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Abstract

The ever-increasing integration density of optical components has pushed en-
gineers and physicists to rethink the fundamentals of bulky dielectric lensing
systems. Metasurfaces, which are two-dimensional, periodic arrays of metallic
(plasmonic) or dielectric scatterers that exhibit exotic interactions with light,
have been suggested as a robust and easily-integrated alternative to perform
a variety of optical functions. In particular, plasmonic metasurfaces have a
number of advantages when applied to imaging systems and sensors due to
their small size and their ability to strongly enhance electric fields. Unfor-
tunately, intuitive design methods have failed to meet physical performance
requirements. Computational inverse design methods are now being explored
to approach these limits, but are hindered by practical nanofabrication con-
siderations. One of the main enabling technologies for nanofabrication of plas-
monic metasurfaces has been the Ga™ focused ion beam, which uses a stream
of heavy ions to knock away sample material. The recently commercialized
He™ focused ion beam is able to pattern metals more accurately, but thus far,
has suffered from low reproducibility, which has made fabricating large devices
such as metasurfaces nearly impossible.

This thesis pushes the boundaries of top-down plasmonic gold metasur-
face nanofabrication to a feature size of 10 nm using helium ion beam milling.
Metasurfaces demand stringent fabrication performance, often requiring hun-
dreds of identical elements with fine, complex features and large aspect ratios

(depth:feature size). As examples, three metasurfaces were designed using
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conventional design methods, two to make full use of the potential of 10-nm
features — a mere 60 atoms across — with the helium ion microscope, and one
contrasting design making use of 100-nm features patterned by electron beam
lithography.

The first design acts as a bandpass filter for near-infrared wavelengths,
making use of fine plasmonic kinetic inductive nanowires lining an aperture.
An equivalent circuit model is developed using generalizable techniques that
can predict the performance of the metasurface near resonance. The designed
metasurface uses 10-nm wide and 50-nm thick nanowires that meet at the
centre, separated by 10-nm wide nanogaps. The structure is used to study
the ion beam control parameters in detail, and the most impactful parameters
to increase reliability are found to be the ion dosage and ion beam current.
A prototype is fabricated over a large 225 pm? (> 90\2) area, and fabrica-
tion defects are analyzed in detail using representative simulations to show
that even with tuned beam parameters, grain defects from the gold crystal
structure, redeposition of the milled material, and poor substrate contrast of
the nanogaps suppress the metasurface performance. A subwavelength imag-
ing metasurface making use of this design is proposed, which can achieve a
subdiffraction resolution of at least A\y/3.6 in simulation.

The second design acts as a polarization filter for visible wavelengths and
is accurately modelled using the same equivalent-circuit approach developed
for the previous design. It is shown that the aforementioned fabrication chal-
lenges can be overcome by patterning single-crystal gold films specially grown
on lattice-matched LiF crystals and by removing the LiF substrate through
dissolution in HF'. The fabricated prototypes show reliable 10-nm features with
a variation on the order of 1 nm, fabricated over an area of > 12 pm? (> 16A2).
The metasurface is experimentally characterized and shows a clear separation

between orthogonal polarizations. This design is then used to simulate a meta-
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surface that refracts a normal-incidence plane wave to 48.5° with an efficiency
above 2%.

Finally, the third design acts as a CO, sensor in the mid-infrared. Plas-
monic nanowires are combined with meandered capacitors with a 100-nm fea-
ture size to strongly enhance the local electric field around the metasurface,
showing a nearly 5x enhancement over the conventional approach. A simple
electron-beam lithography lift-off process is developed and validated. The fab-
ricated metasurfaces are integrated into a custom gas cell and experimentally
show a strong enhancement of the bending resonance of CO, at a wavelength
of 15 ym. The addition of a thin functionalization layer is studied numerically,

showing a significant increase in the absorption enhancement.
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Chapter 1

Introduction

The drive to integrate complicated photonic functionalities into handheld de-
vices requires alternatives for bulky free-space optical components. If lenses
could be replaced with electrically thin equivalents, microscopes and cam-
era lens systems could be miniaturized and integrated seamlessly into mobile
devices [1], [2]. Compact and reconfigurable phase plates could be used to gen-
erate holograms [3] and reduce the weight of lenses for augmented reality [4]
and night vision goggles [5]. Moreover, on-chip spectrometers, hyperspectral,
and polarization-resolved imaging systems have been proposed [6]—[8].

Two-dimensional arrays of subwavelength scatterers, called metasurfaces
(MTSs), have been suggested as a miniaturization solution, and indeed, many
designs have emerged to create comparable lenses, polarizers, and more [9]-
[12]. Unfortunately, current design methods have been insufficient to entirely
replace conventional optical components due to limitations on efficiency and
bandwidth. Emerging design methods promise to improve MTS performance
through numerical optimization, but they are limited by practical fabrica-
tion considerations [13]-[17]. Improving the limits on MTS nanofabrication
methods may unlock the performance required to replace conventional optical
components and miniaturize a number of optical functionalities.

MTSs are commonly designed to discretize a desired field transformation
across the surface, then reconstruct it using individual unit cells, or to create
hotspots of maximum electromagnetic field enhancement. Improved unit cell

miniaturization increases the MTS efficiency as field discretization errors are
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reduced, and elements can be placed closer together to increase the density of
hotspots. Moreover, sufficiently small unit cells allow several MTS functional-
ities to be multiplexed into a single surface with tolerable losses in efficiency.
Plasmonic MTSs consist of metallic nanoantennas and support extreme field
confinement and can be miniaturized significantly at resonance. Plasmonic
MTSs have been used to demonstrate a wide variety of exotic properties,
such as thin perfect absorption [18], electromagnetic cloaking [19], polariz-
ers [20], [21], holography [22], [23], and lensing [24], [25]. Moreover, with
the strong near-field enhancement, plasmonic M'TSs have been designed for
surface-enhanced spectroscopy [26]-[28], enhancing nonlinear light-matter in-
teractions [29], [30], and near-field super-resolution imaging [31]. There is a
wide variety of M'TS applications and this is by no means an exhaustive list.

Babinet’s principle predicts complementary scattering performance between
complementary metallic nanoantennas and nanoapertures in a metal film but
does not address near-field enhancement or loss [32]. Complementary aperture-
based plasmonic resonators can exhibit better performance than their nano-
antenna-based counterparts, for example, the increased metallic area can im-
prove heat dissipation, apertures have been shown to better localize fields
leading to increased field enhancement [32], [33], and strong magnetic fields
can be localized by the excitation of enhanced conduction currents [34].

For aperture-based MTSs, the metal film often must be thicker than for
nanoantenna-based MTSs to render the film opaque away from resonance. This
significantly increases the signal-to-noise ratio for transmissive MTSs [25], but
implies that top-down approaches must be used to fabricate the structures.
Few options exist for the creation of features as fine as those available for
nanoantenna-based MTSs, which often rely on focused ion beams (FIBs).

Recently, He™ gas field ion sources (GFISs) have emerged for FIB-based
imaging applications to produce a sub-nm probe size. He™ ions are lighter
than Ga™ ions and are hence less destructive when imaging and boast smaller
surface interaction volumes, which leads to increased patterning resolution
when applied to milling. Helium ion microscope (HIM) milling has proven to

be the only fabrication technology that can achieve both high aspect ratios
2
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(over 1:10) and extremely fine features in noble metals (as small as 3 nm), but
has been hampered by relatively slow speed and reproducibility [35]-[40].

MTSs have typically relied on the maximum possible lumped element load-
ing to miniaturize the unit cell and apply continuous effective surface param-
eter models. Enhancing control over plasmonic element width, length, and
height at a nm-scale resolution will enable increased miniaturization, allowing
MTSs based on scattered phase gradients to sample quickly varying phase pro-
files more accurately [41], and higher resolution for holograms with improved
viewing angles [42]-[45], super-resolution imaging [31], [46]-[48], plasmonic
lithography [49], and magnetic memory [50]. Moreover, thin nanogaps in plas-
monic elements exhibit improved field confinement and enhancement as the
gap size falls below 10 nm [51], which can be used to achieve exceptional
surface-enhanced spectroscopy [52], [53], to demonstrate quantum plasmonic
effects [54], and to excite nonlinearities for second- and third-harmonic gener-
ation [55]-[58] and stimulated emission [59].

As MTS technology is scaled to increasingly short wavelengths and applied
to ultraviolet and x-ray nanophotonics, feature scales will necessarily need to
be minimized to engineer the scattering spectra [60]. For example, a com-
pact x-ray source using 10-nm silver features and high aspect ratios has been
suggested, but has yet to be implemented experimentally [61].

First designed for operation in the microwave regime, metamaterial (MTM)-
lined apertures and discs are single-layer M'TS unit cells that make use of a
thin transmission-line MTM liner with fine patterning of capacitive gaps and
inductive wires for strong miniaturization [62]-[64|. Transmission line MTMs
are transmission lines periodically loaded with circuit elements on a subwave-
length scale to create exotic propagation characteristics along the line. The
effective-medium model — a hallmark of MTMs — shows that the MTM liner
region acts like an effective plasma, where strong field enhancement is observed
at resonance. These properties have been used to create compact filtering and

imaging devices [47], [64].



Chapter 1. Introduction

1.1 Motivation

The majority of advances in plasmonic MTSs have been limited to nanoantenna-
based MTSs and simple aperture-based MTSs due to ease of fabrication. Given
the observed benefits of nanoapertures over nanoantennas, nanometre-scale
features on plasmonic aperture-based MTSs could impart many of the improve-
ments seen in nanoantenna-based MTSs, such as increased field enhancement
and miniaturization. Moreover, optimal inverse-designed MTSs have contin-
ually reached for finer and finer control over their geometry and exceptional
patterning resolution will be required for future extensions of MTS technology
to extreme wavelengths. Reliable, nanometre-scale features could significantly
improve their efficiency, reducing operating power requirements and increasing
bandwidths. The main challenges motivating this thesis can be summarized

as follows:

1. Reproducibility is particularly important for MTSs since a practical MTS
must encompass as full an extent of the illuminating field as possible,
which is generally several wavelengths across. For a subwavelength unit
cell, this implies the periodic or quasi-periodic arrangement of hundreds
or more of such cells. Increasing the reliability of HIM nanofabrication
is a compelling challenge to improve the potential patterning resolution
for not only plasmonic MTSs, but any number of plasmonic applications

that require repeatable fine features over a large area.

2. MTM-lined apertures and discs in the microwave domain show excep-
tional properties reminiscent of plasmonics. If scaled to the optical do-
main, the fine patterning of the metallic features poses an extreme fab-
rication challenge. However, MTM-lined apertures and discs could offer
additional paths to miniaturization and field confinement in resonant

plasmonic MTS unit cells.

3. Effective surface-enhanced infrared absorption spectroscopy (SEIRA)
in the long-wavelength mid-infrared (MIR) regime requires frequency-

scalable field enhancement techniques. The strong field enhancement of
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MTM-lined resonators could be harnessed to improve the detection and

characterization of materials with resonances within this band.

4. The MTM-lined aperture is well-described by a transmission-line meta-
material (TL-MTM) circuit and accompanying effective-medium model.
Extending these models to the optical domain would simplify the de-
scription of optical MTM-lined apertures and other nanoplasmonic MTS
designs, and offer important intuition for interpreting the effects of fab-

rication defects.

5. The resolution of near-field microscopy systems is set by aperture size
or field hotspots (depending on the implementation) and the deflection
angle of phase-gradient MTSs is limited by the miniaturization of the
MTS’s unit cells. Both could potentially be improved by implementa-
tions with finely featured MTS elements.

1.2 Objectives

In this thesis, we assess the practicality of using the HIM to pattern aperture-
based plasmonic MTSs over wide areas with reliable features as small as 10 nm.
As a prime example, we study MTM-lined aperture and disc MTSs. The main

objectives addressing the above motivations are to:

1. Develop repeatable procedures to increase the reliability of the HIM
patterning method.

2. Design MTM-lined aperture MTSs for operation in the optical domain,
making use of dense, 10-nm features and demonstrate their fabrication

with the HIM.

3. Design an MTM-lined disc MTS operating in the long-wavelength MIR

and experimentally demonstrate surface-enhanced absorption.

4. Extend the MTM-lined aperture effective-medium model to apertures

with thick and anisotropic liners and develop a general equivalent-circuit

5
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model that can describe plasmonic MTSs and apply it to the MTM-lined

aperture.

5. Suggest implementations of a subwavelength imaging MTS and a phase-

gradient MTS using MTM-lined apertures.

1.3 Thesis Outline

The layout of this thesis is as follows. In Ch. 3, we discuss the design and
numerical modeling of MTM-lined apertures and discs with fine features for
operation in the near-infrared (NIR), visible, and MIR. The first design is a
simple proof-of-principle MTM-lined aperture MTS, created to act as a res-
onant filter in the NIR optical telecommunications band at a wavelength of
1.55 pm. The structure is first modelled on the basis of an effective medium,
then with an equivalent-circuit approach to fully characterize the resonant
plasmonic features. The fabrication of this device requires four features typi-
cally unachievable in tandem: (1) extremely fine features (limited to 10 nm),
(2) extreme aspect ratios (feature width:feature depth, limited to 1:5), (3)
complex geometries (many closely spaced nanowires and nanogaps), and (4)
long-range order to achieve the desired results. These features cannot be
achieved with any fabrication method other than HIM.

Making use of the equivalent-circuit model derived above, the second design
is a maximally miniaturized two-wire MTM-lined aperture MTS that nomi-
nally resonates in the visible spectrum. The MTS acts as a simple polarizer,
but we show that this MTS is also able to mimic the behaviour of popular con-
ventional nanoplasmonic MTS unit cells, with better miniaturization and/or
field enhancement.

Finally, we propose a novel approach to long-wavelength MIR SEIRA
making use of a combination of plasmonic and capacitive field confinement
on MTM-lined discs. We create a circular MTM-lined disc unit cell, lined
with long meandered capacitors to shift its resonance frequency into the long-
wavelength MIR regime. The MTS is designed to be fabricated with electron-

beam lithography (EBL) to compare the difficulties of HIM to a more estab-
6
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lished fabrication method. We compare the MIR MTM-lined disc MTS to a
conventional coupled-dipole array to demonstrate improved field enhancement
at the 15-um absorption band of CO,.

