
following averaging operation detailed in [127]:
BN e L 427)
Fo€AV o=rTon o=rTer2
Evaluating this expression results in:

ou, (1y,t) N ou, (1p,t)

4.2.8
ot j=f—s7, at fo=f—6le ( )

j= _en[
Inserting equations (4.2.6a-b) in (4.2.8) along with the plasma frequency expressed as w, =

Jne?/m*e, where n = Ny/AV results in:

—i€oww}
202
Q192 - (1,2(2,1

J= { [Q% (Eo ) - 52,1(50 'ﬁz)e_iﬁ(ﬁl_ﬁz)] iy + (4.2.9)
[Q% (Eo ;) = o (Eo 'ﬁ1)em'(5ﬁ_ﬁ2)] ﬁz} eik7-wt)

where w, = \/m is the plasma frequency, ¢, is the permittivity of free-space, and n is the
molecular unit density. By rearranging equation (4.2.9), the current density response can be
simplified as f(a), t) = —iweoxfoei@"j‘“’t) showing fto be proportional to the product of the

incident source field with a susceptibility tensor y containing elements y; ; with i, j = x, y, z. The

susceptibility tensor can be expressed in terms of a modified-dielectric tensor e€(k, w) and a non-
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locality tensor I'(k, w) as y(k, w) = e(k, w) + ikT'(k, w), where the modified-dielectric tensor is
related to the dielectric tensor as e(k, w) = &(k, w) — I [127]. Full expressions for y(k, w) along

with derivations of expressions for e(k, w) and I'(k, w) are given in Section 4.3.

ANINAN AN LS
f\ ..' c/,.’.// f\ g
NIN eee NS
AN . VAN

X

Figure 4.2-2 | Periodic arrangement of plasmonic molecular unit. A volume of media AV =

AxAyAz containing N, plasmonic molecular units for calculation of the current density response f . Each
molecular unit occupies a volume 6V = §x8ydz with 6x, 8y, 6z < A where A is the source wavelength.

4.3 The Modified-Dielectric and Nonlocality Tensors

The susceptibility terms are calculated by expressing equation (4.2.9) in the form J=

—iwe, xﬁoei@'F‘wt), and extracting the tensor elements:

2

= P [
(9202 — {12024)

((Lze_i%'(‘sﬂ"afz) + {2‘181%'(5?1_5?2)) sin 6, cos ¢, sin 6, cos ¢2]

Xx (Q2 sin? 8, cos? ¢, + Q2 sin? O, cos? ¢p;) — (4.3.1a)
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Xxy

Xxz

Xyx

Xyy =

Xyz

Nzx

Xzy

XZZ

2
Wp

Q
(Q%Q% - 51,252,1) [(

(51,2 cos ¢y sin ¢, e "1 4 ¢ sin ¢, cos ¢, e”"(‘ﬁl‘ﬁz)) sin 6, sin 02]

2 sin? @, sin ¢, cos ¢, + O3 sin? B, sin ¢, cos ¢;) — (4.3.1b)

2

- P [(Q2 sin 8, cos B, cos ¢, + Q3 sin B, cos B cos ;) — (4.3.1¢)
(-Q1-Qz - (1,2(2,1)

((1.2 sin 6; cos ¢, cos B, e~ (6717072) 4 7, | cos 6, sin 6, cos ¢, eik.(srl_m))]

@5 @
(0202 — 315024)

({1,2 sin ¢, cos ¢, e " CT1=672) 4 ¢, | cos ¢, sin ¢, eik'(afl_‘gfz)) sin #; sin 92]

2 sin? 0, sin ¢, cos ¢, + Q3 sin? 6, sin ¢p; cos ¢;) — (4.3.1d)

2

14
QO
(Q%Q% - (1,2(2,1) [(

((1,26—&-(6?1—6?2) + (2_161'%'(5?1‘5?2)) sin 6, sin ¢, sin @, sin qbz]

2 sin? @, sin? ¢, + Q% sin? 6, sin? ¢p;) — (4.3.1e)

a)f, [
(9202 — §42021)

(51,2 sin @, sin ¢, cos B, e~ 71=872) 4 ¢, | cos 6, sin @, sin ¢, eik'(6rl_5r2))]

(Q2 sin 8, cos B, sin ¢, + Q% sin 6, cos B, sin¢p;) — (4.3.1f)

2

— L [(Q2 sin 8, cos B, cos ¢, + O3 sin B, cos B, cos ¢p;) — (4.3.1g)
(9192 - 61,2(2,1)

(51,2 cos 8, sin 6, cos ¢, e~k 6T1=672) 4 ¢, | sin B, cos ¢, cos B, eik'(‘srl“srz))]

@y (@
(Q20% - (1,054)

((1,2 cos 0; sin 6, sin ¢, e~ K @T17672) 4 ¢, | sin 6, sin ¢, cos 6, eik'((srl_am)]

2 sin 6, cos B, sin ¢, + Q3 sin 6, cos B, sinp;) — (4.3.1h)

2
2 cos? 6, + Q3 cos? ;) — (4.3.1i)

p
[(Q
(QEQ% - (1,2(2,1)
((l’ze—ik-(afl—afz) n Qleik-(aﬂ—afz)) c0S 0, COS 92]

To calculate the modified dielectric tensor e(k, w) and the nonlocality tensor I'(k,w), the

polarization density P = J /(—iw) is evaluated:
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P(w,7) = o xE,e'kT-wt) (4.3.2)
The susceptibility tensor is expressed as the sum of modified dielectric and non-locality tensors
as:

x(k,w) =€k, w) + ikI'(k, w) (4.3.3)
with the modified dielectric and nonlocality tensors written in matrix form as:

€Exx €Exy €Exz
e:(éyx €Eyy eyz> (4.3.4)

é-ZDC é-ZDC EZZ

Fax ny [yz
r=(L, 0, Ty, (4.3.5)
sz l—‘zy 1-‘zz

Note that the dielectric tensor € is calculated from the modified dielectric tensor as e(k, w) =
€(k, w) + I where I is the identity matrix. For plane waves, the equivalency ikl' = I‘(fc . ﬁ) holds,
allowing one to write the polarization density as P(7, w) = go[e + I'(k - V)]Ege'(:™=«1), Note
that this expression is equivalent to the result presented in ref. 127, P(F,w) = g (e +
I,V,)E,el(¢™-t) where T,, = Tk - .

Expanding equations (4.3.1a-i) using equation (4.3.3) results in the following expressions for the

modified dielectric and nonlocality tensor elements given respectively as:

2

P 2 in2 2 2 in2 2
Exy = [(Qf sin“ 8, cos® ¢, + Q5 sin“ 0, cos* ¢p;) — (4.3.6a)
(00 = Gialen) i
cos[E - (87, — 675)] (1.2 + {o,1) Sin 6, cos ¢, sin 6, cos ¢, |
2
€xy = 75 P [(92 sin? 6, sin ¢, cos ¢, + Q3 sin? B, sin ¢, cos p;) — (4.3.6b)
(QIQZ - 61,262,1)

cos[E - (87 — 675)] ({12 cos ¢y sin Py + Ja 4 sin ¢y cos P, ) sin O, sin 6, ]
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_ W [
(020F - ¢1,2021)
cos[E - (61 — 6?2)] (¢12 sin 6, cos ¢, cos B, + {5 1 cos B; sin B, cos qbz)]

(Q2 sin 8, cos B, cos ¢, + Q3 sin B, cos B; cos ¢p;) — (4.3.60)

EXZ

SR
P
(080 - Galan)
cos[E - (87 — 675)] (¢1.2 Sin ¢4 cos Py + Jpq cOS Py Sin P, ) sin O; sin 6,

2 sin? 0, sin ¢, cos ¢, + Q3 sin? 6, sin ¢p; cos ¢;) — (4.3.6d)

B
€y =
Y (Q%Q% - 51,252,1)
cos[k - (67, — 675)] (12 + {z.1) sin 6, sin ¢, sin 6, sin ¢,

2 sin? @, sin? ¢, + Q2 sin? 8, sin? ¢,) — (4.3.6¢€)

2

€vz = 70202 : [
(9192 - (1,2(2,1)
cos[k - (87, — 67,)] ({12 sin 6 sin ¢, cos B, + {  cos B, sin 6, sin ;)]

(Q2 sin @, cos B, sin ¢, + Q3 sin 6, cos O, sing;) — (4.3.6f)

2

= P [
(0203 - ¢1.2021)
cos[E - (87 — 67)] (84,2 cos 6, sin B, cos ¢, + {5 4 Sin B; cos ¢, cos 6,)]

(02 sin 8, cos 8, cos ¢, + Q3 sin B, cos B; cos ;) — (4.3.6g)

€zx

2

€1y = Togor— [
(9192 - 61,2{2,1)
cos[k - (671 — 673)] (1,2 cos 0, sin 8, sin ¢, + {1 Sin 6, sin ¢, cos 6,)]

(Q2 sin 8, cos B, sin ¢, + Q% sin 6, cos B, sin ;) — (4.3.6h)

€7 = @0 —561,262,1) [(Q2 cos? 6, + Q% cos? 6,) — (4.3.6i)
cos[E - (87, — 675)] ({12 + {a,1) cOS 6, cos 6,]

and,

Dex = 0202 i)il,zfm [Sin[E : (6:1 — (SFZ)] (51,2 - 52,1) sin 8, cos ¢ sin 8, cos ¢, (4.3.7a)

Ly = (o i)il’z = sinffc (5:1 = 072)] (1.5 sin ¢y cos ¢ — (4.3.7b)

{21 sin ¢, cos qbl) sin 8, sin 92]
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w}h -sin[E (61 — 6?2)] )
I, = (% = 0.00) - (¢14 cos ¢, cos By sin B, — (4.3.7¢)
1343 1,262,1) |
{21 COS ¢4 cos B, sin 91)]
w? [sin[k - (67, — 67,) _
Ty = (QZQZ —pC Z ) [ kl 2 ] ((1,2 sin ¢, cos ¢ — (4.3.7d)
1°82 —61,262,1) |
{21 Sin ¢, cos qbz) sin 8, sin 02]
w? sin[k - (67, — 67,) _ _ _ _
L, = RYIE _p{ Z [ kl 2] ({12 — {2,1) sin 6; sin ¢, sin B, sin ¢, (4.3.7e)
1342 = 61,2621
w? [sin[k - (67, — 673) _ _
I,, = (e p{ o [ kl 2] (¢12 cos 6, sin @, sin ¢, — (4.3.7f)
1%82 —61,262,1) |
{31 cos B, sin 6; sin ¢>1)]
w? [sin[k - (67, — 673) _
T,, = (@ p{ = [ kl 2] (¢12sin 6, cos O, cos Py — (4.3.79)
1342 —61,262,1) |
{21 sin 8, cos 6, cos qbz)]
w2 [sin[k - (67, — 67
Iy = (QZQZ p{ Z ) [ ( kl 2)] ({1_2 sin 6, cos B, sin¢p; — (4.3.7h)
1882 = 612621 |
{21 5in 6, cos 0, sin ¢, )]
w2 sin[k - (67, — 67,) :
T, = RYNE _p( Z [ kl 2l (¢12 — {a,1) cos 65 cos 6, (4.3.71)
1842 1,252,1

4.4 Analytic Expressions of the Chiroptical Response

The current density response f = —iwe, )(Eoei@'?‘“’t) can be expanded as:

Jx X XxxEox + XxyEO,y + XxzEo.2 (4.4.1a)

]y x nyEO.x + nyEO,y + XyzEO,z (4.4.1b)
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Jz & szEO,x + XzyEO,y + XZZEO,Z (4.4.1¢)
where, E,; for i =X, y, z corresponds to the magnitude of the three components of the electric field

in Cartesian coordinates. Taking the absolute value squared of equations (4.4.1a-c) gives

U1° = eo?w?|xB|” = Usl? + Iy + U212 (4.4.2)

Expanding this expression in cartesian coordinates results in:

2 2 2 % * * *
|]x|2 x |XxxE0,x| + |XxyEO,y| + |XXZE0,Z| + )(xx)(xyEO,xEo,y + XaxXxyEoxEoy + (4.4.3a)
XxyX;ZEO,yES,Z + X;yszEs,yEO,z + XXXX;ZEO,XES,Z + X;xXxZES,xEO,Z

|]y|2 X |)(yxE0,x|2 + |nyE0,y|2 + |)(yzE0,z|2 +nyX;yEO,xE8,y +X;nyyE8,xEO,y + (4.4.3b)

nyX;zEO,yES,Z + X;yXyzEs,yEO,z + nyX;ZEO,XES,Z + X;nyzES,xEO,z

2 2 2 % % * *
Ual? o [XaxBoa|” + ey Eoy|” + [tucBos|” + XandiyEoxEiy + ondayEoxBoy + (4 430
XZ)/X;ZEO,J/ES,Z + X;szzES,yEO,Z + XZXX;ZEO,XES,Z + X;xXZZES,xEO,Z

Since the relationship between the far-field and near-field CO response is typically

. N 2 = 2 .
approximated as Trcp — Tpcp X |]RCP| — |]LCP| , We express the CO response calculated using

= 2 - 2 N N
the model as CO = [JRCP|” — |JL€P|", where JREP and JECP indicate the current density response

of the optical medium to RCP and LCP light, respectively. Expanding this term results in CO =

AA where
= 2 = 2 - 2 - 2
84 = |JReP|” = |]2P)" = eg?w? (|xEo| — |xEs|) (4.4.4)
and using this along with equations (4.4.3a-c) results in
A x (4.4.5)

[(Xxy)(;z - X;y)(xz) + (ny)(;z - X;y)(yz) + (Xzy)(;z - X;szz)](EO,yES,Z - Es,yEO,z) +
[(Xxx)(;z - X;x)(xz) + (ny)(;z - X;x)(yz) + (sz)(;z - X;xXzz)] (EO,xES,Z - ES,xEO,z) +
[(Xxx)(;y - X;x)(xy) + (ny)(;y - X;x)(yy) + (sz)(;y - X;x)(zy)] (EO,xES,y - ES,xEO,y)

Equation (4.4.5) is summarized in vector form as
AA/eg?®? = (Fnxin) - (EoXEg) (4.4.6)
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Equation (4.4.6) is expressed using the Einstein summation notation summed over n =x,y, z
where each susceptibility vector y,, contains elements y,, for k = x,y, z and is related to the
dielectric and nonlocality vectors by y,, = €, + ikfn [127]. Note that the expression for CO is
non-zero only if both (i) the incident source field is elliptically or circularly polarized, and (ii) the
susceptibility terms are complex which occurs in the presence of either damping in the optical
medium, y; or y, # 0, or spatial separation between the oscillators along the direction of source
propagation, k - (67, — 67,) # 0 (equations (4.3.1a-i)).
Setting the two oscillators parallel to the x-y plane (6; = 8, = m/2) and inserting this into
equation (4.4.6) gives AA = gy2w?[(€,x€L) + ik (T, %€ — €, xTy)] - (EgXEg). This expression
can be rewritten as the sum of two components, AA = AA, ¢ + AAr ., where:
Mec/€?w? = (E,xE) - (EoXEg) (4.4.7a)
AAr./€o>w? = 2ikRe{T, %€} - (EgXEg) (4.4.7b)
Here, AA. ¢ is determined by the source interaction with the dielectric tensor, and AAr ., by the
source interaction with both the nonlocality and dielectric tensors. In the limit where the spatial
separation between the oscillators is much smaller than the wavelength, k- (61, — 61y) K 1,
equations (4.3.6a-i) and (4.3.7a-i) show that the dielectric tensor e(k, w) only depends on w
whereas the non-locality tensor T'(k,w) becomes directly proportional to k. This suggests an
interesting dichotomy: the response AA.. is largely influenced by the source frequency
corresponding to a temporal dispersion in the system, whereas AAr ¢ is influenced by the direction
of the incident field corresponding to a spatial dispersion in the system. As we demonstrate later,

AA. . depends strongly on the angular separation between the oscillators in the direction of source
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electric-field rotation, whereas AAr . on the separation between oscillators in the direction of the

source propagation.

The nanocuboids in Figure 4.5-1a are aligned parallel to the x-y plane (6, = 6, = m/2). Using
this in equations (4.3.6a-i) and (4.3.7a-i) shows that €,; =¢;, =1,; =T;, =0 for i = x,y,
reducing equation (4.4.5) to:

AA o< 2i|Ep|? cos 0y {[(€xx€ry — €rx€xy) + (€yx€yy — E3x€yy)] + (4.4.8)
kz[(rxxr;y - F;xrxy) + (Fyxr;y - Fy*xryy)] +

ik[(€xyTax + €xyTix) + (€4 Ty + €5y Tx)] =

ik[(exxTiy + €1aliy) + (€45 + €521y [}

Note that since Ty, =0 and (Tulyy — Tixlyy) = (D lyy — TyxLy,) = 0, equation (4.4.8) further

simplifies to:

AA = 2ieg*w?|Eo|? cos Oy {[(€xx€ry — €ix€xy) + (€yx€yy — €5x€yy)] +

k[ (xeTy + €ieTay) + (32T + 52Tyy) — (Exy T + €Ty (

This equation can be written as the sum of two chiroptical contributions, AA = AA, ¢ + AAr,

expressed individually as:

A = 260 w?|Ep|? cos Oy Im{€s €y + €5x€yy) (4.4.10a)

AAre = 26’ w?|Eq|? cos 0y Re{k[(€xyTix — €xxlny) + (6yyTyx — €yxyy)]}  (4:4.10Db)

Note that, in the absence of damping, €;; = €;; for i,j = x,y, equation (4.4.10a) reduces to
AA. ¢ = 0. Furthermore, for an isotropic medium the diagonal elements of the dielectric tensor are
equal and the oscillator coupling is symmetric ({;,(@) = {21 (w)) resulting in €, = €, and
€xy = €yx, respectively. Substituting these in equation (4.4.10a), results in Im{ej;xexy +
e;xeyy} = 0, or equivalently AA. . = 0. Therefore, both damping and anisotropy in an optical
medium are necessary to achieve a AA. ¢ type chiroptical response. This conclusion is consistent
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with previous observation that absorption plays a critical role in generating a CO response [118,
119]. Moreover, a CO response of the AA, . type has also been observed in lossy two-dimensional
anisotropic plasmonic media [128, 129]. We associate AA, . to the absorption based chiroptical
response described earlier, COabs, NOting again that this type of response is not related to optical
activity. For the second response type, AAr ., of equation (4.4.10b) to be non-zero — a finite
coupling between the oscillators is required, {; ,(w) # 0 and ¢, ; (w) # 0. Note that even for an
isotropic medium with non-zero symmetric coupling ((1,2((») = (2,1((1))), non-locality constants
become I, = I}, = 0 and I, = —T},, resulting in a non-zero AAr. response. Hence coupling
between oscillators is a necessary condition to achieve AAr. type chiroptical response — a
conclusion that is consistent with both the predictions of the Born-Kuhn model [116, 117], and
with the treatment of bi-isotropic chiral media presented in ref. 130. We associate AAr . to the

COoa type response described earlier which is fundamentally related to optical activity.