In Ch. 4, the three MTSs designed in the previous chapter are fabricated
and characterized. We begin with a detailed study of the HIM beam parame-
ters, and identify the key parameters for reliable pattern fabrication. The NIR
MTM-lined aperture MTS is fabricated, and a detailed numerical analysis is
performed to identify process parameters outside the HIM that can increase
patterning reliability.

Using these results, procedures are developed to create free-standing and
epitaxial gold films that significantly improve the patterning fidelity. We use
these films to fabricate the two-wire MTM-lined aperture MTS and optically
characterize it, showing accurate comparisons to simulations.

We then describe the EBL lift-off process development for the MIR MTM-
lined disc MTS. The MTM-lined disc MTS is fabricated and the results are
inspected under HIM to determine the fabrication fidelity. We characterize
the MTS by fourier-transform infrared (FTIR), showing excellent agreement
with simulation.

The chapter concludes with a short comparison of the challenges encoun-
tered during HIM and EBL patterning.

In Ch. 5, we show how a number of applications may benefit from fine fea-
tures, and implementations using MTM-lined apertures and discs. The strong
miniaturization of the NIR MTM-lined apertures is harnessed to propose a
subwavelength imaging array that multiplexes near-field information about
the sample to the far-field spectrum at a resolution of at least Ay/3.6.

We propose a beam-steering M'TS implemented using two-wire MTM-lined
apertures. Due to the improved miniaturization, the proposed MTS supports
comparable scattering efficiency, but with a wider field of view than its con-
ventional counterpart.

For the MIR MTM-lined disc MTS, we create a custom gas cell and experi-
mentally demonstrate the enhancement of the 15-um absorption band of CO,.

Further, we demonstrate a numerical model for CO, and use the model to val-

7
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idate the experimental result. The study is extended numerically to suggest
the potential improvements afforded by a functionalization layer.
Finally, in Ch. 6, we summarize the important results of this thesis and

suggest directions for future research.



Chapter 2

Background

2.1 Plasmonics

Since the discovery of electromagnetic waves coupled to electron plasma oscil-
lations at the surface of a metal by Ritchie in the 1950s [65], [66], research into
the control of plasmonic waves has advanced at a furious pace. These waves,
called surface plasmons, have two main properties that are otherwise not found
in the optical domain. Propagating surface plasmon modes are tightly bound
in one dimension to the metal-dielectric interface along which they propagate,
and hence support (1) reduced wavelength and (2) large electric-field magni-
tudes, but cannot be excited directly from free space [67]. Nevertheless, there
are a number of well-developed approaches for exciting a surface plasmon at a
metal surface, such as frustrated evanescent coupling [68], [69], diffraction [70],
[71], and electron beams [65]. The strong fields at the metal interface promote
light-matter interactions that would otherwise be too weak to study, such as
molecular vibrational absorption, inelastic Raman scattering, and other non-
linear processes.

The discovery that plasmonic metal nanoparticles can confine and control
surface plasmon waves at their surface on a deeply subwavelength scale has
created intense interest in the nanopatterning of metals. Surface plasmons
confined to the surface of a nanoparticle are known as localized surface plas-
mons (LSPs) and are controlled by altering the size, shape, and arrangement
of metal nanoparticles, nanoapertures, nanogaps, and nanowires. Ever-tighter
tolerance requirements of these metal nanostructures have led to stringent de-

9
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mands on nanopatterning methods, often over very wide areas. Several fore-
front plasmonic applications demand complicated arrangements of nanowires
and nanogaps with features < 10 nm wide over ranges of several microns [72],
[73]. Nanophotonic plasmonic circuit applications require fine geometric con-
trol for logic gates and resonators. Moreover, propagating surface plasmons
must be guided over large distances, which requires precise control over the
waveguide width, length, and film properties to reduce losses [74]-[76]. For
nonlinear plasmonics, smaller features induce stronger field enhancement and

hence amplify the effect of nonlinearities, particularly in large arrays [77], [78].

2.2 Aperture Arrays

An aperture array consists of a periodic or semiperiodic array of perforations
in a metallic film. Aperture arrays have been suggested for countless applica-
tions over the entire electromagnetic spectrum due to the ease of controlling
their transmission /reflection response and their ability to strongly confine and
enhance fields on a subwavelength scale [79]. These applications include par-
tially reflecting surfaces for antennas, beam splitting and steering, biological
material sensing, surface-enhanced spectroscopy, and the demonstration of ex-
traordinary optical transmission (EOT) [80]-[87].

Aperture arrays can be classified into four operating regimes based on
two important parameters: the electrical size of the unit cell (array periodic-
ity /wavelength in free space = p/)\g) and whether the apertures are resonant
or nonresonant, as shown by the four quadrants in Fig. 2.1. Arrays with p ~ \g
and resonant apertures (quadrant I) are the building blocks of frequency selec-
tive surfaces (FSSs). FSSs are widely used as superstrates/substrates for po-
larization control, transmission/reflection spectrum manipulation, and beam
shaping [88], [89]. Arrays with p ~ Ay and small nonresonant apertures (quad-
rant II) exhibit diffraction-grating anomalies, also known as EOT (originally
interpreted as the so-called ‘spoof’ surface plasmon resonance [90]). Such
structures generally use the high sensitivity of the spoof surface plasmon reso-

nance to the metal/dielectric interface to create high-quality sensors or make
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Figure 2.1: Aperture array classification based on electrical size p/A¢ and
resonant or nonresonant constitutive elements. Reproduced with permission

from [92], (©)2019 IEEE.

use of their strong field enhancement to increase the probability of nonlin-
ear scattering events such as Raman scattering [85]. Unfortunately, due to
their necessarily (electrically) large dimensions, both EOT devices and FSSs
can become very large and bulky. Indeed, if both the aperture size and pe-
riod could be decreased to subwavelength scales, such devices could be more
easily integrated into electromagnetic systems and may be expected to demon-
strate enhanced performance associated with higher packing densities/filling
fractions. For example, manipulating the features of wavefronts with sub-
wavelength spatial resolution can enable a wide range of phenomena, such as
extremely directive beams and wide scan angles [91].

When p < A\, an aperture array can be described as a set of homogenized
or ‘effective’ surface properties, and when these properties are engineered to
demonstrate unusual or otherwise special phenomena, such arrays may be
described as electromagnetic or optical MTSs. An MTS with p < Ay and
nonresonant apertures (quadrant IIT) generally demonstrates qualities such as
low dispersion and simple element shapes [93]. Finally, quadrant TV describes

resonant MTSs, where p < )\, but the subwavelength apertures are made to
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resonate by various means. Such MTSs are most valued for their high degree
of miniaturization, their strong dispersion, and their resonance qualities when

compared to dielectric and nonresonant MTSs [94].

2.3 Metasurfaces

MTSs have garnered significant interest due to their ability to manipulate elec-
tromagnetic waves on a subwavelength scale. MTSs are periodic or quasiperi-
odic two-dimensional arrays composed of subwavelength meta-atoms or unit
cells, where each meta-atom is tailored to exhibit a specific electromagnetic
scattering response, such as amplitude, phase, and polarization. With the
proper implementation, M'TSs have been designed for a variety of applications,
including beam redirection at arbitrary angles, polarization conversion, perfect
absorption, and other more complex wavefront transformations such as holo-
grams and Bessel beams [94], [95]. Furthermore, when placed in the near-field
of a sample under test, MTSs have been realized for subdiffraction imaging
and magnification, material sensing, and surface-enhanced spectroscopy [47],
[96]-[99].

Numerous MTS unit-cell structures based on Mie and plasmonic resonances
have been explored in the optical domain; however, only plasmonic resonators
can be made deeply subwavelength in size, which increases numerical aperture
and wavefront conversion efficiency by avoiding diffraction grating effects [9],
[100]. In the microwave domain, there exists a myriad of subwavelength res-
onant MTS unit cells based on finely patterned metal structures that expand
the scope of achievable MTS properties [47], [101]-[103]. Applying these tech-
niques in the optical domain has remained a challenge due to the difficulties
of patterning intricate M'TSs at a subwavelength scale and different material
properties that make the simple scaling of lower-frequency designs impossible.
A selection of optical plasmonic MTS unit-cells is shown in Fig. 2.2, where it
is clear that the structures are limited in their patterning resolution and are

generally quite simple in geometry.
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Figure 2.2: A selection of plasmonic MTSs: (a) nanodisks fabricated by tem-
plate stripping (polyurethane), (b) rod antennas fabricated by nanoimprint
lithography, (c) an MTS composed of different V-shaped nanoantennas fabri-
cated by EBL, (d) double-layer right-handed (top) and left-handed (bottom)
gammadions forming a chiral MTM fabricated by EBL (scale bars are 500 nm),
(e) split-ring resonators fabricated by EBL (scale bar is 500 nm), (f) split-ring
resonator with inner and outer diameters of 108 nm and 188 nm, respec-
tively, fabricated by nanosphere lithography, (g) inverse asymmetric split-ring
resonator fabricated by ion-beam milling 25-nm-wide slits into a gold film re-
sulting in a 495 nm x 495 nm meta-atom, and (h) double fishnet structure
fabricated by nanoimprint lithography. Figures reproduced with permission
from: (a) [104], ©2011 Nature, (b) [105], (©)2009 APS, (c) [106], (©)2011
AAAS, (d) [107], ©2007 OSA, (e) [108], (©2011 APS, (f) [109] (©2009 Wi-
ley, (g) [110], ©2010 APS, (h) [111], (©)2007 Springer. Composite and caption
reproduced with permission from [9], (€)2014 Nature.
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2.4 MTM-Lined Aperture MTSs

In the optical domain, devices are created on the nanoscale, and the overall
size of EOT and FSS screens are thus less limiting; however, a reduction of size
implies higher spatial resolution and stronger field enhancement, leading to a
more sensitive response. Moreover, a higher filling fraction of the apertures
(perforations) in a certain area will result in higher transmission levels and
contrast [47], [112].

The simplest way to create resonant, subwavelength apertures may be to
fill the apertures with a high-permittivity dielectric, but such an approach
is counterproductive in certain applications. Applications that make use of
the high sensing potential of the field confinement that can be produced by
structuring the metallic features of the otherwise empty aperture region require
a different approach. It was recently shown in the microwave regime that
introducing a thin, epsilon-negative and near-zero (ENNZ) MTM liner inside
a circular aperture can cause the aperture to resonate well below its natural
fundamental resonance frequency [62] while leaving the interior open to visual
inspection and sensing liquids or gases. This MTM-lined aperture was used
to create a filtering MTS of subwavelength and densely packed apertures,
and later to create a near-field subwavelength imaging array for conductive
obstacles [47].

The MTM-lined aperture technology has plasmonic-like properties that cre-
ate many applications not previously achievable with F'SSs and that may be
useful at optical frequencies, such as optical characterization of the dielectric
properties of inhomogeneous materials with subwavelength spatial resolution.
This is enabled by the fields in the apertures that are strongly confined to the
liner region, much like in a conventional plasmonic nanoaperture, and it has
been shown that the aperture resonance frequency is strongly dependent on
the dielectric environment of the liner [113]. Therefore, a densely packed ar-
ray of such apertures, each designed for slightly different resonance frequencies,
could be used to detect spatial variations in properties of a dielectric material

under test. A uniform MTM-lined aperture MTS might be used to detect
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minute changes in concentrations by surface-enhanced Raman spectroscopy
(SERS) when submerged in a liquid analyte, and could be used to measure
microfluidic diffusion in real-time [85]. Combined with a nonlinear material,
an optical MTM-lined aperture MTS may demonstrate high-quality switch-
ing phenomena [114]. The subwavelength period of this MTM-lined aperture
MTS allows higher-density beam splitting/steering and general wavefront ma-
nipulation, and the addition of spatial information to surface-plasmon sensors

[112].

2.4.1 Analytical Modeling of MTM-lined Apertures

An aperture in a metal screen may be viewed as the limiting case of a very
short metallic waveguide with the same cross-section as the aperture. While
the waveguide supports propagating modes with cutoff frequencies that may
often be solved analytically, an aperture has no propagation length and instead
supports only resonances at the cutoff frequencies of the equivalent waveguide’s
modes. Although Bethe’s well-known aperture theory [115] predicts that an
empty aperture will transmit poorly when it is electrically small (below what
would be the cutoff frequency of the equivalent fundamental waveguide mode),
the below-cutoff modes introduced by the MTM lining create strong, resonant
transmission for subwavelength apertures [62]. This resonance is unlike those
most commonly produced by larger apertures as it exhibits a characteristic
asymmetric Fano lineshape, which is a strong enhancement followed by strong
extinction of the transmission (or vice-versa), as seen in Fig. 2.3c. We borrow
the HE,, (hybrid electric) and EH,, (hybrid magnetic) mode notation, which
are equivalent to the T E,, and T'M,, modes of a conventional aperture [116].

The Fano response is well-described by a dual resonator model, under the
conditions where a high-Q resonator (i.e., sharp or discrete resonance) in-
teracts with a low-Q resonator spectrum (i.e., wide or continuous spectral
response) in the weak-coupling regime [117]. The high-Q resonator has a 180-
degree phase shift at resonance, and the wide spectrum follows a continuous
phase response. The two constructively then destructively interfere near the

discrete resonance frequency to produce the characteristic asymmetric Fano
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lineshape. In the case of the apertures described here, the sharp, frequency-
reduced H Fq; resonance interacts with the low, wide-band background trans-
mission of an unlined aperture predicted by Bethe’s theory to produce a Fano
lineshape.

To find the resonance frequencies, the Helmholtz equation is solved in cylin-
drical coordinates, subject to appropriate boundary conditions. The problem
layout is shown in Fig. 2.3a, where there is a central region of radius a filled
with air €, 1o, a thin MTM liner region of thickness t = b — a with permittiv-
ity and permeability (€2 = I(€p2, €42, €22), o = I (p2, flo2, f122)), and finally an
outer perfect electric conductor (PEC). This is similar to finding the dispersion
relation of the equivalent waveguide system, as was done by Pollock et al., but
enforcing the propagation constant to be 0 [116]. Plotting the resonance fre-
quency with respect to liner permittivity for each mode leads to an interesting
result for the H FEj; resonance: the resonance frequency is strongly reduced
for negative and near-zero values of permittivity. This resonance shows weak,
collimated fields in the centre and strong fields in the liner. Since PECs are
not available at optical frequencies, extending this model requires considering
the finite field penetration depth into the outer metallic region, which will act

as a plasma described by the Drude model (see Appendix B).

2.4.2 Microwave Implementation

A suitable TL-MTM to realize the above ENNZ property employs an az-
imuthally directed coplanar-strip transmission line loaded using discrete in-
ductors to create an ENNZ response, as shown in Fig. 2.3b [62]. According to
TL-MTM theory, the shunt inductors compete with the intrinsic capacitance
of the transmission line to create an effective negative permittivity when de-
scribing the propagation constant along the line [118]. Moreover, the effective
permittivity follows a Drude-like dispersion model, with an equivalent plasma
frequency at the branch resonance condition.

Series capacitors are included in this implementation that could lead to
a negative effective permeability, and as a result, a negative index on the

line. However, the capacitor values are kept small such that they only sup-
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Figure 2.3: (a) Planar view if an MTM-lined aperture. Region 1 (p < a) is
filled with vacuum (but may generally take on any €,1, 1), region 2 (a < p <
b) is filled with an MTM that has arbitrary €.9 and p,9, and the outer region
(b < p) is a PEC. From [62], Fig. 1 (a). (b) Practical implementation of the
ENNZ-MTM lined aperture from [62], Fig. 1 (¢). a,b, and p are borrowed
from Fig. 2.3a, and L refers to discrete radial inductors, w is the azimuthal
trace width, and ¢ is the azimuthal capacitive gap width. (c) The scattering
parameters for an infinite array of ENNZ MTM-lined and unlined apertures
with the same outer radius b. Reproduced with permission from [62], (©)2015
OSA.
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press azimuthal modes and marginally change the effective permeability of the
line at the operating frequency. The EHy; mode also necessarily exists in
the frequency-reduced regime below the liner’s plasma frequency, but is or-
thogonal to the H F; mode and may therefore be suppressed through proper
excitation. Extending this implementation to optical frequencies will require
finding optical alternatives to the lumped inductors, potentially requiring very

fine features for practical realization.

2.5 Surface-enhanced Spectroscopy

Surface-enhanced spectroscopy is a well-known and widely used technique for
nondestructive chemical analysis and imaging. Typically, the material under
test is loaded onto a metallic (plasmonic) surface and the metal is excited at its
surface plasmon resonance frequency. This induces a strong local electric field
(E), which enhances a particular Raman scattering or absorption line. De-
pending on sample preparation, Raman scattering efficiency can be improved
by a factor of > |E|*, whereas absorption can be improved by a factor of ~ | E|?
28], [119]. In fact, in the case of Raman scattering, even single molecules
have been detected using arrays of resonant plasmonic metal nanoparticles
with small inter-particle gaps to excite strong electric-field “hotspots”. Al-
though a number of fundamental molecular vibrational modes are exclusively
Raman-active, i.e., requiring a shift in the polarizability of the molecule, other
molecular vibrations are exclusively infrared-active, i.e., requiring a shift in
the dipole moment of the molecule (in symmetric molecules, these categories
are mutually exclusive). SEIRA spectroscopy is hence required for complemen-
tary characterization of a sample’s vibrational spectrum. In particular, gases
are difficult to characterize using SEIRA spectroscopy due to their low density
and variable adsorption rates. Instead, bulky and expensive non-dispersive
infrared (NDIR) absorption methods that rely on transmission through a gas
sample are generally used. Despite the reliability of NDIR, increasing the sen-
sitivity SEIRA spectroscopy to gases by optimizing the hotspots or adding

functionalization layers would decrease the cost and required size, increase
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the selectivity, and create miniaturized on-chip real-time gas sensors. SEIRA
spectroscopy generally targets the chemical fingerprinting region of the MIR

1 and

spectrum. The chemical fingerprinting region lies between 1500 cm™
500 cm™! (6.67 pm—20 pm wavelength), where every material has a unique
set of absorption bands, i.e., a unique spectral “fingerprint”, controlled by
photons exciting higher-order vibrational states in the molecular structure.

A wide variety of materials, fabrication methods, and nanoparticle shapes
have been developed within the last few years to improve the signal enhance-
ment in SEIRA, a collection of which are shown in Fig. 2.4 [120]-[130]. Un-
fortunately, long-wavelength SEIRA (beyond ~700 cm™!) has developed more
slowly due to the scarcity of transparent substrate materials, lower signal lev-
els, more costly sources/detectors, and difficulties making use of plasmonic
resonant nanoparticle field enhancement at these wavelengths. The natu-
ral plasmonic effect is unable to miniaturize resonators at these wavelengths,
which leads to large inter-particle distances and a low density of electric-field
hotspots. An ideal SEIRA surface would be made of miniaturized, subwave-
length elements that are closely spaced, which allows them to exhibit a high
density of hotspots across the sample surface for maximum efficiency in a
similar manner to colloidal metal surfaces [26]. Nevertheless, the capacitive
and plasmonic field enhancement between resonant nanoantenna tips has been
successfully used to significantly enhance SEIRA signals at these hotspots
[131]-[133]. Commonly used dipole-nanoantenna arrays require creating large,
resonant elements (on the order of \g/4 or larger) that exhibit a mere two
hotspots per period, making inefficient use of the illuminated sample area.
Dipole-nanoantenna arrays also respond only to electric fields polarized along
their axis, requiring the addition of polarizing elements to the measurement
setup and only enhancing the absorption of aligned molecules. One approach
to address this challenge has been to use cross-shaped dipoles instead, which
allows any randomly oriented molecule to be excited, but the elements still
exhibit only a maximum of four hotspots per period [123].

CO, detection is a critical step in carbon capture systems for reducing

air pollution and is important in measuring air quality, testing lung function,
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(h)

Figure 2.4: A selection of plasmonic and dielectric SEIRA substrates: (a) Col-
loidal silver nanorods grown by Au nanobipyramid-directed Ag overgrowth, (b)
gold nanotubes grown by galvanic replacement reaction to synthesize hollow
Au nanotubes from the sacrificial Ag nanorod templates, (c¢) gold nanocrosses
on Si substrate, patterned by EBL (d), (e) gold pad-rod nanoantennas fabri-
cated on Al,O, with a gold backing and patterned by EBL, (f) coupled gold
nanobars on Si, patterned by EBL, (g) hydrogenated amorphous Si elliptical
resonators fabricated by EBL and reactive ion etching, and (h) 2D photonic
crystal, silicon on insulator, patterned by EBL and reactive ion etching. Fig-
ure reproduced with permission from: (a), (b) [121], (©)2018 Wiley, (c) [123],
©2019 Elsevier, (d), (e) [126], ©2019 IOP, (f) [120], ©2017 AIP, (g) [122],
(©2018 AAAS, and (h) [125], (©)2019 IEEE.
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and quantifying industrial and automotive emissions. CO, is usually sensed
near 4.2 pm, however, this wavelength range has many other confounding
species often found in exhaust plumes, such as H,O, O, and CO, that may
diminish sensitivity when wavelength resolution or the concentration is low
[134]-[136]. Targeting the strong 15-pm bending-vibration absorption band
responsible for the majority of atmospheric heating by CO, may be useful in
multispectral sensing to better discriminate between CO,, and other materials.
This wavelength range can also be used individually to distinguish aromatic
isomers, such as xylenes [137].

Meta-atoms based on metallic discs lined with MTMs have been developed
for filtering applications in the microwave regime [63], [64]. The discs are
the Babinet complement of the ENNZ-lined apertures described above, where
metal was replaced by air/dielectric, air/dielectric was replaced with metal,
and capacitors and inductors are swapped. The plasmon-like resonances of
the MTM-lined disc are ideal for SEIRA applications as they have been de-
veloped using single-layer fabrication technologies, are highly miniaturized at
resonance, can be densely packed, and exhibit strong resonant field enhance-
ment in the liner region throughout the electromagnetic spectrum. Scaling
the MTM-lined meta-atoms to operate in the fingerprinting region while pre-
serving their strong field enhancement and miniaturization may significantly
improve the sensitivity of SEIRA measurements with a marginal increase in
complexity, particularly in the long-wavelength MIR. This could allow minia-
turization of SEIRA spectroscopic devices and require less sample material for

accurate analysis.

2.6 Metasurface Nanofabrication

More recently, He™ GFIS have emerged for FIB-based imaging applications to
produce a sub-nm probe size. He™ ions are lighter than Ga™ ions and are hence
less destructive when imaging and boast smaller surface interaction volumes,
which, when applied to milling, leads to increased patterning resolution. HIM

has proven to be the only fabrication technology that can achieve both high
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aspect ratios (over 1:10) and extremely fine features in noble metals (as small
as 3 nm), but has been hampered by relatively slow speed and reproducibility
[35]-[40], [138]. Reproducibility is important for MTSs in particular since a
practical MTS must encompass as full an extent of the illuminating field as
possible, which is generally several wavelengths across. For a subwavelength
unit cell, this implies on the order of hundreds of such cells arranged period-
ically or quasi-periodically. Hahn et al. have recently shown that HIM can
achieve 15 nm features with a 1:4 aspect ratio reliably over a 10 pmx10 pm
area [38].

Other emerging nanofabrication methods for MTS development include
nanoimprint lithography and atomic layer lithography [139], [140]. Unfortu-
nately, although nanoimprint lithography is able to reproduce EBL features on
a wafer scale, it also requires a masking layer and some form of etchant, which
cannot transfer sufficiently fine, high-aspect-ratio features to a gold surface.
Atomic layer lithography can achieve high-aspect-ratio features and very fine
nanogaps in gold, however, this process requires several steps and the features
must still be templated (e.g., by EBL or FIB). Moreover, arbitrary gap shapes
with variable widths cannot be made due to the uniform deposition rate of the
atomic layer deposition process. A modified EBL process has also been sug-
gested for achieving 10-nm nanogaps with high aspect ratios, but this process
also limits the size and shape of conducting features [141]. Therefore, the HIM
is invaluable for prototyping complex plasmonic structures due to its ability
to pattern sub-10-nm features in conductive films. These high-resolution fea-
tures could allow unprecedented control over polarization and incidence-angle
response, as has been developed for larger-scale microwave-regime MTSs [39],

[91], [142] [145)].

2.7 Helium Ion Microscope

The HIM used throughout this thesis was the Zeiss Orion NanoFab Helium Ion
Microscope shown in Fig. 2.5, housed at the University of Alberta nanoFAB
Centre [146]. Our HIM is equipped with two sources: a He™ GFIS, which
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Figure 2.5: The Zeiss Orion NanoFab Helium Ion Microscope housed at the
University of Alberta nanoFAB Centre. Image courtesy of Peng Li, reproduced
with permission from [147].

is the standard source for imaging and high-fidelity patterning, and a Ga*
liquid metal ion source (LMIS), which is historically the standard source and
is used for larger-scale nanofabrication and sectioning samples for transmission
electron microscope (TEM) analysis. Since we are creating dense arrangements
of fine features, only the He™ source can be used. In this section, we detail the

key differences that enable reliable nanometre-scale resolution with the HIM.

2.7.1 Gallium vs Helium

The maximum theoretical resolution of a FIB instrument is limited by the
source size, chromatic aberrations, spherical aberrations, and diffraction in
the optics. The source size is the size of the emission area at the source,
chromatic aberrations are a function of the energy spread of extracted ions,
spherical aberrations are a function of the angular spread of the source, and
diffraction is a function of the particle wavelength [148]. Each aberration is
characterized by a probabilistic spreading of the source image, known as the
“circle of confusion”. The size of the circle of confusion is generally taken

as the standard radial deviation of the aberration, modeled as a Gaussian
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distribution. The limiting aberration changes depending on the source used.
Generally, chromatic aberrations are the limiting factor (assuming diffraction
contributions are sufficiently small to be ignored). In reality, the ultimate
resolution is limited by the sputtering of the sample.

The Ga™ LMIS consists of a source of Ga and a heated filament (usually
made of W) above an extractor electrode. To extract an ion beam, the Ga
is melted and a potential is applied between the filament and the extractor.
Electrostatic forces and surface tension draw the liquid metal into a “Taylor
cone”, and past the extraction voltage Vi, the strong field at the tip of the
Taylor cone causes spontaneous ionization of the Ga. For an optimized source
operating at 30 keV, the virtual source size is 3.8 nm (real source size 30 nm
multiplied by lens magnification), the chromatic aberration circle of confusion
has a diameter of 2.93 nm, and the spherical aberration circle of confusion has
a diameter of 0.03 nm [148]. Treating each circle of confusion as a standard

radial deviation o, the total probe size is found from the total variance:

o, = /Zag’ (2.1)

and the total probe size evaluates to ~5 nm.

The He™ GFIS operates on similar principles, but the filament is instead
cooled and the He source is a carefully purified stream of gas. The tip of the
filament is electrically machined into a triangular pyramidal shape, topped by
a three-atom “trimer” [149]. The filament is cooled to ~80 K using solidified
nitrogen and a conductive heat path to minimize vibrations. It has been
suggested that this temperature is ideal since it promotes the adsorption of
He to the filament, but does not critically reduce the surface diffusion and
a constant source of atoms is available in the ionization region. Cryogenic
cooling also reduces the energy spread of the source, minimizing chromatic
aberrations. The trimer is used as the ionization region, and the extraction
optics select the emission from a single atom to minimize the source size. The
typical virtual source size for the HIM GFIS is < 0.25 nm, and the optimal

probe size is 0.35 nm. Plots of the different contributing factors are shown in
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Figure 2.6: The probe size vs image-side half angle for a 30 keV landing energy
helium beam. The two graphs are for optimal conditions (a) for a 0.5 pA
helium ion beam, and (b) for a 20 pA beam. Figure and caption reproduced
with permission from [149], (€)2016 Springer.