4.5 Characteristics of the CO Response

Further insights into the AA. . and AAr . response types can be achieved by expressing them
in terms of the fundamental oscillator parameters of equations (4.2.1a-b). By inserting expressions
for the dielectric (equations (4.3.6a-i)) and nonlocality (equations (4.3.7a-i)) constants into
equations (4.4.10a-b), AA. . and AAr . can be expressed as:

AAge = K“U{[Yz(wz - w%) - V1(‘U2 - a)%)] sin ¢, + (4.5.1a)
(VZZLZ - V152,1) COS[E (81 — 5F2)]} oS ¢,

AMre = «{[(21(0? — w?) + {1 5 (w? — w3)] sin[E - (67, — 61)| + (4.5.1b)
{12021 sin[ZE (61 — 6?2)] sin qbz} cos ¢,

where the multiplication factor k is defined as:
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) ) 2
k(w) = 2602(1’2(1’;;|E'0|2 cos 90/”(0)% - w?) — W10)][(0)% — w?) — iy,w] — 51,2(2,1| (4.5.2)

By allowing the two oscillators to have the same damping coefficient, y; =y, =y, and

assuming the spatial separation between them to be much smaller than the wavelength, k-

(67, — 671,) < 1, equations (4.5.1a-b) reduce to:
AA, . = xwy(w3 — w}) sin ¢, cos P, + wy((l,z — (2,1) cos ¢, (4.5.3a)

AAre =x E (61, — 5?2)[{2‘1((1)2 - (U%) + {12 (w? — w%) + 20312051 sin (.bz] cos ¢, (4.5.3b)
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Figure 4.5-1 | Dependence of the chiroptical response on source angle 6,. a, Relative orientation

of the incident light of wavevector k with respect to the two nanorod oscillators. The two oscillators,
represented by u, and u,, are oriented parallel to the x-y plane (8, = 6, = m/2) with azimuth angles ¢, =
90° and ¢, = 45°, respectively. The nanorods are located at d; , = d, , = 100 nm with diy =dyx =
100 nm, and for simplicity, d; , = d,,, = 0 nm was assumed. The nanorod parameters were chosen such
that they exhibit resonance at wavelengths of A, = 750 nmand A, = 735 nm respectively, with coupling
strengths ¢y , (1) = {31 (w,) = 16x10%8s™1. b, The calculated A4, . response at source angles 8, = 0
and 180" (note that ¢, is undefined at these values of 6,) exhibits a one-fold symmetric lineshape, and
experiences an inversion in sign when the incident angle is changed from 0° to 180°. ¢, The corresponding
AAr  response calculated under the same conditions exhibits a two-fold symmetric lineshape, and does not

experience an inversion in sign for a 8, change from 0° to 180°. d, The total CO response AA = AA, . +
AAr . for the two source angles does not show any symmetry in the spectral lineshape due to the presence
of competing contributions from both AA, . and AAr . response types.

We illustrate the behavior of these two CO response types in equations (4.5.3a-b) by applying
them to two Au nanocuboids, acting as oscillators, aligned parallel to the x-y plane (with ¢; = 90°
and ¢, = 45°) excited with a source field normally incident on the structure at angles, 8, = 0°
and 8, = 180° (Figure 4.5-1a). We assume the two Au nanocuboids, separated along the direction
of source propagation (z) by a distance d, = d; ,—d,,=200 nm and located at d;,, = d;, =
100 nm, to exhibit resonance at wavelengths 4; = 750 nm and A, = 735 nm with {; ,(w;) =
{21(wz) = 16x10?® s72. Drude parameters for Au in the near-infrared region, w, =
1.37x10* st and y = y; =y, = 1.22x10™ 571, are used [131]. AA. . and AAr plotted vs.
incident wavelength A, (Figures 4.5-1b and 4.5-1c) for the two source angles 68, clearly illustrates
the presence of an inversion in the sign of AA, . as 6, is rotated by 180°, which is consistent with
equation (4.5.3a) where AA, (6, + m) = —AA, (6,). Previous observations of inversion in the
sign of far-field chiroptical response due to 6, rotation suggest an absence of optical activity in
the underlying media [128, 129], verifying our observations. Whereas the lack of sign change in
the AAr . due to 6, rotation, where AAr (6, + m) = AAr(6,), is indicative of optical activity

[129]. The total response, AA, plotted for 8, = 0" and 8, = 180°exhibits an asymmetric lineshape
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due to the competing contributions from the AA.. response, which exhibits a single-fold
symmetric lineshape, and the AAr. response, which exhibits a two-fold symmetric lineshape

(Figure 4.5-1d), indicating the presence of both COoa and COaps in the total chiroptical response.

Analogous to the dependence of AA.. and AAr. responses on 6, further insight can be
achieved by analyzing the dependence of the chiroptical response on the azimuth angle ¢, (for
any ,, exceptat 8, = 0° and 180" where ¢, is undefined). For an identical configuration of Figure
4.5-1a, AA. . and AAr . plotted vs. incident wavelength A, (Figure 4.5-2) for two source angles
¢o = 0" and 180° (at 6, = 45") illustrates the presence of an inversion in the sign of AAr . instead,
as ¢, is rotated by 180°. This follows from equations (4.5.3a-b) where AA.(¢o + 1) =
AA¢ (@) and AAr (o + m) = —AAr (o), respectively. This inversion in the AAr . response
can be further described by assuming d, , = d, , = 0 nm to make a two-dimensional structure
wherein the spatial dispersion dependence E-(dﬁ — 671,) of equation (4.5.3b) simplifies to
kd sin 8, (sin ¢, — cos ¢,), for the two oscillators located equidistant from the origin

(d = d,, = d,,), demonstrating the dependence of AAr . on ¢,.
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Figure 4.5-2 | Dependence of the chiroptical response on source angle ¢q. The chiroptical
response for the oscillator configuration and orientations described in Figure 4.5-1a calculated at 8, = 45

for two azimuth angles ¢, = 0" and 180°. a, The calculated AA, . response does not change sign when the
incident angle ¢, is changed from 0" to 180°. b, The corresponding AAr . response, however, exhibits an
inversion in sign for a 180° change in the source azimuth. At these source angles, AA, . exhibits a one-fold
symmetric lineshape whereas AAr . is asymmetric. ¢, The total CO response AA = AA, ¢ + AAr . also
exhibits an asymmetric lineshape due to the presence of both AA, . and AAr ¢ contributions.

In addition to the dependence of CO response on excitation direction, 8, and ¢,, we analyze
its dependence on various oscillator parameters including the angular orientation between the two
oscillators along the x-y plane, by varying angle ¢, at ¢, = 90°, and the difference between
coupling terms ¢, 1 (w) — ¢; 2(w), oscillator frequencies Aw = w; — w, and damping coefficients
Ay =y, — ¥,. For this analysis, we assume the light to be normally incident (8, = 0) on the two

Au nanocuboids, of lengths [;and [, that are aligned parallel to the x-y plane with d, ,, = 14, d, x =
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[, and placed in a planar arrangement with d,; , = d, , = 0 nm. In such a planar configuration at
normal incidence, k - (61, — 613) = 0, resulting in AAr . = 0 (equation 4.5.3b). Finally, by setting
the two resonant wavelengths to be 1, = 750 nm and A, = 735 nm (corresponding to Aw/y =
0.42), and assuming ¢; ,(w) = {5 1(w), the dependence of AA, . on ¢, exhibits a peak response
at ¢, = 45° (Figure 4.5-3a). Note that this observation that a planar two-dimensional plasmonic
structure can exhibit a COas type chiroptical response, not related to optical activity, is consistent
with ref. 129, and is also in agreement with the findings of Eftekhari and Davis [128]. In their
work, they also note, without explanation, an experimental finding of a peak CO response
occurring at ¢, = 52° rather than the expected ¢, = 45°. A simple inclusion of a non-zero
coupling difference, ¢, 1 — {; ,, between the two oscillators in the model accounts for this behavior
wherein by plotting ¢, that maximizes AA. . response as a function of {,; —{;, at w =
2.43x10'> s~ (Figure 4.5-3b), we show that the presence of asymmetric oscillator coupling
causes the maximum peak to occur at values other than ¢, = 45°. AA, . response can also be
maximized by optimizing the oscillator frequencies wherein for {;, —{,; = —5.2%
1028 s~2corresponding to ¢, = 52°, the model also predicts a peak AA.. for Aw/y = 0.74
(Figure 4.5-3c). This includes the underlying dependence of the multiplication factor x(w) on the
difference between the normalized oscillator frequencies Aw/y (see Figure 4.5-4). Finally, the
model predicts a CO response for light normally incident on a geometrically achiral system if
asymmetric absorption is present (y; # y,) — a scenario easily achieved by simply depositing two
different metal types for each of the cuboids (Figure 4.5-3d). Using dissimilar metals to achieve
inhomogeneous damping on a geometrically achiral structure has been shown to exhibit a CO

response [133].
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Figure 4.5-3 | Dependence of the chiroptical response on oscillator parameters. Chiroptical
response of the two oscillators, under normal incidence excitation (6, = 0°), oriented parallel to the x-y
plane (6, = 8, = m/2) and arranged in a planar arrangement with d; , = d, , = 0nmand d,, = d, , =
100 nm. In this planar configuration at normal incidence, AAr . = 0. a, The dependence of AA = AA. . on
the angular orientation between the two oscillators in the x-y plane calculated by varying ¢, at ¢, = 90°.
The oscillators are designed to exhibit resonance at wavelengths of 4, = 750 nm and A, = 735 nm, and
assuming ¢; ,(w) = {5 1(w), the peak AA, . response is shown to occur at ¢, = 45°. b, The orientation
angle of the second oscillator ¢, (at ¢, = 90°) at which AA . is maximized for a non-zero difference in
coupling coefficients, {3, — {4, plotted here at w = 2.43x10'°s~1. ¢, AA.. dependence on the
normalized difference in resonant frequencies (Aw)/y at {3, — {1 = —5.2x10%8 s~2 corresponding to
¢, = 52°. Apeak AA, . response is achieved at (Aw)/y = 0.74. d, AA, . dependence at normal incidence
on a geometrically achiral system (I, = [,) for oscillators of the same metal corresponding to y; = y, (red
line), and of dissimilar metals corresponding to y; # y, (blue line).
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Figure 4.5-4 | The multiplication factor k. The multiplication factor k decreases in amplitude as the
resonances w; and w, become farther apart.

Finally, we verify the validity of our generalized model by applying it to the exact structure
and excitation conditions studied using the Born Kuhn model in ref. 116. We assume the two Au
nanocuboids in figure 4.5-1a to be of equal lengths (1), aligned orthogonal to each other (¢, = 90°
and ¢, = 0°) with d,, =d,, =1/2 and separated by a distance d, along the z-direction,
resulting in w; =w, =w, {,=0(,=¢ and Q; =Q, =Q (Figure 4.5-5a). Under these
conditions, equations (4.3.6a-i) reduce to

Wp

€xx = €yy = 0 (4.5.4)

€,z = 0 and €;; = 0 for i # j. The non-locality tensor elements defined by equations (4.3.7a-i)

give I; ; = 0 except when i, j = x,y. Assuming kd < 1, the non-zero elements become

2
Wp

Q4_<2

Ty = —Tyx = d (4.5.5)

81



The CO response is calculated by inserting the above expressions into equations (4.4.10a-b)

resulting in AA. = 0 and

2

(2_94—

AAr e = 4€p*w*{dw, (4.5.6)

where the source field is given a magnitude |E,|? = 1.
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Figure 4.5-5 | The chiroptical response of orthogonal identical plasmonic cuboids in a 3D
arrangement. a, Two orthogonally oriented Au nanorods are parallel to the x-y plane (with ¢; = 90° and

, = 0°) and excited by a normally incident source field at angle 8, = 0°. The two nanorods are located at
dy, =d,, =50nm, and d,,, = d,, = 50 nm, giving a total separation distance along the direction of
source propagation of d = d; , + d, , = 100 nm. Each nanorod exhibits resonant wavelengths 1; = 4, =
1300 nm with coupling strengths {; , = {,; = 1x10%8s~1. Drude parameters for Au in the near-infrared
region, w, = 1.37x10%® s~ and y; =y, = 1.22x10's™?, are used [131]. b, The CO response is
calculated by inserting equations (4.5.4) and (4.5.5) into equation (4.4.10b). For comparison, the CO
response is also calculated directly using equation (4.5.3b).

Note that, for consistency, the cuboid lengths [ were scaled to shift the resonance wavelengths
to A; = A, = 1300 nm. Illumination of the structure at normal incidence, 6, = 0°, under these
conditions results in AA, . = 0 (from equation 4.5.3a). Also, as expected, due to this lack of COaps
contribution, AA = AAr . plotted vs. incident wavelength A, in Figure 4.5-5b exhibits a two-fold
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symmetric lineshape, and is consistent with the results of ref. 116. Moreover, by applying the
geometrical and oscillator parameters to the configuration of Figure 4.5-5a, one could calculate
the reduced dielectric and nonlocality tensor elements. Applying these to equation (4.4.10b) and
plotting the resulting AAr ¢ vs. A, results in the same response confirming the predictions of our

generalized model as well as its consistency with the Born Kuhn model.

4.6 Summary

This chapter has developed a generalized model to describe the chiroptical response of optical
media and identified unique characteristics and behaviors of three distinct chiral response types:
optical activity, differential absorption, and birefringence. The next chapter will further extend the
applicability of the GCO model to describing many observations in the literature and will also

provide experimental validation of the sign inversion properties described in this chapter.
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Chapter 5. Further Examples of the Explanatory Power of

the GCO Model

5.1 Experimental Demonstration of the CO Response of Plasmonic Nanorods

The model described above provides a comprehensive theoretical framework to study the origin
and characteristics of various chiroptical response types in both two and three-dimensional optical
media under arbitrary excitation conditions. A common performance metric associated with far-
field chiroptical measurements is circular diattenuation (CDA), a normalized form of CO response
expressed as CDA = (Trcp — Tricp)/ (Trep + Ticp) [134]. Note that CDA corresponds to the mis
element of the Mueller matrix, so it can be directly extracted from spectroscopic ellipsometry
measurements [134]. As shown below, we verify through model calculations that both CDA and
AA are equivalent and represent the same optical phenomenon — hence for the simplicity of
analysis, we present the following experimental measurements and comparisons with model
predictions in the CDA format.

We experimentally characterize three planar cuboid configurations (Table 5.1-1, left column),
by measuring their far-field CDA response, under various excitation conditions, and compare them
to predictions of the model. Respective expressions for AA, . and AAr ¢ in the three configurations,

assuming d; , = d,, = 0 nm and y; =y, =y (equations (4.5.3a-b)), are listed in Table 5.1-1,

right column. Note that k- (61, — 67,) term in these planar configurations simplifies to
kd sin 6, (sin ¢, — cos ¢,). The devices, consisting of an array of two Au nanocuboids (thickness

t =40 nm) of varying lengths (I, and [,) and alignments (varying ¢, at ¢; = 90°), were fabricated
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on a fused-silica substrate using electro-beam-lithography and lift-off (Section 5.2a). The pitch of

the array (p = 375 nm) was chosen to minimize coupling between adjacent bi-oscillator unit-cells.

Table 5.1-1 | Chiroptical response from two-dimensional planar nanocuboids. Simplified AA
and AAr. relations, calculated from equations (4.5.3a) and (4.5.3b), for three planar nanocuboids
configurations. Top row, The two oscillators are aligned orthogonal to each other (¢; = 90" and ¢, = 0°)
and are assumed to be of different lengths (I; # I,), corresponding to w; # w, and {3 ,(w) # {31 (w). In
such a system, it is expected that both AA. . and AAr . contributions are present. Middle row, Same as
above except with I; = [, resulting in w; = w, = wy, {1, = {3 1. Inthis configuration, AA, . contribution
is expected to be absent for excitation at any arbitrary angle of incidence. Bottom row, Same as above
(I, = I,) except that the two oscillators are oriented parallel to each other (¢, = 90° and ¢, = 90°).
Ignoring any optical resonance along the width of the nanorod, the model predicts both AA, . and AAr ¢ to
be absent, for excitation at any arbitrary angle of incidence.

L
RH—>Y AAge = KG)V(Q,Z - (2,1)
lzt \\\ ll * lz
M X E"xy AAr, = de[{u(wz - wi) + 51,2(0)2 - w%)] sin B (sin ¢ — cos ¢o)
X
< M., =0
X —>Yy €€ —
l \ L=1
i A AAr . = 2kkd(w3 — w?) sin B (sin ¢ — cos ¢g)
o " kyxy ’
41_1’ A, . =0
F —>y €€ —
L=
l;% ’ kllxy AAF'E =0
X

The devices were characterized using a spectroscopic ellipsometer between free-space
wavelengths of 1, = 500 nm and 1000 nm, under illumination at 8, = 45 for various azimuthal
angles ¢, (Section 5.2b). The first device consisted of the two Au nanocuboids arranged
orthogonal to each other (¢; = 90" and ¢, = 0°), and were designed to be of different lengths
(I; =120 nm and [, = 100 nm placed at d,, = d,, = 100 nm respectively). Since [, and [,
determines both the resonant frequencies (w; and w,) as well as the cross-coupling strengths (; »

and {, 1), setting I; # [, constitutes a general configuration where both AA.. and AAr. type
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contributions can be present in a single CDA measurement. The corresponding CDA spectra
(Figure 5.1-1a) measured at ¢, = 0°,90°, and 135" (blue plots), and at 180° offset from these
angles (red plots) clearly show an inversion in the sign, indicating the response to primarily result
from AAr .. However, note that the CDA measurements at these angles slightly lack the two-fold
symmetry in the spectral lineshape, a result of a minor A4, ¢ contribution. For ¢, = 45" and 225’,
the spectra lack the sign inversion indicating the response be primarily result from AA ., which

also follows from Table 5.1-1 where AAr . = 0 at these two ¢, angles.
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Figure 5.1-1 | Experimental characterization of the chiroptical response of Au nanocuboids.
Experimental CDA measurements for an array of planar Au nanocuboid bi-oscillators, illuminated with
free-space light between wavelengths of 2, = 500 nm and 1000 nm, as a function of incidence angle
(varying ¢, at a fixed 6, = 45°) for the three configurations shown in Table 1. Top-down scanning-electron
microscopy (SEM) images of unit-cells consisting of the two Au nanocuboid oscillators, overlaid with the
coordinate system and orientation of the in-plane wavevector of the incident light (E,|xy) along the x-y
plane, are shown at the top of each column. Scale bar represents 120 nm in the SEM images. a,
Experimentally measured (solid lines) and the model calculated (dashed lines) CDA spectra for a sample
consisting of Au nanocuboids of unequal lengths (I;=120 nm and [, =100 nm) oriented orthogonal to each
other (¢p; = 90" and ¢, = 0°) at various ¢,. The spectra at ¢, = 0°,90°, and 135" (blue plots), and at
180° offset from these angles (solid red plots) show an inversion in the sign, which is absent for excitation
at ¢, = 45°(2257). The CDA model plots were calculated assuming {,;(w;) = 64x10%®s72 and
{12(wy) =81x10%8s7% at 1, = 750 nm and A, = 720 nm, respectively. b, Equivalent CDA
measurements and model calculations for a device with Au nanocuboids of equal lengths (I, = [, =120
nm). As expected, the CDA response is absent from this device for excitation at ¢, = 45°(225°).
Moreover, the response at other ¢, angles exhibits a two-fold symmetric spectral lineshape (absent from
measurements in a) indicating the CDA to only result from AAr . contribution. Model parameters used in
the calculations are ;1 (wg) = {12(wo) = 81x10%8 s™% at 4; = A, = 745 nm. ¢, Same as b except that
the two Au nanocuboids are oriented parallel to each other (¢p; = 90° and ¢, = 90°). The CDA spectra at
$o = 0°(180") and 90° (270") shows no response whereas the spectraat ¢, = 45°(225") and 135° (315")
shows a pronounced signal of the A4, . type (no sign inversion for ¢, rotation by 180°). The response at
latter angles, though not expected from the model predictions of Table 5.1-1, can be attributed to the
coupling to optical resonances (uj,and u5) along the cuboid widths (w; = w, = 60 nm), acting as
additional orthogonally oriented oscillators in the system.

This result is further validated by fabricating a device consisting of Au nanocuboids of equal
lengths (I; = I, = 120 nm) wherein the CDA spectra at ¢, = 45" and 225" shows no chiroptical
response, since both AAr. = AA.. = 0, confirming the predictions of the model (Table 5.1-1).
Moreover, by setting [; = 1,, the two-fold symmetry in the CDA lineshape at ¢, =
0° (180°),90°(270"), and 135°(315°) is recovered, indicating the response to now only consist
of AAr. contribution, a signature of optical activity. Hence, it is possible for a geometrically
achiral structure to exhibit optical activity under certain illumination conditions. Note that the
similarity between the calculated CDA and AA response (plotted under the conditions of Figure
4.5-3a, see Figure 5.1-2) verifies our assumption that they are equivalent measurements, and can

be used interchangeably.
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Figure 5.1-2 | Comparison of CDA and AA. The chiroptical responses AA and CDA calculated using the
GCO model for the structure in Figure 4a of the main text at azimuthal angles a, ¢, = 0" and 180" b, ¢, =
45" and 225° ¢, o = 90" and 270° d ¢, = 135 and 315".