Fig. 2.6, where the brightness is related to the real emission source size [149].

2.7.2 Sputtering

Although the HIM probe size can be made much smaller than the Ga™ LMIS,
we are more interested in which source supports the best patterning resolution.
When an ion impinges on the surface of a sample, it loses kinetic energy
through a number of interactions with the sample atoms. Of most importance
to us is sputtering, which is the transfer of energy and momentum to sample
atoms that causes a collision cascade that can eventually eject atoms from the
sample surface. Fig. 2.7 shows the results of Monte Carlo simulations using the
standard Stopping Range of Ions in Matter (SRIM) software [150] for several
ions including Gat and He™. For heavier ions, the collisions occur closer
to the surface and the ions scatter more laterally at the surface, increasing
sputter yields but also increasing the width of patterned features. He™ ions
scatter weakly at the surface of the sample and penetrate deep into the surface,
creating low sputtering yields but confined to a very small region around the
impact area.

When simulated on gold with a landing energy of 30 keV, SRIM predicts

a primary sputtering radius for He™ to be ~5 nm, but the deeply penetrating
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Figure 2.7: Cascade simulations with SRIM of noble gas ions impinging on bulk
silicon with 30 keV energy in comparison to Ga™ ions. Sputter yields YsP are
indicated. The simulated impinging beams had zero diameters. Trajectories
of primary ions are black while the green dots are collisions between recoiling
target atoms. The red dots signify target atoms knocked from their lattice
by the incident primary ion. Figure and caption reproduced with permission
from [150], (©)2016 Springer.
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ions lead to secondary long-range sputtering over an area of nearly 100 nm,
though at a much lower rate. When the ion dosage is particularly high, this
can be observed in experiment. The total sputtering area is the sum of the spot
size and the cascade area, and hence the He™ GFIS can achieve significantly
better patterning resolution than the Gat LMIS and any other gas used in
the GFIS source. Under ideal conditions, a theoretical maximum resolution of

< 5 nm may be possible.

27



Chapter 3

Design and Modelling

Although the HIM has been shown to pattern individual features as small as
5 nm and features on the order of 15 nm over wide areas [38], [39], [151], to
date, no structures with dense arrangements of fine features, i.e., both fine
nanowires and nanogaps, have been studied experimentally. Increasingly fine
features offer additional control over the field distribution inside a plasmonic
resonator, increasing field enhancement, mitigating losses, and increasing the
achievable miniaturization for subwavelength sensing and imaging. Studies in
the microwave domain have shown that MTSs based on apertures and discs
loaded with MTM liners make excellent use of fine, deeply subwavelength fea-
tures to achieve strong miniaturization and field confinement. Such features
may be enhanced by the plasmonic properties of metals at optical frequen-
cies; however, a scaling of deeply subwavelength features from the microwave
domain to the optical domain requires extremely fine features. Moreover, an
MTS array must be large enough to encompass the majority of its illumina-
tion, which may require hundreds of identical unit cells when the unit cell is
strongly miniaturized. This makes an optical implementation of MTM-lined
apertures an ideal study for assessing the feasibility of HIM patterning for
large, complex, and finely featured plasmonic devices. In this chapter, we
show the design and modelling of three MTM-lined resonator MTS unit cells
(apertures and discs) making use of extremely fine nanometre-scale features

for operation in the NIR, the visible wavelengths, and the MIR.

28



Chapter 3. Design and Modelling

3.1 Scaling MTM-Lined Apertures to the NIR

First, we must scale the MTM-lined aperture to have a transmission resonance
in the optical domain. As an initial design, we chose a target wavelength
of 1550 nm (193 THz) for applications in optical telecommunications, and
because sources and detectors are readily available for this wavelength range.
A maximum unit cell size of \g/5 (i.e., 310 nm) was targeted such that the unit
cell can be considered subwavelength. Miniaturization by a factor of 5 is the
minimum goal, and we will extend this goal to higher degrees of miniaturization
in Sec. 3.2. From a design perspective, simply scaling the microwave design
has two main problems. First, recall that the ENNZ-MTM-lined apertures
realized in the microwave domain used a PEC film, where transverse electric
fields are entirely cancelled at the surface. At optical frequencies, metals act as
charged plasmas, where the finite drift velocity of electrons in a metal limits
their ability to screen electric fields, and hence fields may penetrate inside
the metal an appreciable distance. Second, recall that the ENNZ liner was
loaded with discrete inductors. Volumetric coils are extremely challenging
to fabricate, especially if they must be < 50 nm in size since the majority of
nanofabrication methods are planar. The gap capacitors may still be employed.

With these challenges in mind, the first step was to choose the materials
and fabrication method, as these define the minimum possible feature size.
The HIM can mill metals extremely precisely, with reproducible feature sizes
below 10 nm. Many metals act as good conductors in the NIR, even though
PECs do not exist. Gold and silver both have comparable losses due to ab-
sorption; however, gold is chosen as silver oxidizes in air, which would quickly
damage the integrity of the proposed 10 nm features. The 10-nm features
should be exposed as they exhibit the strongest enhanced fields and are ideal
locations for loading analytes to be characterized. For the substrate, both the
transmissivity and cost were considered, and Borofloat glass was chosen as a
suitable substrate.

The following designs were simulated in COMSOL, a full-wave, finite el-

ement, frequency-domain solver, or Lumerical, a full-wave finite-difference,
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Figure 3.1: Evolution of the NIR design: (a) the thin liner case, (b) the wagon-
wheel case, and (c) the asterisk case. Reproduced with permission from: (a),

(b) [92], ©2019 IEEE, and (c) [154], ©2018 IEEE.

time-domain solver. A detailed tutorial on setting up MTS simulations in
each software and considerations for the software choice are available in Ap-
pendix A. The simulation domain consists of three layers, stacked in the z-
direction: i) the glass substrate (semi-infinite for the present purpose), ii) a
patterned Au film of thickness ¢;, and iii) air. The structure is excited by
a linearly polarized plane wave at normal incidence (—z-direction) from the
air region and the transmission is measured at the end of the substrate layer.
Periodic boundaries separated by a periodicity p are used in the z and y (i.e.,
transverse) directions to simulate conditions for an infinite array. In COM-
SOL, we used the Drude permittivity dispersion model of gold, with a plasma
frequency of w, = 2m x 2184 THz, a damping frequency of I'y = 2w x 17 THz,
and €(co) = 9.6 F/m [152]. A detailed derivation of the Drude model is avail-
able in Appendix B. The glass was modelled with a lossless, nondispersive
index of 1.47 [153]. The apertures are patterned into the metallic layer and
possess a radius of b. Additionally, an example of the lined unit cells is shown
in Fig. 3.1a, which possesses an MTM liner of thickness t = b — a, where a is
the radius of the inner aperture air region. The gap and wire widths are w,
and the number of wires is IV, which defines the number of identical loading

inclusions arranged about the azimuth in the liner region.
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3.1.1 Thin Liner Aperture

As a first design, we will attempt to reduce the fundamental resonance fre-
quency of a plasmonic nanoaperture using a MTM liner directly inspired by
the microwave design. This will allow us to understand the role of replacing all
PEC conductors with gold. The first design, called the “thin liner” design, is
a faithful reconstruction of the microwave unit cell with the minimum feature
size set to w = 10 nm, the minimum feature size reliably achievable by the
HIM, and the inductors replaced with straight wires, as shown in Fig. 3.1a.
The period is set to p = 300 nm (approximately A¢/5, as identified previously),
the aperture radius is set to b = 120 nm (ensures weak coupling between
apertures across the symmetry boundaries), and N = 8 azimuthal wires are
included for polarization isotropy and to meet the conditions required for an
effective-medium model. With the liner as thin as possible, the liner thickness
is t = 20 nm, and the inner radius is ¢ = 100 nm. The film is set to a thick-
ness of t; = 50 nm in the z-direction for optical opacity, which enforces a 1:5
aspect ratio on the inductors. Such aspect ratios are only achievable by HIM,
and the small 10-nm features around the full aperture edge are particularly
challenging to accurately fabricate.

The described lined aperture’s transmission and reflection spectra are shown
in Fig. 3.2, where a clear transmission resonance is seen at 270 THz. For com-
parison, an aperture array with the same outer radius b = 120 nm but no liner
resonates at 521 THz (or 732 THz for an aperture in a PEC screen), for an
electrical size reduction by a factor of ~2 (~3). This is a reasonable reduction,
and an inspection of the electric field profile at resonance in Fig. 3.3a reveals
features expected of an H Fq; mode: collimated central fields, an electric-field
direction reversal in the liner region, and much stronger fields in the liner re-
gion than in the centre. This validates that the MTM liner miniaturization
method may be practical at optical frequencies, but does not reach the target

of 193 THz (1550 nm) alone.
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Figure 3.2: Transmission and reflection responses for the thin-liner optical
MTS depicted in Fig. 3.1a.

(b)

Figure 3.3: Log-scale electric-field profiles at resonance of: (a) the thin liner
case (270 THz, maximum 80), (b) the wagon-wheel case (193 THz, maxi-
mum 140), and (c) the asterisk case (215 THz, maximum 45). Reproduced
with permission from: (a), (b) [92], (©)2019 IEEE, and (c) [154], (©)2018 IEEE.
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3.1.2 Wagon-Wheel Aperture/Thick Liner

To reach our goal of A\g/5, we must further reduce the resonance frequency of
the aperture. This is done by extending the liner to fill the entire aperture,
and the aperture looks like a “wagon wheel,” as shown in Fig. 3.1b. Keeping
a 10-nm minimum feature size, the fabrication complexity of this design is
similar to that of the thin liner, with the most challenging area being the
dense 10-nm features at the aperture centre.

The transmission response of the wagon-wheel aperture is plotted in Fig. 3.4,
which shows a resonance at the desired frequency of 193 THz with a charac-
teristic asymmetric Fano lineshape. Inspection of the electric field profile at
resonance (shown in Fig. 3.3b) reveals one similarity to the thin liner case. The
strongest fields are inside the capacitive gap regions, which have been pushed to
the centre of the aperture. Mutual coupling between adjacent cells has been
reduced as the strongest field components are farther from the boundaries.
This is ideal for applications such as SERS, where strong local field intensity
enhancement is desired. Note that the electric fields inside the liner have be-
come largely azimuthally directed, hence the isotropic permittivity model used
by Pollock et al. to describe MTM-lined waveguides no longer applies [116].

There are many ways to explain the resonance frequency shift observed
between the wagon-wheel and thin liner structures. From a circuit theory per-
spective, increasing the aspect ratio of a straight wire increases its inductance.
This reduces the plasma frequency of the TL-MTM, and hence reduces the
resonance frequency of the aperture. From an effective-medium perspective,
extending the liner region increases the anisotropy of the liner and may also
reduce the resonance frequency of the aperture, as we will show in Sec. 3.1.5.
From a plasmonics perspective, increasing the aspect ratio of the plasmonic
nanowires that load the aperture reduces their LSP resonance frequency to
260 THz, and the capacitive coupling between many wires reduces their res-
onance frequency further (see Appendix C). We use this interpretation to
develop an equivalent-circuit model in Sec. 3.1.6 that models the majority of

the aperture’s behaviour near resonance accurately and predicts the spectral
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Figure 3.4: Transmission and reflection responses for the thick-liner optical
MTS depicted in Fig. 3.1b. Reproduced with permission from [92], (©)2019
IEEE.

variations due to changes in the size of the aperture, the array period, and the

nanowire width.

3.1.3 Asterisk-Shaped Aperture

Although the performance of the wagon-wheel design meets the desired speci-
fications, early fabrication attempts were less than successful. To increase the
chances of successful fabrication, we created another design that maintains the
dense, 10-nm features at the centre of the aperture but simplifies the remain-
ing patterning. If the majority of the fields are focused towards the centre
of the wagon-wheel aperture, what is lost by expanding the spokes (i.e., the
nanowires) and shrinking all removed material to 10 nm gaps? This choice (re-
flected in Fig. 3.1c) significantly decreases the required milling time for each
aperture, which reduces the effect of instabilities in the HIM system on the
milling of each aperture. The result is an “asterisk”-shaped aperture, with a
resonance frequency of 215 THz for b = 140 nm. The electric fields at reso-
nance are plotted in Fig. 3.3c, showing that the fields are less well-confined
to the centre of the aperture, which leads to increased mutual coupling be-

tween apertures and increased resonance bandwidth. Despite the shape of the
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metallic features ending in a sharp tip, the uniform gaps reduce the preference
of the fields to focus to the centre of the aperture the way they are focused in
the wagon-wheel case. Additionally, some higher-order resonances are pushed

lower in frequency, decreasing the free spectral range of the resonances.

3.1.4 NIR Parametric Studies

The parametric studies below provide insight into the tunable geometrical
parameters of the nanoplasmonic aperture arrays as well as the underlying
mechanism of the observed resonant transmission. With the broad applica-
tion space of MTSs, flexibility in the design of the unit cell is crucial. For
subwavelength imaging, miniaturization is important to increase resolution.
For spectroscopy and sensing applications, high sensitivity, strong field en-
hancement, and high contrast are required. For each of the studies below, we
compare the MTM-lined apertures against their corresponding unlined aper-

tures of the same outer radius b.

Inner Radius (a)

From the design of the aperture geometry, we expect a decrease in the inner
radius a to lower the resonance frequency of the aperture since it is akin to
increasing L, as was shown by Baladi et al. [62]. Additionally, the overall
transmission magnitude should be constant due to a constant unit cell filling
factor F' (aperture area over unit cell area, F' = wb*/p?).

The transmission results for this study are plotted in Fig. 3.5. To achieve a
resonance frequency of 193 THz, an inner radius a = 10 nm is required, as we
saw previously. The bandwidth of the resonance is also reduced for smaller a as
the strong fields located in the capacitor regions are forced towards the center
of the unit cell where they are much further from the unit cell boundary,
and hence, cannot interact as strongly with neighbouring apertures. Since
the resonance frequency can be tuned without changing the aperture size, a
can be used to tune the unit cell miniaturization, though differences in field

localization, free spectral range, and contrast must be considered.
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Figure 3.5: Transmission frequency response for varying inner radius a (solid),
showing the transmission peak corresponding to the H E;; mode for each value
of a. The unlined case with outer radius b = 120 nm (dashed) is also plotted
for comparison. Reproduced with permission from [92], (©)2019 IEEE.