For a device with Au nanocuboids of equal lengths [, = [, = 120 nm, aligned parallel to each
other (¢, = 90" and ¢, = 90°), equations (4.5.3a-b) predict both AA, . and AAr . to be zero, under
illumination at 8, = 45° for any ¢,. Consistent with these predictions, while the CDA spectra
measured at ¢, = 0°(180°) and 90" (270") shows no response, however, the spectra at ¢, =
45°(225%) and 135 (315") shows a pronounced signal of the A4, . type (no sign inversion for ¢,

rotation by 180°). We attribute this phenomenon to originate from coupling to the optical

resonances (uj,and u;) along the cuboid widths (w; = w, = 60 nm), acting as additional
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orthogonally oriented oscillators in the system, resulting in a two-dimensional anisotropic optical
system supporting two orthogonal elliptical eigenmodes [129]. A circularly polarized light at non-
normal incidence (6, # 0° and 180") projects an elliptically polarized field along the plane of the
device (red ellipse, Figure 5.1-3a-d), which at certain azimuth angles ¢, can access these elliptical

eigenmodes (dashed yellow ellipses, Figure 5.1-3a-d).

y
|4, | (au.) B
135° 45°
0.6

225° 315°

Figure 5.1-3 | Origin of the chiroptical response from parallel nanocuboid oscillators. a-d,
Top-down SEM images of the device consisting of an array of Au nanocuboid oscillators oriented parallel
to each other. Overlaid are the constitutive elliptical eigenmodes (dashed yellow curves) and the projected
in-plane source electric field (F?"xy), indicated by a red vector arrow that traces the red elliptical path for a
circularly polarized light at non-normal incidence. Scale bar represents 125 nm in the SEM images. a-b,
Orientation of the two eigenmodes relative to the source electric field at ¢, = 0°(180") and 90° (270")
illustrating that they can be accessed equally. c-d, Same as above, except at source azimuths ¢, =
45°(225°)and 135° (315°) illustrating that only one of the two eigenmodes can be accessed. e, Dependence
of |AAE,6| on ¢, for the parallel nanocuboid oscillator configuration studied here. The orientation of the
long and short axis oscillators (u; and u; respectively) corresponding to the length (1;) and width (w;) of
the two nanocuboids relative to ¢, is shown for clarity.

Atg, = 0" (180°) or ¢, = 90" (270°), both orthogonal eigenmodes are accessed equally resulting

in the total chiroptical response to be zero; whereas, at ¢, = 45°(225") and 135° (315") only one
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of the two eigenmodes can be excited resulting in a strong CDA response. This dependence of
peak |AA, | on the azimuthal angle ¢, is shown schematically in Figure 5.1-3e. These results are
also consistent with Table 5.1-2, which follows from equations (4.5.3a-b), wherein incorporation

of contributions from these additional oscillators results in a zero AAr . response, whereas AA, .

response is shown to stay proportional to ({y, — {,7 ;).

Table 5.1-2 | Chiroptical response contributions for coupling between orthogonal oscillator
dimensions. Top row, Illustrative picture of the two coupled-oscillator contributions that result in a far-
field CO response from parallel nanocuboid oscillators of equal lengths (I; = [,) and widths (w; = w,)
upon illumination at 8, = 45° and ¢, = 45°(225") or 135" (315°). Note that since u; = u, and u; = u)
in this configuration, leadsto {; , = ¢, ; aswell as {; ,» = {7, and {, v = {5/ 4 resulting in AA, . response
to be doubled (from equation (4.5.3a), bottom row). However, because of the inversion of the spatial
dispersion term k- (6, — 61,) of equation (4.5.3b), the AAr. contributions between these two
configurations become equal and opposite, cancelling each other out.

u u; u;
y —4 >y — y
U; + 7 Uy — Uy
X X X
AAG,E X (i)y((l,zl - {2’,1) + AAE,E X (i)y(zll‘z - 52'1/) _AAE,E o8 20)‘}/((1/'2 - (2‘1’)
AAre o k - (67, — 675) Mrpe k- (67, —61) = Adre =0

In addition, it is instructive to study the CO response of a device where the two Au
nanocuboids of equal lengths are aligned such that ¢, =90° and ¢, =45  in a planar
arrangement. Upon illumination of this structure at 8, = 45 for various ¢,, the measured CDA
response neither shows any clear inversion in sign with 180 offset in ¢,, nor any apparent
symmetry in the spectral lineshape (see Figure 5.1-4). This is because the various sub-oscillators

(uy, u,, uj and uy) in this system are aligned with respect to each other such that they can all be
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inter-coupled resulting in both AAr . and AA. . contributions to be significant. This serves as a

simple example for a system where the measured far-field CO response is ambiguous, and its

underlying origin can be difficult to interpret.

a C
0.2r
< <
&) Q
@) @)
$o=0
bo = 180
600 800 1000
b Wavelength (nm) d
0.2f
5 5
o OOk O
-0.2f $o =90
o = 270°
600 800 1000

Wavelength (nm)

0.2

0.0

-0.2

0.2

0.0

= 45°
¢>0 =225
6CIJO 800 1000
Wavelength (hnm)
¢o = 135
o = 315°
6(I)0 800 1000

Wavelength (nm)

Figure 5.1-4 | Chirotpical response of 45 oriented plasmonic cuboids of equal lengths. SEM images
of 45 oriented plasmonic cuboids Au cuboids are overlaid onto the measured CDA for an azimuthally ¢,
varying source at angle of incidence 8, = 45°. Cuboids are 50 nm wide, 40 nm tall, and 120 nm long. Red-

bar inset represents 120 nm. a, The CDA spectra for incident source azimuths qbo
180" (red). The inlaid arrows indicate the relative directions of the in-plane k-vector k”

0° (blue) and
relative to the

cuboids. b, ¢, d, As in a, the CDA spectra for additional azimuthal directions.

5.2 Methods

5.2a Nanofabrication
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The Au nanocuboid structures are fabricated on 500 pm thick fused-silica substrates. 100 nm thick
poly-methyl methacrylate (PMMA) resist was spun-coated on the substrates, followed by
deposition of 20 nm Al film using thermal evaporation. Electron-beam lithography at 100 keV was
then used to expose the nanocuboid patterns. After exposure, the Al layer was removed using a 60
s bath in AZ400K developer followed by a 30 s rinse in deionized water. PMMA was developed
for 90 s in methyl isobutyl ketone (MIBK) followed by a 30 s rinse in isopropyl alcohol (IPA).
Electron beam (E-beam) evaporation was used to deposit a 2 nm thick Ti adhesion layer, followed
by a 40 nm thick Au-film. A twelve-hour soak in acetone was used for lift-off, revealing the
completed cuboid structures on the substrate surface. The fabrication steps are schematically

outlined in Figure 5.2-1.

1. Clean glass substrate 5. E-beam evaporation, Ti 2
nm, Au 40 nm
Glass
2. Spin e-beam resist Glass
PMMA, A3 950K
Glass 6, Lift-off in acetone bath
3. Thermal evaporation, Al
20 nm Glass
PMMA., A3 gAE:OK 7 Representative SEM
Glass Iage
i L
4. E-beam lithography
followed by Al etch and
resist development
Glass

Figure 5.2-1 | Nanofabrication process steps. E-beam resist (PMMA) was spin-coated on a pre-cleaned
fused silica substrate, followed by deposition of 20 nm Al film using thermal evaporation. E-beam
lithography (at 100 keV) was used to expose the cuboid pattern on the resist, and the exposed resist was
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developed for 90 s in MIBK followed by 30 s rinse in IPA. Using E-beam evaporation, a 2 nm thick Ti
adhesion layer, followed by 40 nm thick Au was deposited. Following deposition, lift-off was carried out
by soaking the sample in acetone for twelve-hours. The lift-off procedure leaves Au islands at the location
of the exposed regions. The scale bar in the representative top-down SEM image is 500 nm.

5.2b Experimental Setup

For experimental characterization, the samples were illuminated from free-space at wavelengths
between 1, =500 nm to 1000 nm at a fixed angle 8, = 45" for various source azimuth angles ¢,.
The incident light was focused on the sample to a spot-size (along the long-axis) of = 400 um, and
the incident polarization was controlled using achromatic waveplates. The CDA spectra was
directly measured, using a spectroscopic ellipsometer in reflection mode, by extracting the m,,

element of the Mueller matrix.

5.3 Chiroptical Response of All-Dielectric Media

Up until now we have applied the model predictions to, and validated them against, existing
literature and experimental CDA measurements on planar metallic nanocuboid oscillators.
However, as mentioned earlier, a strong far-field CO response of the COaxial type has been observed
in an all-dielectric metamaterial acting as a uniaxial or a biaxial medium [115, 120, 121, 125]. We
demonstrate the generality of the GCO model by applying it to an all-dielectric optical medium,
and illustrate the conditions under which the Poynting vectors associated with the LCP and RCP
components of a linearly polarized (LP) light propagating in an all-dielectric biaxial medium can
propagate in different directions. A simple spatial filtering of either the LCP or the RCP on the
exit side can result in a strong CO response. Note that such a far-field CO response is not related

to optical activity.
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For dielectric media, the electron-oscillators are bound and described here by amplitude
oscillations u; of resonant frequencies w;, = W for k = 1,2 where « is a spring-constant,
and m* is the effective mass of a bound electron. The plasma frequency is replaced with @, =
J7ie2/m*e,, where i is the density of bound electrons [135]. The damping factor of the oscillators
are assumed to be y; = y, = y and the cross-coupling amplitudes are assumedto be {; , = {1 =
0. Under these assumptions, all the non-locality tensor elements T; ; for i, j = X, y, z become zero
(equations (4.3.7a-i)), and the modified dielectric tensor elements ¢; ; (equations (4.3.6a-i)) are

expressed as:

—~ 2

op

Exx = QZQZ (Q2 sin? 6, cos? ¢, + O3 sin? ; cos? ¢;) (5.3.1a)
T

€xy = _QZQZ —— (02 sin? 6, sin ¢, cos ¢, + Q3 sin? 8, sin ¢, cos ¢p;) (5.3.1b)
(172

€xz = QZQZ (Q2 sin 6, cos 8, cos ¢, + Q3 sin 6, cos 6 cos P;) (5.3.10)
&2

€yx = 20 (Q2 sin? 8, sin ¢, cos ¢, + Q3 sin? O, sin ¢, cos ¢p,) (5.3.1d)
~2

€yy = QZQZ (Q% sin? 6, sin? ¢, + Q3 sin? 9, sin? ¢,) (5.3.1e)
@2

€yz = 020z (Q2 sin 0, cos 8, sin ¢, + Q3 sin O, cos O, sin ¢p,) (5.3.1)
072

€yx = QZQZ —— (Q% sin 0, cos 0, cos ¢, + Q3 sin O; cos B, cos P;) (5.3.1g)
;2

€yy = Qzﬂz (Q2 sin 6, cos 8, sin ¢, + Q3 sin B, cos 6, sin ¢;) (5.3.1h)

—~ 2

€ (Q2% cos? 6, + Q5 cos? 6,) (5.3.1i)
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yZ T 202
Q703

94



Note that a medium described by equations (5.3.1a-i) may be uniaxial or biaxial. We define an
impermittivity tensor, o(k, w), in terms of the modified dielectric tensor, e(k, w), expressed as
[136]:

o(k,w) = e 1(k, w) (5.3.2)
with tensor elements g, ; for i,j = 1,2 and 3.
The electric-flux density within the medium can be written as D= a,D, + a,D, + a;D; where
a, = —dg, a4, = dy,as = d,. The dispersion relation of the system is calculated using the
relationship between electric flux density D and electric field E | given by E = 95, and the
relationship between magnetic field H and magnetic flux density B, given by H = 5B, where

Uo IS the permeability of free-space. From equation (5.3.2) and the field expressions, results in the

dispersion relation for an arbitrarily oriented source field expressed as [136]:

2 _ -1 —u;l! D
<u o' M0 >(D1> _ (5.3.3)
“Ho Q21 U” — Hp 022 2

The phase velocities u,. for the eigenmodes of the system are found by setting the determinant of

the matrix expression of equation (5.3.3) equal to zero, resulting in:

1
uy = Re \/_zﬂ [(911 +022) £ \/(911 —022)% + 4@12@21] (5.3.4)
0

The corresponding k-vectors for the eigenmodes, corresponding to the characteristic waves in the

medium, are calculated using k. = w/uy with the field components satisfying the relation:

P2 _ 2021 (5.3.5)

D, (011 —022) % \/(911 —022)% + 4012021
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By choosing certain oscillator parameters, the characteristic waves satisfying equation (5.3.5) can
be made circularly polarized (D, /D, =~ *i). One such set of parameters that satisfy this condition
is achieved by setting the oscillator resonance wavelengths to 4; = 450 nm and A, = 450 nm, and
assuming the damping factor to be y = 9.2870x10'* s™1, and @, = 4.5362x10° s~1. The
source free-space wavelength is calculated at free-space wavelength 1, = 450 nm. Additionally,
the first oscillator is assumed to be oriented at 8; = 165 and ¢p; = 308", and the second oscillator
at 8, = 22° and ¢, = 156°. Inserting these assumptions in equation (5.3.5), results in D,/D; ~

+i for a source field at normal incidence, 6, = 0" (Figure 5.3-1).
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Figure 5.3-1 | Eigenmodes and power propagation in a biaxial medium. The k-surfaces for the
two characteristic waves, k, = w/u, (red) and k_ = w/u_ (blue), in the biaxial medium. Each
characteristic wave is circularly polarized for a wave propagating at normal incidence in the medium, 6, =
0°, however they have different Poynting vector directions. Thus, a linearly polarized wave at normal
incidence spatially separates into RCP and LCP components. The k-surface cross-sections are shown for
axes a, ky/ko, k;/ko b, ky/ko, k;/ko, and ¢ ky/ko, ky/ko, Where ko = 2m/A, with free-space
wavelength A, = 450 nm. The source field wavelength is d, The difference in eigenmode propagation
direction results in the separation of linearly polarized light into LCP and RCP components, and a detector
will thus measure a non-zero CO response. The RCP component continues to propagate along the z-axis,

but the LCP component propagates at an orientation described in the schematic by angles & and £3.

The direction of power propagation for each eigenmode is determined from the direction normal

to the k-surface, calculated from equations (5.3.4) [136]. As shown in Figure 5.3-1d, the Poynting
vectors §+ and S_, corresponding to the RCP and LCP components in this configuration,
respectively, propagate in different directions. The RCP component, §+, propagates along the z-
axis while the LCP component, S, propagates in a direction described by angles @ and g (Figure
5.3-1d). This illustrates that a strong far-field CO response may be measured in all-dielectric
optical media through spatial filtering of either the RCP or the LCP light. As a final note, equation
(5.3.5) will give a complex result only in lossy dielectric media. Inserting the medium parameters
listed above into equations (5.3.1a-i) results in a permittivity matrix given by

14 08 040  —2.5i
e~| —04 1+03i 18i (5.3.6)

—2.51 1.8i 1+9.5i

Equation (5.3.6) has a corresponding diagonal matrix ¢" with diagonal elements &, = 1 + 10.5i,
gyy = 1+ 0.1i, and g5, = 1. This implies that the medium is biaxial, but only if loss is present.

Therefore, COaxiat = 0 in lossless dielectric media.
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5.4 Conclusions

In conclusion, we have developed a comprehensive analytical model to study the micropscopic
origin of chiroptical response in optical media. Closed-form expressions for the various
microscopic phenomena governing the far-field CO response is shown to provide intuitive insights
when systematically studied for various sample geometries and optical excitation conditions.
Optical activity, COoa, characterized in the far-field by spectrally shifted transmission (or
reflection) curves due to the accessibility of RCP and LCP light to hybridized eigen-modes, is
shown to originate at the microscopic scale when coupled oscillators are spatially separated along
the direction of source propagation. Differential absorption, COaps, another CO response type
unrelated to optical activity is characterized in the far-field by amplitude shifted transmission (or
reflection) curves due to the presence of distinct near-field absorption modes for RCP and LCP
light. COaps is shown to occur when the oscillators, in the presence of loss, are angularly separated
along the direction of source electric-field rotation. The third CO response type, COaxial, iS
characterized in the far-field by the spatial separation of RCP and LCP light. COaxial is shown to
occur when the Poynting vectors associated with the characteristic RCP and LCP waves of a
biaxial medium are angularly offset. Both analytical and experimental methods provided here
suggest a simple method for identifying the presence of, and distinguishing between, these various
CO response types. As engineered chiral optical media becomes an essential component of
advanced technologies such as enhanced CD spectroscopy, identification of the microscopic
behavioral differences in the far-field optical response have become increasingly crucial. The
generalized theoretical framework presented here is expected to aid in the application-specific

design and study of engineered chiroptical systems.
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Chapter 6. Higher-Order Plasmonic Mode Representation

with the GCO Model

6.1 Introduction

The excitation of higher-order plasmon modes generates intense local fields on a plasmonic
structure, and at UV wavelengths this artificial field-enhancement benefits many applications
such as optical communications [137], bio-sensing [138], cancer therapy [139], photocatalysis
[140], and as discussed in previous chapters, the development of more sensitive plasmonic-
enhanced CD spectroscopy techniques.

Au and Ag, typical plasmonic metals, are not suitable for UV technologies due to the
presence of inter-band transitions in the visible and UV, respectively. Several other materials
such as aluminum, gallium, magnesium, and rhodium have been explored, and show great
promise, as suitable replacements due to their Drude-like plasmonic response at UV wavelengths
[141].

In this work, Al chiral plasmonic structures with structural feature sizes as large as 220 nm
are fabricated and experimentally shown to generate a chiroptical response at UV wavelengths.
The chiroptical response is attributed to the differential excitation to RCP and LCP light of
higher-order localized surface-plasmon resonant (LSPR) modes. Higher-order plasmonic modes
are typically analyzed with numerical solvers such as FDTD [142, 143], but here the GCO theory
presented in the previous two chapters is expanded to a system containing an arbitrarily large

number of oscillators. This system of oscillators is shown to replicate the chiroptical
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measurements, thus providing insights into the influence of higher-order modes in plasmonic

systems.
6.2 Extending the GCO Model to N Oscillators

The GCO model, developed in Chapter 4, has already been demonstrated to replicate the
chiroptical behavior of systems of plasmonic nanorods, but metallic structures exhibiting higher
order LSPR modes are not necessarily replicable with a bi-oscillator system. In particular,
structures with feature sizes comparable to source wavelength can demonstrate considerable
phase shifts across their surfaces. Describing the CO response of arbitrarily complex optical
structures requires the expansion of the GCO model to a system of N oscillators, for real-positive

number N. Equations (4.2.1a-b) are now written as a system of N coupled differential equations.

e - .
02wy, + y0.uy + wiuy + Z Cnklln = — %(EO -ﬁk)e‘(k'rk_‘*’t) (6.2.1)

n+k

where n, k = 1,2, ..., N. See Chapter 4 for descriptions of the individual parameters in this
equation. Once again, time-harmonic solutions to the amplitude oscillations u,, are assumed.

Inserting the expression u, (t) = i, u,e "t into equation (6.2.1) results in the simplification

e ,- N .
[(wf — w?) — iyw]u, + z Spscthn = — %(Eo -y ) etk (ot 8710 (6.2.2)

n+k

This expression is written in matrix form as

(wf —w?) —iyo - din (21)
(N1 w (o — 0?) —iyw ) \Uy 6.23
o [T @orei) . 0 <E1> (62:3)
m’ 0 o pikeorory) | \Ey

The electric field components are given by Ej}, = EO * iy This is written more compactly as
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e N
Qu =——KE 6.2.4
u o ( )
The matrix Q has diagonal elements Q; , = (wi — w?) — iyw and off-diagonal coupling

elements Q,, , = ¢, . The diagonal matrix K has elements K, , = Sn,keiﬁ'%*‘wk). Further

defining the matrix A = Q™K gives the solution to equation (6.2.4) as

e

i =—-—AE, (6.2.5)

m
Each component u,, of u represents the amplitude oscillation of the nth oscillator. The induced
volume current density is calculated from equation (6.2.5) byf = iwenu, where w, e, and n are
as defined in Chapter 4. The current density response to RCP and LCP source fields is calculated
as

Jrcp = —iwegwZAE, (6.2.6a)

Jicp = —iwe,w2AE; (6.2.6b)
The far-field response of the system is then calculated by summing together the current density

response from each oscillator element with the following operation

I~ —iweqw? Z . (AE,), (6.2.7)

k To = f—é\f'k
where 1, = d, sin 6y, cos ¢y, + a,, sin 6y sin ¢, for oscillator orientation 6 and ¢, as illustrated in

Figure 4.2-1d. Finally, the chiroptical response is calculated from equations (6.2.6a-b) and (6.2.7)

as
N 2 N 2
o= |7bel” — s (6.2.8)
With this result, the GCO model is now applied to a system of Al structures at UV wavelengths

200 nm — 400 nm.
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6.3 The CO Response of Al Structures at UV Wavelengths

Figure 6.3-1 illustrates the CO response measurement setup, where EO and Ereﬂ are the k-vectors
for the incident CP source field and far-field response, respectively. The Al structures are planar
and so geometrically chiral only in the x-y plane. The Al structures have maximum feature size

t = 220 nm and are arranged periodically with a lattice pitch a = 325 nm.