Array Periodicity (p)

As shown in Fig. 3.6, the transmission of both the MTM-lined and unlined
apertures decreases with decreasing filling factor F'. The resonance frequency
of the MTM-lined apertures remains largely constant due to weak coupling
with neighbouring unit cells, though the small dip in transmission at 150 THz
deepens significantly as the apertures come closer together. Additionally, in-
creased fill factor F' increases the bandwidth of the resonance. These data
are consistent with those shown by Baladi et al. [62]. This verifies that this
resonant transmission enhancement is dominated by the localized resonance
of individual apertures and not diffraction anomalies, which would be highly
dependent on the periodicity. This result also shows that closely spaced res-
onators may be practical for multiplexing numerous functionalities into a single
surface since mutual interactions do not play a significant role in the overall re-
sponse of the MTS. We will use this property to create a frequency-multiplexed
imaging MTS in Ch. 5.
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Figure 3.6: Transmission frequency response for varying array periodicity p,
lined cases (solid) and unlined cases (dashed). Reproduced with permission
from [92], ©2019 IEEE.

Film Thickness (%)

For a thin film, the finite penetration depth of the gold layer allows power
to be transmitted through the surface, but the properties of a thicker film
will approach bulk values. Fig. 3.7 shows the transmission response of the
MTM-lined and unlined aperture arrays for varying thickness t;. While the
unit cells for thinner film thicknesses are well-described as apertures in a thin
sheet, the propagation distance through the aperture becomes non-trivial for
thicker films, and the unit cells may be better described as short waveguides
with a complex propagation constant. The resonance is blue-shifted as the
bulk properties of the gold become dominant and the plasmonic nanowire res-
onance is pushed to higher frequencies. Although thicker t; implies better
transmission and reflection enhancement over the unlined-aperture case, fab-
ricating higher aspect ratios is a significant challenge in practice. For most
applications, a thicker film is desired to reduce losses and increase opacity, or

to induce resonances in the longitudinal dimension.
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Figure 3.7: Transmission frequency response for varying gold film thickness
tr, lined case (solid) and unlined case (dashed). Reproduced with permission
from [92], ©2019 IEEE.

Aperture Outer Radius (b)

Fig. 3.8 shows the transmission frequency response for varying aperture radius
b. It should be noted that a change in outer radius also implies a change to
the liner, as the radially directed wires must be lengthened for a constant.
Varying b causes a resonance frequency red-shift for larger apertures due to
the scaling property. Both b and a can therefore be used to tune the MTS
resonance frequency to meet application design requirements. Although MTM-
lined versus unlined aperture array transmission contrast is reduced as b grows
due to the increase in fill factor F, b = 140 nm shows the best unit cell

miniaturization.

Wire Density (N)

For a thick liner, a is not exactly 10 nm. The 10-nm capacitive gaps be-
tween the nanowires require that an N-sided polygon fit between the tips of
the nanowires, thus @ = 5 x sec(r/N) nm. The transmission spectra for a
varying number N of loading nanowires are plotted in Fig. 3.9. From the
effective-medium perspective, the nanowires inside the aperture act as parallel

inductors; therefore, combined with decreasing the wire length, an increasing
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Figure 3.8: Transmission frequency response of the lined aperture case (solid)
and the unlined aperture case (dashed) for varying values of outer radius b.
Reproduced with permission from [92], (©)2019 IEEE.

number of wires decreases the overall inductance as well as the capacitive cou-
pling of the liner, which causes a blue-shift of the resonance frequency. Of
the cases studied, maximum inductance is achieved for four wires and hence
the lowest frequency resonance is observed. If we reduce N further, the liner
exhibits a slow periodic variation in the azimuthal direction, which leads to
different responses for different polarization angles. This could be harnessed in
beam splitters to polarize each outgoing beam. Although polarization sensitiv-
ity and loss decrease for increasing N, the miniaturization also decreases and
fabrication becomes more difficult. N = 8 gives a good balance of fabrication
complexity, polarization sensitivity, and loss.

Extracting optimal performance from the MTM-lined aperture requires
balancing the unit cell electrical size, the contrast compared to the reference
array, and fabrication complexity. An optimal design therefore minimizes a,
balances p and b between contrast and electrical size, and uses as thick of
a film t as is practical in fabrication. These trade-offs lead to choosing the

wagon-wheel structure as the optimal design.
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Figure 3.9: Transmission frequency response for varying number of wires N
inside the aperture (solid) and the unlined case (dashed). Reproduced with
permission from [92], (©)2019 IEEE.

3.1.5 Analytical Modelling of a Thick and Anisotropic
MTM Liner

We now look to model the behaviour of the wagon-wheel MTS analytically in
order to extract additional intuition as to its operation, streamline the design
process, and model the effects of fabrication inconsistencies.

We begin by extending the work of Pollock et al. [116] by solving the
modes of an inhomogeneously filled circular waveguide with a thick liner ex-
hibiting an ENNZ permittivity response. The cutoff frequencies of the waveg-
uide modes correspond to the resonance frequencies of apertures with identical
cross-sections. The modes of the ENNZ-lined waveguide are solved as follows,
keeping the analysis as general as possible, but with some choice assumptions.
The problem consists of three regions, described in cylindrical coordinates: 1)
a central region with diagonal permittivity é and permeability fi; tensors (i.e.,
anisotropic, but not bianisotropic), and radius a; 2) a liner region with diago-
nal permittivity é&; and permeability s tensors, and radius b; and 3) an outer
metal region with isotropic permittivity €3 and permeability i3, that extends
to p = co. Borrowing notation from Pollock et al. [116], the Helmholtz equa-

tion is to be solved in all 3 regions. Once separated into p,¢ and z components,
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it reads:
H,:
p26§TR+ Cfi—R—F(%’,prZ—T JR=0 (3.1)
E.:

,d*R  dR sy
252 _ R =0 3.2
pdp2+pdp+(7pp ve) : (3.2)

where the ¢ and z components are easily solved:
sin (n@), cos (ng), e 7%, (3.3)

7,v, and the propagation constants v are:

2= U¢70¢p n2 V2_€¢>70p¢ 2 (3.4)
Hp 70,0(;5 €p 7C¢P
u ) ¢
752 = 7c2,¢),p_z ’yp2 = 73,p,¢_z (35)
Fep €p
762,/,@ =~ 4+ kgep,% ’yf@,p =~2 4 kg%up, (3.6)

and the ¢ and p components of the fields can be found from the z components

by:

B - {1 OE., jwu,,@Hz] _ F@Hz jwepaEz} (3.7)
RN P v Op P2l 00 v Op
—y [OE,  jwie 0HZ} [8HZ Jwey 8EZ}

E,= + H,= - . (3.8

r N, { op ~ qp 09 P2, L0 ap 09 (38)

Due to the requirement that £ and H be bounded as p approaches 0, F,;

and H,; must be written using Bessel functions of the form:
E.(p, ¢,2) = CiJua(75,p) cos (ng)e 7 (3.9)

H.(p, ¢, 2) = C3Jr1(vp1p) sin (ng)e™ . (3.10)

It follows from eq. (3.7) and eq. (3.8) that:

’Yn/JJz j NZ z
Esi(p, ¢, 2) = —101Ju1(7plp)+ T CaJly (v p) | sin (ng)e ™™ (3.11)
1Yoy P U1
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—YE, . )W L1 € s
E%dpw#z)=={ 7Elcknlm¢un——i——%ﬂ—icaJaxmﬁpﬂ(xw<n¢kz”,
€p17p1 €p17p1
(3.12)
and
—YNE, JWe, z
Hm@ﬁwﬁ={ LT (1) — 1a%wmm}muwwv<3m>
€p17p1 ’p ol

2 WNE] [z .
H,(p, ¢, z>=[ L g (1) — MCI mep)} sin (ng)e .
:upl/Ypl /Lplﬁypl p
(3.14)

The open boundary on region 3 requires only outgoing waves, which can

be represented as Hankel functions of the second kind:

E.s(p.d,2) = CYHS (453p) cos (ng)e ™ (3.15)

Hz3(:07 ¢7 ) O” (7p3p) sin <n¢)€ e (316)

Applying eqs. (3.7) and (3.8) again to eq. (3.15) and eq. (3.16) results in:

p3

nY, . Jwpy . s
f%@@@zﬁliiﬂ 2 (1,p) + 5%w£%%ﬁamwwv
1373 P s

(3.17)

. V€23 ~n (2)r jwnu¢3€z3 // :| P

Ealp, ¢, 2) = CIHG S oy cos (ng)e 7,
3(p, D, 2) Lpﬂpg (V530) — s (vpgp) (ng)

(3.18)

YNE, Jwe, —vz
Hys(p, 6, 2) = L e ;C” 2 (Vsp) — = 330” (’Vpgp)} cos (ne)e™
P37 p p
(3.19)

THz3 JWNEH3 23 . s
HM@@@Z[ CUHE (110) ——ﬂ—d’meﬂWWMef
MP37p3 /Lp37p3 P
(3.20)

The fields in region 2 can be represented in any basis, but for simplicity,

Bessel and Neumann functions are chosen:
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Ea(p, ¢, 2) = [C11a(vap) + C5Yoa(v5ep)] cos (np)e™* (3.21)
H.5(p, ¢, 2) = [ChJra(vhop) + CiYra(hop) ] sin (ng)e %, (3.22)
’}/TL z € €
Eg(p, ¢,2) = { lfti [C12(vj2p) + CoYoa(viap) |+
o &2
uz [CéJ;2(752p) + C&Kz(%i/’)ﬂ sin (n¢)e”"*
p2
E | T €22 CJ € 'y’ € .
02(p, ¢, 2) = P [C] 2 (V52p) + Cy uz('szP)]
2
Jwnfigaes N (3.24)
SR (g (3tp) + c@cm;apﬂ] cos (ng)e™",
€p27p2
—YneE,
Haalp.6,9) = | ZI52 [Cdalofap) + CL ol -
2
iwen e (3.25)
Oy (a) + G;Y,,'m;m}] cos (ng)e
p2
H | T T2 C'.J o Cc'y! i -
p2(07 ¢,2) = L) [ 3 72(%2P)+ 4 r2('Yp2p>]
02" p2
Joneasiizs P (3.26)
—— 5 [C1dua(vpep) + CéYuz(vzgp)]} sin (ng)e .
/’Lp2ryp2 P

The boundary conditions yet to be applied are the continuity of the tan-

gential field components at the boundaries:

E.i(a,¢,2) = Es(a, ¢, z) H.(a,¢,2) = Hyx(a, ¢, 2) (3.27a)
E¢1(CL,¢, Z) = E¢2(aa ¢7 Z) H¢1(a7¢7 Z) = H¢2(a'> ¢a Z) (327b)
E¢>2<b7 ?, Z) = E¢3(b7 ?, Z) H¢>2(b7 b, Z) = H¢>3<b7 b, Z) (327C>
Ezg(b, QZ), Z) = Ezg(b, ¢,Z) Hzg(b, qb, Z) = Hzg(b, gb, 2) (327d)

Applying these boundary conditions leads to the following nonlinear eigen-

problem:
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(3.28)

With an assumption on the eigenvalue (the propagation constant ), the
above system of equations can be solved for frequency to plot the dispersion
of the waveguide. We created a root-finding algorithm implementing Muller’s
method in Python to find the dispersion of the waveguide, where the determi-
nant of the matrix is 0.

We must now narrow the scope of the problem to the case under study. As-
sume all regions are non-magnetic (117 = fio = fi3 = pol, where I is the identity
tensor), that the central region is vacuum (€3 = ¢y7), and that the outer region
(region 3) is gold (using the same Drude model for the permittivity of gold as
before). Next, allow €,0 = €, let €, and €4 vary and generally be different,
and let b = 120 nm. Finally, assume v ~ 0 to extract only the waveguide
mode cutoff frequencies, or equivalently, the aperture resonance frequencies,
where the approximation is used to avoid divide-by-zero errors. Notice that
using an anisotropic permittivity leads to Bessel functions of complex order,
which cannot be evaluated in MATLAB. Numerical approximation based on
the gamma function leads to significant errors; however, the mpmath Python
library can accurately evaluate Bessel and Neumann functions of complex or-

der to arbitrary precision.
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For €, = €42 = 1, the solutions are independent of a, where 0 < a < b, and
we reproduce the unlined waveguide case while allowing the electric field to
penetrate into the outer region. The fundamental T'F;; mode cutoff frequency
is reduced from 732 THz (for the case of no field penetration) to 521 THz.
For a PEC waveguide to resonate at 521 THz, a radius of b = 170 nm would
be required, which we call the effective radius. As the waveguide radius b is
increased, the dispersion of the gold region causes the gap between the radius
and effective radius to shrink. For our designed modal cutoff frequency of
193 THz, the effective radius is b = 455 nm, while the radius including field
penetration is b = 422 nm.

Applying an ENNZ liner continues to reduce the cutoff frequency of the
waveguide, and hence the miniaturization of the equivalent aperture. For the
thin-liner case where b = 120 nm and a = 100 nm, the resonance frequency of
270 THz seen in simulation can be matched with a liner effective permittivity
of € = €40 = —0.24. For the wagon-wheel case, assuming a uniaxial liner
permittivity, the resonance frequency can be matched for an effective permit-
tivity of €,0 = €42 = —0.986, and the resonance frequency becomes extremely
sensitive to the liner effective permittivity.

We now use the model to study the effects of a fully anisotropic liner
permittivity on the HEj; resonance frequency, since the field profile of the
wagon-wheel aperture contains azimuthal components within the liner. To
separate the effects of the gold region’s dispersion from the effects of anisotropy,
we replace the gold region with a PEC, with the understanding that the field
penetration simply increases the effective radius of the aperture and relaxes
the condition that fields be entirely radial on p = b. For an aperture with
b =140 nm and @ = 120 nm (i.e., a thin-liner case), the frequency of the H E;
resonance is plotted with respect to the anisotropic ¢ and p liner permittivity
components in Fig. 3.10a. Clearly, for a thin liner, the ¢ component has
very little effect on the frequency-reduced H E; modal cutoff frequency, which
validates the isotropic model used by Pollock et al. [116].