—_

krefl

Figure 6.3-1 | Measuring the CO response of Al nano-structures. A source field with k-vector 750 is
incident on the Al structures at angle 6, and azimuth ¢,. The reflected field with k-vector k¢, is

measured in the far-field. The Al structures have maximum feature sizes ¢t = 220 nm and are arranged
in a periodic lattice with pitch a = 325 nm.

These structural sizes are comparable to wavelength in the UV regime, and therefore phase shifts
across the surface features affect the CO response. This is illustrated in Figure 6.3-2a, where the

angled source field results in a phase difference ¢ = — 2nd sin 8, /A between two surface points
separated by distance d. Additionally, the rotation of the electric field results in the excitation of

different LSPR modes for RCP and LCP fields. These modes are represented within the GCO
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model as coupled oscillators. Figure 6.3-2b presents a hypothetical mode described by two
oscillators in the presence of an angled source field with some azimuthal direction ¢,. The
excitation of the oscillators is not only sensitive to the CP state of the source field, but also

dependent on ¢,. This results in azimuthally dependent mode excitation.

a b

b, = 180°

Figure 6.3-2 | LSPR mode dependence on source orientation. a, An angled CP source field is incident
on a plasmonic structure with length d comparable to the source wavelength A. A phase shift € is accrued
over the length d. Rotation of the electric field for RCP and LCP results in different mode excitations. b,
The interaction between source field and structure is dependent on source azimuth. The mode excitation is
modeled by amplitude oscillations ;.. Two oscillators u, and u, are illustrated in the figure. The
excitation of the oscillators is dependent on source azimuth. This dependence results in azimuthal
inversion symmetries as observed and described in Chapters 4 and 5.

A point 7 on the structure surface is distinguished from other surface points by a phase § = —EO .
7. The GCO model representation of the LSPR modes consists of replacing the surface with an
array of oscillators u,,, each placed at location 73, for k = 1,2, ..., N coupled oscillators. Figure
6.3-3a illustrates the GCO representation of the LSPR modes of a plasmonic structure. Each
oscillator is oriented by azimuth ¢, and is electromagnetically coupled with the other oscillators.

These oscillators result in different far-field responses, as described by equation (6.2.7), to RCP

and LCP source fields.
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Figure 6.3-3 | GCO representation of higher-order LSPR modes. a, The oscillators are spatially
separated in the near-field. This results in source-angle dependent phase differences between oscillators.
b, The far-field response behaves as an elliptically rotating current response. As illustrated, a given set of
oscillators can result in dramatically different far-field responses for RCP and LCP source fields.

Figure 6.3-4 show the experimentally measured CDA response at UV wavelengths 200 nm — 400 nm of
the Al structures described above and illustrated in Figure 6.3-1. CDA is defined within the GCO model

as

oA = (745l = L) /(U1 + Uikl (63.1)
The sign inversions described and observed in the previous two chapters are also observed here with the
rotation of source azimuth ¢, by 180°, but the inverted and non-inverted curve amplitudes are
asymmetric. As described in Figure 4.5-2, this asymmetry suggests contributions to the CDA response
from both COp, and CO,y, type responses. The CO,,, response originates from the oscillator
damping factors and has already been shown to lack sign inversion with azimuthal rotation.
Therefore, CO,, is likely responsible for the observed amplitude asymmetry. The COgy4
response originates from the spatial separation of coupled oscillators. The GCO model fit of the

experimental data is also shown in Figure 6.3-4 as the overlaid dashed curves. At UV
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wavelengths, the oscillator spatial separation results in the accrual of a large phase shift due to the

angled incident source field given for each oscillator by

- 2
Ek(k, Fk) =— TT[rk (cos ¢y cosg + sin ¢y, sing)sinf, (6.3.2)

This phase shift imposes a strong dependence on the far-field response J'F and the directionality
of the incident source field and is responsible for the experimentally observed azimuthal
inversion symmetries. The oscillator placement, orientation, and other parameters given in
equation (6.2.1) are selected with a custom built genetic algorithm. This algorithm begins with
an initial randomly generated population of solutions and breeds new generations of solutions
with a combination of random mutations to individual parameters and parameter swapping. The
CO response for each child member of a population is calculated according to equation (6.2.8),
and children with responses closest to the measured CDA are chosen to breed the next
generation. This process repeats itself until no further improvements in the match between the
GCO prediction and experiment are made. The final strongest performing child is selected as the
solution. Figure 6.3-5 illustrates the oscillator layout and amplitude strengths for the set of 15

oscillators used for calculating the CO response shown in Figure 6.3-4.
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Figure 6.3-4 | CDA measurement with a GCO model fit. The CDA spectra is measured using a
spectroscopic ellipsometer in reflection mode over UV wavelengths 200 nm — 400 nm with the source
angled at @ = 45°. source azimuth is varied from ¢, = 0" to ¢p, = 315" in 45 increments. Experimental
(solid) and GCO model (dashed) curves are overlaid. The azimuthal rotation of the source drastically alters
the CDA spectrum of the sample: a, For ¢, = 0'and ¢, = 180° prominent spectral peaks are present at
356 nm. b, For ¢, = 225 there is a strong peak at 310 nm, though this peak is inverted and reduced at

o = 45°. ¢, For ¢, = 90°there is a strong peak at 340 nm, but again this peak is inverted and reduced for
¢o = 270°. d, For ¢po = 135°and ¢, = 315" no peaks are detected. In summary, the spectra for this
plasmonic structure are strongly azimuthally dependent, with a 180" rotation leading to an asymmetric
inversion of the CDA spectra. The GCO model described in the previous sections is in excellent agreement
with the experimental data and provides insights into the origin of these behaviors.
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Figure 6.3-5 | Near-field GCO representation of the Al structure. The arrows in the figure represent
oscillators u;, for k = 1,2, ...,15. The length of each arrow represents the oscillator amplitude strength, with
longer arrows corresponding to stronger oscillations. As seen in Figure 6.3-4, a source incident on this
particular set of 15 oscillators produces a CDA spectra in excellent agreement with the experimental
measurements. The spatial separation between oscillators is crucial to reproducing far-field behaviors such
as the azimuthal inversion symmetries.

The solution provided by the genetic algorithm is not unique, and therefore, is not claimed to be
a true representation of the LSPR mode of the Al structures. The GCO model solution
demonstrates, however, that the observed experimental data is reproducible using concepts
developed here and in previous chapters. In particular, the observed azimuthal inversion
symmetries and amplitude asymmetries are produced through the interaction of spatially

separated coupled and damped oscillators.
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6.4 Methods

6.4a Nanofabrication

The fabrication of the Al structures follows the recipe described in Section 5.2a and Figure 5.2-1.
SEM images for the final product are shown below in Figure 6.4-1. The finished Al structures are

40 nm in height.

- M

Figure 6.4-1 | SEM images of fabricated Al structures. a, Al structures fabricated on a glass substrate.
Image is taken at normal incidence. b, The structures imaged with SEM from an oblique angle 52°. The
structures are 40 nm in height. Both inset bars represent 325 nm.

6.4b Experimental Setup

See Section 5.2b.
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Chapter 7. Future Work and Conclusions

7.1 Introduction

In Section 7.2 the aperiodic nanoplasmonic device featured in Chapters 2 and 3 is adapted to the
applications of solar energy harvesting, directional light sensing, and high-sensitivity
chemical/biological sensing using high quality metal films. These applications serve a broad range
of US national needs in energy and defense and are particularly suited for further development at
the Center for Nanoscale Science and Technology at NIST. Chapters 4, 5, and 6 of this work
developed a theoretical understanding of the chiroptical response of optical system. This
understanding will contribute the correct interpretation of far-field CD spectroscopic
measurements. Section 7.3 provides some general thoughts on future work related to the GCO

model. Final conclusions on this entire body of work are presented in Section 7.4.

7.2 Aperiodic Architectures as an Enabling Technology for Nanophotonic
Applications

Offering an unparalleled ability to manipulate, at the nanoscale, light properties such as
wavelength, polarization, and directionality, nanophotonics has become a firmly entrenched
technology contributing to a wide range of industries serving US national interests. Recent
developments in the areas of plasmonics and metamaterials — two rapidly emerging areas of
nanotechnology dealing with manipulation of light and electrons at the nanoscale, and offering the

potential for chip level integration in CMOS technologies — have further pushed the boundaries of
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optical performance beyond the diffraction-limited response of refractive optics. High absorption
losses at optical frequencies, limited optical response due to reliance on periodic architectures, and
the inability to control the functional response actively has so far stymied the progress towards
commercialization of technologies based on them. In this section, we outline the development of
a novel class of plasmonic metamaterial devices that overcomes the aforementioned limitations by
utilizing: (a) geometric aperiodicity-by-design to both enhance the optical performance and offer
multi-functional response, (b) novel nanofabrication methods and optical materials to overcome
the loss limitations, and (c) engineered confinement to enhance the interaction of light with an
optically active media for high-efficiency active operation. We further discuss the suitability of
the proposed devices towards applications of US national interests such as defense against enemy
LIDAR tracking and missile seeking, high-efficiency solar harvesting, and high-sensitivity

chemical/biological sensing.