If the inner radius is reduced to a = 14 nm, as plotted in Fig. 3.10b, the

contribution from ¢, is as important as the ¢, component given the higher
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Figure 3.10: Surface plot of H Fq; cutoff frequency with respect to anisotropic
liner permittivity parameters for (a) a thin liner (b = 140 nm, a = 120 nm),
and (b) a thick liner (b = 140 nm, a = 14 nm). The magenta line denotes 193
THz, or 1.55 pm, the wavelength of optical telecommunications. Reproduced
from [155], CC BY 4.0.
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filling factor of the aperture. As the permittivity falls to zero, the resonance
frequency is reduced to DC, as was observed for the MTM-lined PEC waveg-
uide. Frequency-reduced resonance occurs for either €, or €4, whereas the
isotropic case required only €, to be near zero. With fields penetrating into
the PEC region, the liner thickness threshold at which anisotropy must be in-
voked is decreased, and even for a liner as thin as b — a = 140 — 120 = 20 nm,
anisotropy significantly shifts the modal cutoff frequencies. The isotropic case
is restored for a 10-nm-thick liner.

A slice taken from the lower left to the top right of Fig. 3.10b extracts
the response for an isotropic liner permittivity. It can be seen that for a
thick, isotropic liner, the resonance frequency saturates at 0 for a much higher
absolute value of permittivity (i.e., near (—1, —1)) than for either anisotropic
parameter. The liner is therefore more sensitive to very small changes in
effective permittivity.

Unfortunately, the results of this analysis cannot be intuitively applied
to the wagon-wheel aperture since the resonant frequency cannot be uniquely
mapped to an anisotropic effective permittivity value. Moreover, model for the
wagon-wheel MTM-lined aperture should incorporate radial inhomogeneity, as
the filling fraction of metal decreases significantly from the centre towards the

edges.

3.1.6 Wagon-wheel Liner Equivalent Circuit

To apply the above results directly to the wagon-wheel MTS and predict
its resonance frequency over a range of geometries, we must homogenize the
liner region to an equivalent effective permittivity. Unfortunately, the ENNZ-
liner circuit model developed by Baladi et al. to assist in designing miniatur-
ized apertures for the microwave domain cannot be applied to the thick-liner
wagon-wheel aperture as the liner cannot be accurately described as a copla-
nar stripline, and hence the TL-MTM theory cannot readily homogenize its
effective material properties. Moreover, the analytical derivation for a homog-
enized liner presented above predicts only the resonance frequencies of the

lined aperture, and the complex mode-matching problem required to predict
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the full spectrum of the aperture has yet to be solved. Even with a solution to
the mode-matching problem, the homogenized thick-liner derivation does not
predict a resonance to describe the notch at 150 THz in Fig. 3.4.

Instead, we appeal to the concept of optical nanocircuits to derive a phe-
nomenological equivalent-circuit that is able to model the behaviour of the
wagon-wheel MTM-lined aperture near its fundamental resonance frequency
[156]-[158]. In essence, optical nanocircuits emphasize the use of the full Drude
model in deriving equivalent circuit impedances for metals, which includes the
effects of both conduction currents and displacement currents. As a result, one
finds that even without contributions from the magnetic fields, an inductance
arises due to the momentum of the electron gas, called kinetic inductance.
The analysis of dielectric elements and capacitive gaps does not change. Over-
all, this means metallic traces have additional intrinsic inductance at optical
frequencies that often dominates over the Faraday (magnetic) inductance.

Although optical nanocircuit concepts have been used to describe a vari-
ety of nanostructures, they have rarely been used to describe MTSs, and in
particular, aperture-based MTSs [159]-[161]. In fact, the majority of circuit
models used to represent optical M'TSs are fit entirely numerically, and rarely
consider the actual geometry of the structure they model [162]. Our analysis
draws on the well-known analogy between a plane wave meeting a periodic
screen of scatterers and a guided wave meeting a diaphragm in a waveguide,
and we derive approximate equivalent optical impedances for every element
with full consideration of the displacement current [163], [164].

Intuitively, Fig. 3.11a shows how metallic regions are replaced by their
equivalent kinetic inductance and resistance, whereas the gaps are replaced by
equivalent capacitors. Considering the complicated layout, this phenomeno-
logical approach to building the circuit model allows significant intuition to
be gained into how a number of parameter variations affect the aperture’s
scattering spectrum. A full description of the circuit model development and
initial parameters is available in Appendix B. Initial parameters are derived
using reasonable approximations, with the expectation that a good effective

circuit model can be tuned numerically to describe the aperture over a range of
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similar geometrical parameter values. As a result, this method is very general
and can be applied to model almost any MTS layout.

The full final circuit model is shown in Fig. 3.11b. We invoke four-fold
symmetry to describe just one-quarter of the aperture, where the horizontal
symmetry doubles all element impedances and the vertical symmetry halves
them. Elements on the vertical and horizontal symmetry planes (marked by
the red dashed lines in Fig. 3.11a) are doubled or shorted out, respectively.
With reference to Fig. 3.11b, we built the circuit model from three main ele-
ments coupled together: (i) the unlined aperture impedance, Z,, (ii) the verti-
cal nanowire on the symmetry plane acting as a resonant plasmonic monopole
with impedance 27, and (iii) a resonant loop with current i3. The vertical
nanowire is responsible for the main resonance, whereas the loop is responsible
for the notch resonance. We now describe each element in more detail, from
left to right.

The current source jwD represents the uniform excitation across the unit
cell, and in practice, is connected between the planes of symmetry. Since the
unit cell is deeply subwavelength, all elements can be described as lumped
equivalents, and a quasi-static regime can be assumed. For a resonant plas-
monic circuit, however, this assumption is flawed as a resonant sinusoidal
field/current distribution can exist on a miniaturized scale. We assume that
this approximation can be corrected with numerical tuning as we cannot ac-
curately describe the evolution of the current distribution with frequency.

In accordance with Fano theory, a Fano lineshape is the result of a coupling
between some background continuum and a resonance [165]. In the case of the
MTM-lined aperture, it is clear that the lineshape follows that of an unlined
aperture away from resonance, so this background transmission should be mod-
elled in the equivalent circuit. The impedance Z, represents the impedance
of the fundamental T'F;; resonance of the unlined aperture below its cutoff
frequency. Although this impedance is difficult to derive analytically, a good
approximation is to assume a uniform current distribution on the metal sur-
face and to find the impedance of that section from the self-reaction [164]. To

this end, we assume that any current travelling near the aperture will interact
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Figure 3.11: (a) Schematic showing the intuitive description of each part of
the MTM-lined aperture as an equivalent lumped circuit element, and (b) the
equivalent circuit model.
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with the liner loading and that Z, can be approximated by uniform currents
travelling vertically between the symmetry planes over a width of half the unit
cell period minus the radius, p/2 — b, and penetrating infinitely into the film

(which is 50 nm or approximately two skin depths thick):

p/2 [0
Z“:p/Q—b‘/e(w)' (3.29)

Along with the Drude model for €(w), this equation effectively describes an

inductor in series with a resistor.

Next, consider the nanowire impedance 27,,. Since the width of the nano-
wire is much smaller than the skin depth, we assume that the fields are uni-
formly distributed throughout the nanowire cross-section. If the cross-sectional
area of the nanowire is A = tw, and we ignore the pointed shape of the wire

tips:

l 1
w = QM’ (3.30)
where [ = b—g/[2sin(7/N)] is the nanowire length to the tip. This is effectively
the formula for the resistance of a rectangular wire, where the conductivity is
described by the Drude model to create a complex impedance.

The first current-dependent voltage source represents the magnetic cou-
pling between the vertical nanowire and the resonant loop, and M, is derived
from the Biot-Savart law and the quasi-static assumption of a triangular cur-
rent distribution across the nanowire length.

The final element along 75 is the capacitive impedance to ground at the
tip of the nanowire. The Zg¢ impedance is intended to represent the total
combined charges induced on all the closely-spaced central nanowires except
the nearest neighbours, which are represented by Z¢n. The complex geometry
and the passage over the symmetry boundary make this capacitance impossi-
ble to separate analytically, hence we assume it is on the same order as Zgy,
for which we can make a more reasonable calculation. Zgy represents the
capacitance between each nanowire and its nearest neighbour, calculated by

adding together the capacitance between the two wire tips and a radial capac-
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itor extending from the end of the gap to the outer radius (see Appendix B):

B eotw EE , b—w/[2sin(m/N)]
CN_Qgsin(ﬂ/N)+27rtol ( g/[2tan(7/N)] ) (3:31)

Zp represents the portion of the gold film that the currents feeding the

oblique 45° nanowire travel through. Once again, this impedance cannot be
directly separated from the other film impedances and we resort to an approx-
imation based on the following assumed important parameters: (i) Zg should
grow with p as the length of the feeding region becomes longer, (ii) Zp should
scale inversely with b since the width of the feeding region decreases with b,

and (iii) the frequency dispersion should follow the form of Z,. This implies:

g _P/2- b/V2 [ o
7 (b/2) €(w)

(3.32)

is a reasonable approximation.

Finally, the loop i3 represents the interfering loop resonator that is seen
just below the designed 193 THz resonance in the MTM-lined aperture. It
consists of Z,,, Zop, Zcan, and a mutual coupling term. 7, is the same as
in eq. (3.30), Zo represents the impedance seen by a current travelling along
the outside edge of the aperture, and Zogy is the parallel combination of Z¢g
and Zcy. The mutual coupling term represents both the magnetic coupling
between the loop and its neighbour across the horizontal plane of symmetry,
and the coupling between the monopole and the loop. For Zy, we assume the
exciting field is uniform along the thickness (z-direction), penetrates infinitely

into the film in-plane, and that the length can be approximated as straight:

Zo = QNL? /%). (3.33)

The nearest-neighbour magnetic flux linkage My, is derived from a COM-
SOL simulation of a single loop, fed by a 1 A current source at 193 THz. The
magnetic flux is then integrated over the area that would hold the neighbouring
loop.

With a full equivalent circuit for the aperture array, this circuit can be
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Figure 3.12: Comparison of the reflection and transmission spectra of the
circuit model to COMSOL simulations for (a) the nominal predicted circuit
model, and (b) the tuned circuit model. For the simulations, the substrate was
removed, the MTS was excited with a vertically polarized plane wave, and the
nominal parameters were b = 120 nm, p = 300 nm, t = 50 nm, w = g = 10 nm,
and N = 8.

inserted in shunt into a square parallel-plate waveguide with characteristic

impedance Zy = v/ o/€o. The transmission and reflection then take the form:

R - (i) (334)

2Z s + 2o

2Zmrs )2
7 (_24uTs " 3.35
<2ZMTS + Zy ( )

where Zjy;rs is the total circuit model impedance as seen by the source.

The results for the nominal case are shown in Fig. 3.12a. Despite the num-
ber of approximations made, the resonance frequencies are well-predicted by
the circuit model, though the overall transmission at resonance is significantly
lower than in simulation. Analysis of the circuit shows that this is due to the
current being higher in the loop than in the nanowire, despite being away from
resonance, suggesting the impedance of the loop is too low.

To optimize the circuit model, we applied a linear multiplier to each circuit
parameter and used a numerical optimization algorithm to find the multipliers
that give the lowest difference between the model and the simulation spectra.
Simplicial homology global optimisation (SHGO) is a fast optimization algo-
rithm readily available through the scipy Python library that is particularly
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Parameter || Z, | Zo Zy | Mis | Cn | Co | 22, | Zg | My
Multiplier || 0.59 | 2.69 | 1.38 | 1.27 | 1.16 | 0.87 | 0.94 | 0.55 | 1.00

Table 3.1: Parameter multipliers used to match the circuit model to the sim-
ulation. The parameters are nominally unity.

suitable for low-dimension optimizations such as this one [166]. SHGO can
return several “good” solutions, and since our circuit model is not perfect, the
“best” solution it finds often cannot describe a parametric sweep accurately.
To resolve this issue, we insert additional simulation data for other radii b into
the algorithm to converge on a single solution.

The tuned spectrum is shown in Fig. 3.12b, and the tuning parameters
required to match the spectra are listed in Table 3.1. Overall, the tuning re-
quired by the circuit is small, and no tuning parameter changes the impedance

by a full order of magnitude.
Scaling Z.,, Zo

The combination of multipliers on 7, and Zy shifts the impedance of the
loop from the left branch to the right branch, which follows the near quarter-
wavelength current distribution around the loop and our prediction that Zp
would be underestimated. The significant increase in Zp is due to improper
modelling of the radial decay of the assumed excitation field and having ignored
the potentially significant magnetic self-inductance generated in the loop. Con-
sidering that adding the self-inductance leads to far too many degrees of free-

dom, the effect of scaling Zp instead is a small increase in loss.
Scaling Z,

Z, is increased due to the overlap between Zp and Z, causing a double-

counting.

Scaling M4

M, and 27, are related as Zj;12 was derived using a triangular current distri-

bution, and 27, was derived using a uniform current distribution. In practice,

o4



Chapter 3. Design and Modelling

the current is closer to a sinusoidal distribution, requiring an increase in 212

and a decrease in 27,,.
Scaling Cpn, Cg

C should be increased due to fringing fields, whereas the estimation of Cg,

despite being on the correct order of magnitude, was too high.

Scaling Zp

The multiplier on Zp suggests that a denominator of b, rather than b/2, may

better model the path feeding the diagonal wire.

Scaling M5,

Finally, scaling Ms, makes little difference in the overall spectrum without
changing its value by an order of magnitude or more. This is unsurprising as
the value of My, was taken directly from the numerical simulation. Since the
rest of the multipliers were well within a factor of 10, the multiplier on Ms,
was left unchanged.

To further judge the effectiveness of the circuit model in describing the
MTM-lined aperture, we compare the model to COMSOL simulation data as
the parameters b, p, and w are swept. The results of this study are shown in
Fig. 3.13 for reflectance, where the coloured curves represent COMSOL data
for discrete parameter values, the grey mesh represents the circuit model with
a continuous sweep of each parameter, and the black curves highlight where
the circuit model has the same parameter value as the COMSOL curves for

easier comparison.
Sweeping b

Fig. 3.13a shows the comparison for varied aperture radius b, where b was
swept from 100-140 nm in increments of 10 nm. It is clear that the nanowire
resonant frequency is well-predicted, and the full spectrum matches well as
b is decreased. As b is increased, and the fill factor of the MTS grows, the

approximations made to derive Z, become increasingly problematic, leading
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to a deviation of the spectrum at higher frequencies. Additionally, the small
dip due to the loop resonance grows but does not match for larger b, which is
likely due to not modelling the change in M, as the loop area increases, the
coupling of the loops from the neighbouring unit cell across the vertical axis of
symmetry, and the assumptions on Zo. A shift in b model enlarged or shrunk

apertures due to over/undermilling with the HIM.
Sweeping p

The comparison for varied array pitch p is shown in Fig. 3.13b, where p was
swept from 260-340 nm in increments of 20 nm. Outside of resonance, vari-
ations in p match similarly well to variations in b, and the loop resonance
frequency is well-modelled. Nevertheless, there is a small overestimation of
the nanowire resonant frequency shift with p, despite p not appearing in the
nanowire impedance expressions. A small perturbation of each of Z or Z, is
unable to correct for this discrepancy, suggesting a competing variation of the
resonance frequency is not modelled, or the discrepancy is due to a combined
effect of Zp and Z, on the nanowire resonance. Given the result of the aper-
ture radius sweep, the latter is more likely the case. The ion beam optics may

drift between milled apertures, which can be modelled by a variation in p.
Sweeping w

Finally, the wire width w is varied from 5-15 nm in steps of 5 nm. Despite the
significant implications of the wire width to the aperture geometry (in par-
ticular, the layout of the central region), the shift in the resonant frequency
of the nanowire is well-modelled, as is the increased depth of the loop reso-
nance. The small shift in both resonance frequencies is likely due to a shift
in the resonant field distribution across each of Z,, and 2Z,, as the capacitive
loading of the aperture centre decreases (smaller w) or increases (larger w).
Smaller w models overmilling of the nanowires, whereas larger w models their

undermilling.
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Figure 3.13: Comparison of the circuit model to COMSOL simulations for
varied geometrical parameters. (a) b = 100-140 nm, (b) p = 260-340 nm, (c)
w = 5-15 nm. The coloured curves represent the COMSOL simulation data,
the grey mesh represents the circuit model data, and the black curves highlight

the circuit model data where the circuit model can be compared directly to
the COMSOL data.
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Discussion

We have shown that our circuit model is able to accurately predict the trans-
mission /reflection of MTM-lined apertures over a range of parameters and to
well within the fabrication tolerances of the HIM. Moreover, a monopole cou-
pled to a loop accurately describes the spectrum of the MTM-lined aperture
with eight nanowires in the liner. This implies that with only four wires, the
notch below the main aperture resonance should not exist, and this is indeed
what was seen in Fig. 3.9 (with six wires the loop is excited symmetrically
from the vertical nanowires, which suppresses its resonance). In fact, without
the requirement of deeply subwavelength elements for MTM homogenization,
a four-nanowire aperture performs better than the eight-wire aperture in terms
of miniaturization and may be simpler to fabricate at the cost of additional
losses.

Future directions for this model include modelling the thin plasmonic liner
as T-shaped resonators and considering the film thickness more closely. The
latter may require inspiration from the modal perspective, where the lossy
propagation of the waveguide mode through the film can be modelled using
a direct coupling coefficient between the top and bottom surfaces of the film
[164]. Since our circuit model can predict both the scattering amplitude and
phase, it is an excellent starting point for quickly developing and prototyping
non-uniform arrays of apertures, as are required in many MTS applications.
Modelling a nonuniform array would be as simple as widening the incident
waveguide (using a geometric factor) and loading it with the model for two
different apertures in parallel.

Throughout this section, we have shown that MTM-lined apertures can
be scaled from the microwave domain to the NIR by modelling the plasmonic
properties of the constituent metal at these frequencies. We modified the
structure to include a thick liner in order to increase the miniaturization while
enforcing an extremely small 10-nm minimum feature size and a 1:5 aspect
ratio that is only achievable by HIM patterning. As we will show in the

next chapter, the MTS spectrum relies strongly on the accurate reproduction
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of these minute features. In order to design the MTM-lined apertures more
quickly, we have suggested how an anisotropic homogenized liner model might
be applied to produce the correct resonance frequencies, though such a model
fails to account for all aspects of the resonant spectrum. Finally, we proposed
an alternative perspective to describe the designed MTS that is based on
coupled LSP resonators. Using this perspective, we derived an equivalent-
circuit model using general simple techniques that accurately describes the

MTM-lined aperture spectrum over a wide range of parameters.

3.2 Scaling MTM-lined Apertures to Visible
Wavelengths

Throughout the previous section, we relied consistently on 10-nm features to
create MTM-lined apertures that operate as strongly miniaturized resonators
in the NIR regime. In this section, we aim to establish that consistent 10-nm
features can improve the performance of miniaturized plasmonic resonator-
based MTSs. With the operating principle understood to be based on coupled
plasmonic resonators, we can make full use of the plasmonic effect to miniatur-
ize the MTM-lined aperture further, improving the spatial resolution of field
transformations and near-field imaging probes, and potentially increasing the
near-field enhancement for particle trapping, surface-enhanced spectroscopy,
and strong nonlinearities such as second and third harmonic generation. More-
over, we may shift the resonance frequency to the visible domain, where sensors
can be made simpler through qualitative evaluation of the results, i.e., by iden-
tifying the resonantly transmitted colour. We will see in the next chapter that
increased miniaturization creates many new fabrication challenges to address.

To minimize the unit cell electrical size (p/\g, where p is the array period
and )\ is the free-space wavelength), either the resonant frequency of the
MTM-lined aperture must be minimized, or the pitch of the array must be
reduced without a commensurate increase in the resonance frequency. In the
parametric studies of the NIR MTM-lined aperture shown in Sec. 3.1.4, two

major features decreased the unit cell electrical size: reducing the number of
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wires and reducing the size of the aperture [92].

Decreasing the number of nanowires to decrease the electrical size is in-
tuitive with the basic equivalent-circuit analogy, where the resonance is due
to the nanowires modelled as inductors dominated by the kinetic inductance
of the gold in series with the gap capacitance at the centre of the aperture.
Reducing the number of wires inside the aperture decreases the number of in-
ductors in parallel, increasing the overall inductance loading the aperture. Our
circuit model in Sec. 3.1.6 showed that this interpretation is not strictly true,
yet it gives an intuitive understanding of the loading. Similarly, the number
of capacitors in series at the tips of the nanowires is reduced, increasing the
effective capacitance of the aperture.

The same equivalent-circuit analogy can be applied to the change in aper-
ture size. If we consider an aperture loaded with two nanowires, as the aperture
shrinks, the overall capacitance decreases slowly and eventually saturates at
the gap capacitance, while the inductance falls linearly. As a result, the reso-
nance frequency w = 1/ VLC only increases at a rate of ~ v/b, while the size
decreases linearly with b, and the electrical size is decreased. When material
dispersion is also introduced, the resonant frequency variation of an isolated
gold nanoantenna is linear, but with a shallower slope than for a PEC [167].
Using the Drude dispersion model for the nanowire, the equivalent impedance
of the nanowire diverges at the bulk plasma frequency of the metal, and hence
the resonance frequency will always be below this value (though the actual fre-
quency depends strongly on the nanoantenna geometry). Taking into account
the fringing fields allows the derivation of the LSP capacitance and correctly
predicts its resonance frequency [168].

Reducing the number of nanowires in the wagon-wheel aperture from 8 to 2
redshifts the resonance frequency from ~200 THz to ~150 THz. Although this
frequency shift is only 25% and hence does not greatly reduce the electrical
size, the effects of this shift on the aperture geometry are important. First, the
symmetry of the aperture is reduced and the MTM-liner resonance becomes
polarization-sensitive, allowing the design of different aperture responses for

different polarizations, or polarization selectivity for applications such as ellip-
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sometry and near-field sensing. Second, the central region of the liner can be
made more compact. Enforcing the minimum feature size of 10 nm requires
that the tip of each wire be g = 10 nm from its nearest neighbour, and under
the constraint that the wire width w = g, the radius a of a circle enclosing the
central region including the tapered nanowire tips and capacitive gaps can be
calculated from the law of cosines:

a= J (3.36)

2y/1 — cos(m/N)’

where N is the number of nanowires loading the aperture. For N = 8, this

evaluates to a radius of 25.6 nm, whereas for N = 2, the central region is
reduced to a radius of 5 nm, which allows the total aperture size to be reduced
significantly. When designed to operate at a wavelength of 700 nm (near the
edge of the visible regime) the aperture radius is 25 nm, where there is clearly
insufficient space for 8 nanowires [169].

The nominal design and the transmittance/reflectance of the polarization-
sensitive MTM-lined aperture, which we call the two-wire aperture, are shown
in Fig. 3.14. The simulation was performed in Ansys Lumerical FDTD, where
the w = 10 nm is the nanowire width and g = 10 nm is the minimum gap
width based on fabrication constraints, and b = 25 nm is the aperture ra-
dius chosen to shift the resonance into the visible regime. The array pitch
p = 150 nm is chosen for a small fill factor to potentially multiplex many
apertures into one cell, and t = 50 nm is the film thickness chosen for opac-
ity. The material model for gold is now a numerical fit to experimental data
and the substrate was removed, while the nanowire tips are filleted to model
the rounding that occurs in fabrication [170]. The designed LSP resonance is
seen at 425 THz/700 nm when excited with a y-polarized incident plane wave,
where there is a sharp decrease in reflection and a significant fraction of the
incident power is absorbed by the MTS. For an x-polarized excitation, the
plasmonic nanowires are not excited and the spectrum is that of an array of
empty apertures, where the fundamental resonance frequency is well outside

of the range of interest. We note that this result is similar to those seen in
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Figure 3.14: (a) Optical two-wire MTM-lined aperture design for visible-
frequency operation, and (b) the transmission, reflection and absorption spec-
tra for a nominal design resonating at 425 THz/700 nm. Geometric parameters
for this design are w = g = 10 nm, b = 25 nm, p = 150 nm, and the film thick-
ness is ¢ = 50 nm. Reproduced with permission from [169], (©)2020 IEEE.
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experiments on extraordinary transmission; however, the pitch of our array is

much too small to excite propagating diffraction anomalies.

3.2.1 Two-wire Liner Equivalent Circuit Model

To guide our analysis of the two-wire MTM-lined aperture, we develop in detail
an intuitive circuit model to conserve simulation time, using the same general
procedure as in Sec. 3.1.6. The circuit model for the MTS, shown in Fig. 3.15,
consists of a series-RLC' resonator that represents the resonating nanowires in
parallel with an RL branch that represents the subwavelength aperture and
the surrounding gold screen. The nanowires are modelled by their kinetic
inductance and ohmic resistance Z,,, which scales according to [ /A, where [ is
the nanowire length and A = tw is the nanowire cross-sectional area. Using
the Drude model to absorb the conductivity into the permittivity model, and

assuming a uniform field over the wire:

_b—g/2 1
 tw jwe(w)’

Zo (3.37)

The capacitor models the gap at the centre of the aperture as a uniform
capacitor, plus the induced charges along the length of the nanowires modelled

as a radial capacitor, augmented by an arbitrary factor to account for fringing
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Figure 3.15: Circuit model describing the two-wire MTM-lined aperture. (a)
Schematic overlay showing the physical source of each circuit element, and (b)
the reduced circuit model derived to describe the MTS unit cell.
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fields (starting value arbitrarily chosen to be 1.75):

C=1. 75(€°;w + zteow). (3.38)

Thus the intuitive explanation of the capacitor behaviour with b described
above holds. The capacitor impedance Z, = 1/jwC decreases significantly as
the nanogap width ¢ is reduced and increases slowly as the aperture radius
b is reduced, eventually saturating as the nanogap capacitance (which is un-
changing) begins to dominate. Charges induced on the outside edge of the
aperture create the fundamental T E; resonant aperture electric-field profile,
and if included, should be modelled as a part of the parallel subwavelength
aperture impedance.

For the two-wire liner case, we take a slightly different approach to calcu-
lating Z, as there are fewer interfering elements. The subwavelength aperture
impedance Z, effectively describes the fill factor of the unit cell (aperture area
over unit cell area F' = wb*/p?), where the kinetic inductance increases with
the fill factor since the conduction currents are confined to a smaller area.
More specifically, assuming ¢ is larger than the skin depth and using one half

the unit cell due to symmetry, we model Z, as the parallel combination of the
63



Chapter 3. Design and Modelling

current path around half the aperture perimeter (assumed straight) and half
the uninterrupted solid path between the symmetry planes on either side of

the aperture:

= ((%b\/%>+ <05§—b\/g)> .

with the total subwavelength aperture impedance being half the above. This

model is a crude approximation that entirely ignores the field distribution
within the nonresonant aperture, but provides sufficient accuracy when the
aperture impedance is low and the kinetic inductance dominates, as is the
case for plasmonic structures in the visible regime. A more accurate model
could be derived from a variational solution with an assumed T E}; field profile
within the aperture and uniform, plane-wave-like fields inside the gold [164].

As before, to model the scattering parameters of the MTS, this circuit can
be inserted in shunt into a square parallel-plate waveguide with characteristic
impedance Z; = \/,uo—/eo. The shunt loading impedance Zy;rg is the total
MTS circuit model impedance for the y-polarized case, and just Z, for the
x-polarized case. The calculated nominal spectra are shown in Fig. 3.16a,
compared to a full-wave simulation in Lumerical FDTD for a nominal two-
wire MTM-lined aperture with rounded wire tips, b = 50 nm, p = 150 nm,
and w = g = 10 nm. This aperture is used as a second case to validate our cir-
cuit model as smaller apertures are more difficult to model due to the increased
contributions from the solid film. The resonance frequency is well-predicted, as
is the resonant magnitude. The subwavelength aperture impedance is some-
what lower than necessary, leading to a larger mismatch and hence higher
z-polarized reflection in the solid red curve. Fig. 3.16b shows the calculated
spectrum for the smaller MTM-lined aperture discussed above, with radius
b = 25 nm and all other parameters the same as before. We see that once
again, the resonance frequency is well-predicted; however, it is now the reso-
nant (y-polarized) spectrum that matches less well in overall magnitude.