7.2a 3D Directional Light Sensor

The development of LIDAR systems has created multi-national military interest in identifying and
tracking small targets over large distances [144]. This section outlines the application of the
aperiodic structure to a 3D directional light sensor capable of functioning in roles as counter-
LIDAR tracking and missile seeking systems, alerting targets to the presence of and identifying
the directionality of an incident laser signal. Such a sensor would be useful to US military forces
operating in an environment where enemy forces possess LIDAR or missile-seeking technology.
The construction of a directional sensor begins with a variation of the aperiodic plasmonic
architecture referred to as the aperiodic bulls-eye structure [145]. This structure spans a total

diameter of 10 um and consists of an opaque metal film with a circular aperture surrounded by an
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aperiodic arrangement of annular grooves. Like the slit-grooved device, each quadrant of the bulls-
eye structure functions as an angular-dependent spectral filter, allowing for a mapping of incident
angle to transmitted wavelength.

When partitioned into two sectors, the aperiodic bulls-eye structure can discern the source
azimuthal direction ¢. A sensor can be designed to operate at a user determined angle 8, by
transmitting an output at wavelength A, in one sector and suppressing the same wavelength in the
other sector (Figure 7.2-1a). A spectral peak is produced only when the structure makes a user-
determined angle 6, with the source light in the correct sector (Figure 7.2-1b). In this way, a single
bulls-eye structure provides limited information on the source directionality. An array of bulls-eye
structures, however, allows a precise determination of directionality through multi-plexing the

combined sensor output.

a b

I (a.u.)
I" (a.u.)

Ao Ao

Figure 7.2-1 | Tracking laser beam direction with an aperiodic plasmonic bulls-eye device.
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a, The bulls-eye is split into 2 functional sectors, one optimized to respond only at a pre-determined angle
6, and target wavelength A,. The other is optimized to suppress output. b, A spectral peak is produced only
when the source target wavelength makes an angle 6, with the bulls-eye normal in the correct sector.

This proposed sensor will consist of an array of aperiodic bulls-eye structures fabricated on
a glass substrate sitting atop a CCD array for signal analysis. The sensor array is partitioned into
an M x N grid, with each grid location (i, j), where i and j are positive integers, consisting of a
sub-array of bulls-eye structures sensitive to incident angle 8;; and where each sub-array element
(m,n), where m and n are also integers, corresponding to a unique bulls-eye azimuthal rotation
¢mn (Figure 7.2-2). The sensor maps 1-1 an intensity signal I(Bij,¢mn) to a CCD pixel. The
combined intensity output from all bulls-eye structures, when mapped to each of their CCD pixels,

provides enough information for an exact determination of source directionality.

a 1(6, $mn)

SGG6 -

y

¢666
&G & & -

glass

Figure 7.2-2 | Proposed 3D directional sensor constructed from aperiodic plasmonic bulls-
eyes a, Array of aperiodic plasmonic bulls-eye structures, each responding to incident angle 6;;, but rotated
in azimuth relative to each other b, The sensor area is split into a gird, with each grid responding only to
source angle 6;;.
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7.2b High Efficiency Solar Energy Harvesting

Spatially separating light with diffractive optics for absorption by single-junction photovoltaic
cells has been shown to increase peak photovoltaic power output by up to 42% [146]. The aperiodic
nanoplasmonic architecture discussed in Chapter 2 is uniquely suited to this type of application
since, when illuminated from the reverse smooth side of the metal film, the incident white light is
spatially separated into separate wavelengths and emitted at user-determined angles (Figure 7.2-
3a). However, low transmission efficiency due to the use of an opaque metal film and a single slit
aperture limits performance.

Two adjustments are proposed to increase transmission efficiency (Figure 7.2-3b). The first
is the use of an ultrathin, rather than opaque, metal film layer. Such ultrathin color selective
plasmonic gratings have been shown to yield transmission efficiencies up to 70% [147]. The
second adjustment replaces the single slit with an aperiodic array of slit apertures. Plasmonic slit
arrays can achieve 100% transmission efficiency [148], and when coupled with an aperiodic array
of exit-side grooves, high efficiency wavelength dependent beam steering is possible. Thus, with
a combination of both an ultra-thin metal layer and aperiodic slit arrays, a high transmission

efficiency solar harvester becomes possible.
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Figure 7.2-3 | High transmission efficiency spectrum-splitting for photovoltaic solar
harvesting. a, top panel, Schematic illustration of the device under illumination from the non-patterned
side. When illuminated with a TM polarized white light laser source from the non-patterned side, light is
spatially separated into multiple colors (three shown) along pre-determined discrete angles. a, bottom
panel, Wide-field image of experimentally measured transmitted light. Scale bar in the CCD image
represents 6.5 um. The diffraction angle for the three colors is determined by directly measuring the distance
of the local intensity maximum of the red, green and blue streaks relative to the center of the slit, Ax. b, A
schematic of the proposed device for high transmission efficiency solar harvesting. Rather than using an
optically thick layer of metal with a single slit, the new device will consist of an ultrathin metalfilm (h «<
A) patterned with an aperiodic array of both grooves and slits.

7.2c Improving Device Performance

7.2c.1 Fabrication and Materials

Conventional deposition techniques of popular plasmonic metals such as Ag result in additional
system losses and non-optimum device performance due to large surface roughness. However, a
recent group has demonstrated, by doping a Ag film with 10% Al composition during sputter
deposition, a reduction in RMS surface roughness from 6 nm to less than 1 nm, and of the
percolation threshold (the minimum film thickness required to achieve a continuous Ag film) from
20 nm to 6 nm [149]. Additionally, fabrication recipes incorporating template stripping [150] can
further reduce surface roughness, eliminating much of the system losses. Figure 7.2-4 illustrates
this with experimental measurements of the decay SPP length for evaporated and template-stripped

surfaces relative to an ideal perfectly smooth surface.

=+ = Calculated
@ Template-stripped Ag
m EvaporatedAg = .-

{wu) yBieH

560 G(I)O 7(I)O 860
Figure 7.2-4 | Propagation decay length of SPPs propagating on a Ag-air interface. a, SEM
image and b, atomic fore microscopy of template stripped Ag surface c, Experimentally measured 1/e
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decay length L, of SPPs on an evaporated Ag-air interface (blue squares) and a template-stripped Ag-air
interface (purple spheres). The theoretical SPP decay length calculated using the bulk effective permittivity
of template-stripped Ag (dashed black line). Source of images [150, 151].

In addition to modified fabrication techniques, several classes of materials offering low-loss
alternatives to the typical plasmonic metals Ag and Au have been identified as potentially suitable

replacements. These are summarized in Table 7.2-1.

Table 7.2-1. Choosing suitable materials for plasmonic technologies. A recent study has identified
alternative low-loss plasmonic materials [152]. A green check mark indicates suitability of the material to
an application, and a red cross indicates non-suitability.

LSPR SPP Meta-materials
Noble Metals v v v
Metal Nitrides X v X
Alkali metals v v v
Graphene v v X
Semiconductors v X X
Doped metals ? ? ?

7.2c.2 Analytic tools

Current analytic tools rely on a first order approximation, ignoring higher-order SPP reflections
between the grooves [145]. Incorporating higher-order SPP reflections in the model will improve
the overall prediction accuracy and fabricated device performance. Beyond this, studying the
underlying geometric relationships between elements in an aperiodic array can result in closed-
form mathematical formula, greatly reducing the need for computational analysis and dramatically

reducing the design time of aperiodic plasmonic devices [20].
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7.2.d Optically Active Media

The active control of light with plasmonic technology has added an exciting element in the push
to control light at subwavelength scales. Initially plagued by issues such as low optical switching
contrasts and slow switching response times, devices utilizing slit-apertures filled with an optically
active absorbing medium were shown to achieve over 90% optical switching contrast with greatly
reduced switching times compared to the state-of-the-art [153]. Aperiodic designs can further
improve on these functionalities by directing high density SPPs to active zones (such as inside a
slit-aperture coated with an active absorbing medium), further enhancing the interaction between

light and medium and enhancing device performance.

7.2.e Expected Contributions and Significance of Future Work on Aperiodic

Devices

Aperiodic nanoplasmonic architectures are poised to transform the field of plasmonics, enabling a
diverse range of optical technologies serving industries of direct relevance to US interests which
are summarized as follows:

a. Directional light sensing for identification of directionality and presence of enemy
laser sources such as those presented by LIDAR and missile-seeking systems.

b. High-transmission-efficiency solar harvesters contributing to both the ever-
increasing demand for efficient renewable energy production and the goal of
eventually achieving power grid parity.

c. Advanced design tools resulting in better performing optical materials.

d. Ultra-fast switching times in optically active materials leading to better

communications systems.
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7.3 Using the GCO Framework to Study Chiral Optical Structures

Many features of chiral plasmonic structures are not well understood in the literature and have
been left unexplored in this work. The effect of structural height on the CO response is one such
feature. Planar plasmonic structures have a surface attached to a substrate and another facing
outward and separated by a distance from the substrate. The LSPR mode environment differs for
the plasmonic structure between the free-space and substrate surfaces. The most active areas of a
planar plasmonic structure are its edges on both surfaces, and therefore, a more accurate GCO
model representation would need to treat both surfaces rather than just one. This model
representation would need to agree with the measured CDA for plasmonic structures of varying
heights. Achieving such agreement would further solidify the already established explanatory
power of the GCO model.

Additionally, some initial results have suggested a computation-free method for determining
the presence of a CO response in planar plasmonic structures. These results imply that under
certain conditions, the GCO model is reducible to a set of simple rules, and one can then “eye-

ball” a planar structure to determine if a strong CO response will be present.

7.4 Conclusions

Systems with asymmetries display behaviors not seen in their symmetric counterparts. This work
has been dedicated to the exploration of aperiodic and chiral plasmonic systems. Simple aperiodic
structures were shown to provide superior engineering capabilities relative to periodic structures,
and many potential applications including anti-LIDAR sensing, chemical sensing, and single-pixel

color displays were highlighted.
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Chiral plasmonic systems hold great potential for the development of enhanced CD
spectroscopic techniques, but to-date the existing body of literature held little unifying theory to
describe the CO response of plasmonic structures. The GCO model introduced in this work
provides the explanatory power to unify these published observations as well as to contribute
additional observations such as the simultaneous presence of multiple CO response types and their
identifying characteristics. The CO response of plasmonic structures with feature sizes comparable
to wavelength are also reproduced by extending the GCO model to an arbitrary number of
oscillators, allowing the modeling of arbitrarily complex LSPR modes. Future work with this

model framework promises to provide further insights into the CO response of optical media.
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