We now optimize the above results by adding constant, linear multipli-

ers to each of the three impedance parameters. These multipliers do not
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Figure 3.16: Comparison of reflection and transmission spectra from Lumerical
FDTD simulations (dashed) and the MTM-lined aperture circuit model (solid),
(a) for b = 50 nm, p = 150 nm, ¢t = 50 nm, w = g = 10 nm and analytically
derived circuit component values, (b) for b = 25 nm and analytically derived
component values, (c¢) optimized circuit model for b = 50 nm and the circuit
components scaled by [1.227,,1.247,,,1.257,], and (d) optimized circuit model
for b = 25 nm and the circuit components scaled by [1.757,,1.90Z,,,0.947,].
Simulation data taken from [169].
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change the dispersion of the elements but allow the relative tuning of each
element’s value to better match the simulated spectrum. Fig. 3.16c shows
the results of the tuned b = 50 nm circuit model, where the multipliers are

[1.227,,1.247Z,,,1.252,].

Case 1: b = 50 nm, tuning Z,

Intuitively, this result suggests that the subwavelength aperture impedance
Z, has been underestimated, likely due to double-counting the smallest edge

between apertures and the crude approximation of the first term in eq. (3.39).

Case 1: b = 50 nm, tuning Z,,

An increased nanowire impedance Z,, is due to only modelling the nanowire
from the edge of the aperture, and neglecting the current path from the sym-
metry plane to the nanowire and any magnetic self-inductance. It should be
noted that we have not modelled the resonant current distribution along the
nanowire, which reduces the contribution of the nanowire to Z,, by a factor of

up to 0.5.
Case 1: b = 50 nm, tuning Z,

Finally, the overestimation of the capacitance is due to the arbitrary choice
of the fringing capacitance multiplier. The multipliers on Z. and Z,, must be
similar to keep the resonance frequency constant.

The tuned results for b = 25 nm are shown in Fig. 3.16d. We might expect
that since the resonant magnitude was overestimated, rather than underesti-
mated like in the previous case, the required multipliers would trend below 1.
This is only true for Z,, which matches better here than in the previous case.
Z, has a large effect on the resonant magnitude, and scaling it upward in the
previous case significantly increased the coupling to the nanowire resonance,
which was then tempered with Z,. and Z,, multipliers greater than one. This is

again the case for b = 25 nm, where the multipliers are [1.75Z7,,1.907,,,0.947,].

66



Chapter 3. Design and Modelling

Case 2: b = 25 nm, tuning Z,

Z, is now dominated by the second term in eq. (3.39), and hence the effect of

the overlap is reduced.

Case 2: b = 25 nm, tuning Z,,

Zy,, now represents approximately one-sixth of the M'TS period, and hence re-
quires a larger scaling factor to model the contribution of the current path from
the symmetry plane. We note that the majority of the impedance produced
by the current path to the symmetry plane is concentrated where the currents
must converge to feed the nanowire, which makes this impedance value scale
weakly with both b and p. If we include a resonant field profile multiplier of
0.8, a total multiplier of 1.97,, is predicted for both cases studied.

Case 2: b = 25 nm, tuning Z,

Finally, the capacitance C' is overestimated as the two terms in eq. (3.38) are
comparable, and the first term is overestimated as it models flat capacitor
plates, not the rounded ones found in the simulation. Again, the multipliers
on Z. and Z,, are similar, which leads to a small resonant frequency shift.
Absorption curves are also shown in the bottom half of Fig. 3.16, where
it is clear that the absorption is not particularly well-modelled, even for the
nonresonant apertures. Since our model does not include any parameters that
decouple the real and reactive components of each circuit element, increasing
the loss would necessarily shift the spectra. Moreover, the poor matching of
the red curves implies that the additional loss is also seen in the nonresonant
spectra. Correcting this discrepancy would require adding a new parameter to
the unlined aperture portion of the model to match the additional loss, such
as including the coupling between apertures or Faraday inductance, which we

leave for future work.
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Figure 3.17: Resonant (y-polarized incident wave) reflection spectra for two-
wire MTM-lined aperture arrays with nominal feature sizes b = 25 nm, p =
150 nm, w = g = 10 nm, and ¢ = 50 nm. (a) Parametric sweep of the
periodicity p, and (b) parametric sweep of the aperture radius b.

3.2.2 Two-wire Parametric Studies

Let us now study the geometric parameters of the two-wire MTM-lined aper-
ture to ensure the intuition extracted from the circuit model holds and estab-
lish the advantages of fine, 10-nm features. We begin with simple parametric
studies linking back to the wagon-wheel MTM-lined aperture, then compare
the performance to two conventional nanoantenna structures commonly used
as MTS elements.

In a similar manner to the wagon-wheel MTM-lined aperture, the two-wire
MTM-lined aperture has two primary geometric parameters that can be tuned
to achieve the desired performance: the radius b and the array pitch p. The
gap width ¢, the nanowire width w, and the film thickness ¢ are instead a
function of the fabrication method and fabrication quality. Fig. 3.17 shows
the results of simulations performed in Lumerical FDTD to study the effect
of each of these parameters on the resonant reflection spectra. We note that,
due to the change in the simulated frequency range, Lumerical has modified
the fitting parameters for the material model and the results may not agree
exactly with those presented previously.

In comparison to the wagon-wheel aperture structure, Fig. 3.17a shows
less variation of the resonance frequency as p is increased. This is due to the

lower fill factors used in this sweep, which prevent the coupling of apertures to
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their nearest neighbours. From the perspective of the circuit model developed
above, the only factor that varies directly with p is the nonresonant aperture
impedance, which increases with fill-factor, and in turn, increases the coupling
to the plasmonic nanowire resonance. The small resonant frequency shift seen
for the smallest periodicity studied (p = 90 nm) is likely due to inter-aperture
magnetic coupling, which may be modelled in part by a small increase in the
nanowire feed impedance. As the distance between apertures is diminished
further, it may also be necessary to consider the capacitive coupling of the
fringing fields at the gold film surface to accurately model the shift in resonance
frequency.

The shift in resonant frequency with b, shown in Fig. 3.17b, is similar to
what was seen for the wagon-wheel structure, where the resonant frequency
varies less than linearly with b. Since a fit to real material parameters was used
to model the gold, the b = 15 nm spectrum is an outlier that has been modified
by non-Drude-like material dispersion (though the circuit model does predict
its position accurately when the material model extracted from Lumerical is
used). We have already shown that to accurately model a shift from b = 50 nm
to b = 25 nm, the capacitor model should be modified to account for the
rounding of the wire tips, and the nanowire model should be augmented by
a nearly constant feed impedance. As the aperture grows, the logarithmic
relation in eq. (3.38) controls the change in gap capacitance and the kinetic
inductance increases linearly, which leads to a resonant frequency shift of the
form w, o 1/ \/m Without accounting for material dispersion, we
substitute b = 25 nm, wy,; = 410 THz and g = 10 nm into this equation, then
predict the resonant frequency for b = 35 nm to be 315 THz, and the resonant
frequency for b = 50 nm to be 242 THz. Both of these predictions are quite
close to their actual values calculated by full-wave simulation, which validates

the intuition gained through the equivalent circuit model.

3.2.3 Comparison to Bowtie Nanoantennas

From another perspective, one could visualize the MTM-lined aperture as the

limiting case of a bowtie-shaped aperture, where the bowtie has been flared
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Figure 3.18: (a) A schematic of the relation between a bowtie aperture (6 =
45°) and a two-wire MTM-lined aperture (# = 90°). (b) Reflection spectra of
the aperture shown in part (a), for various angles 6. The input is a y-polarized
plane wave at normal incidence and b = 40 nm.
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to full half-sectors. This concept is shown in Fig. 3.18a by overlaying the
MTM-lined aperture with a conventional quarter-sector bowtie aperture. Due
to symmetry, it is most convenient to describe the structure by the sector half-
angle 6, as labelled in the figure, i.e., # = 90° for the two-wire MTM-lined
aperture, and 6 = 45° for the conventional bowtie aperture. Bowtie-shaped
nanoapertures are commonly used as subwavelength elements to focus electric
fields into a small volume at the centre of the aperture with large field en-
hancements. This technique finds use in applications such as subwavelength
near-field microscopy [171], surface-enhanced Raman scattering, and fluores-
cence imaging [172]. The most important factor for these applications is the
local field enhancement at the centre of the aperture as the signal strength is a
function of powers of the local electric field strength, |E|*. For subwavelength
near-field microscopy, the miniaturization of the aperture is also important as
it ultimately sets the limit on the achievable resolution of the near-field probe.
Here, we look to establish that 10-nm features can improve miniaturization
without a loss of field enhancement, which may improve near-field microscope
resolution and the density of optical hotspots for sensing.

To compare the performance of the MTM-lined aperture MTS to that of a
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bowtie nanoaperture antenna, we implemented the bowtie nanoaperture array
shown in Fig. 3.18a in Ansys Lumerical FDTD and performed a sweep of the
sector half-angle 6, with radius b = 40 nm, gap width ¢ = 10 nm, minimum
nanowire width w = 10 nm, and array pitch p = 100 nm. The 10-nm nanogap
is present in all cases and the conductive tips are circularly rounded, hence all
the studied structures would require fabrication by HIM. Nevertheless, the gap
width is critical to the field enhancement, therefore, it should be held constant
for a meaningful comparison.

The reflection spectra are shown in Fig. 3.18b for four € angles, where it is
clear that as the sector angle increases toward the MTM-lined aperture case,
the resonance becomes redshifted. This implies a reduced electrical size as the
aperture radius and unit cell period are constant, and hence better resolution
when used as a near-field probe. From the equivalent-circuit perspective, a
redshift is expected due to the kinetic inductance of Z,, scaling inversely with
the cross-sectional area of the nanowires, which increases as 6 decreases. Z.
decreases linearly with decreasing 6, which is slower than the change in Z,,.
The resistance of the nanowires is also inversely proportional to the nanowire
cross-sectional area, and a commensurate decrease in the transmission ampli-
tude is observed (though not shown).

The electric-field profiles at resonance are shown in Fig. 3.19 for four sector
angles 0. As the sector angle grows, the induced surface charge is pulled to
the tips of the nanowires due to the lightning rod effect, causing an increase
in the resonant local electric field magnitude at the centre of the aperture
[173]. If we approximate the aperture nanowires as oblate spheroids with tip
width w and length bsinf, the MTM-lined aperture is expected to increase
the field enhancement by a factor of 2 over the 45° bowtie case. Instead,
an enhancement of only 20% is observed. Although our equivalent circuit
does not model the field profile, the increased dissipation from the nanowire
resistance is intuitively consistent with a damped field enhancement. Thus
the improved field enhancement and miniaturization in the MTM-lined aper-
tures are balanced by increased loss. Nevertheless, the MTM-lined aperture

exhibits a 20% improvement in field enhancement over a comparable bowtie
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Figure 3.19: Electric-field profiles of the bowtie-shaped aperture arrays at res-
onance for a y-polarized, normally incident plane wave. The two-wire MTM-
lined aperture is miniaturized by a factor of three quarters over the conven-
tional bowtie antenna without a loss in field enhancement.

aperture, which implies 44% more signal in SEIRA applications, and twice the
signal in SERS. The enhanced miniaturization can be used to pack apertures
closer together for higher spatial resolution in near-field sensing and higher
hotspot density in surface-enhanced sensing. The additional loss is undesir-
able in surface-enhanced fluorescence applications, where the active signal will
be suppressed; however, in applications involving nonlinear processes, such as

SERS, suppressing the scattering of the excitation is acceptable.

3.2.4 Comparison to V-shaped Nanoantennas

One of the first demonstrations of the generalized Snell’s law, and indeed,
one of the first demonstrations of MTS-based two-dimensional subwavelength
optical field control, was the demonstration of anomalous refraction with V-
shaped nanoantennas [106]. In this section, we show that two-wire MTM-lined
apertures support equivalent resonances to V-shaped nanoantennas and can

be designed for arbitrary scattered phase, but with improved miniaturiza-
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tion/resolution.

The generalized Snell’s law is created by augmenting Snell’s law with a
linearly varying scattered phase at the interface between two media that ef-
fectively allows the arbitrary redirection of the refracted wave, even when the
two media are identical. This can be accomplished by discretizing the inter-
face into subwavelength unit cells, then loading each cell with a resonator that
scatters with a similar amplitude, but different phase than its neighbours. To
create anomalous refraction, the scattered phase should vary linearly from 0
to 27, and be extended periodically over the surface.

It is simple to prove that the limits on the co-polarized scattered phase
shift for a single layer of nanoantennas are —w/2 < ¢ < /2 [174]. V-shaped
nanoantennas circumvent this issue by scattering to the cross-polarization,
where geometrical rotation of the nanoantenna by /2 radians rotates the po-
larization by 7/2 and introduces an additional geometric phase (also known
as Pancharatnam-Berry phase) shift of 7/2 in the scattered field [175]. Unfor-
tunately, scattering to the cross-polarization also imposes a 25% limit on the
scattering efficiency.

Pancharatnam-Berry phase is often understood to be an additional geo-
metric phase accumulated during polarization transformations over a closed
path on the Poincaré sphere. The total additional phase ¢ is equal to half
the solid angle enclosed by the traced path [176]. Under this perspective, a
single scattering MTS element is unable to draw a closed path, and hence ge-
ometric phase cannot be calculated. This is reconciled by comparing the path
of two identical elements, one rotated with respect to the other by an angle ¢.
Each element draws an arc between the poles of the Poincaré sphere, and the
arcs are separated azimuthally by the angle ¢. This rotation on the Poincaré
sphere is simple to understand using the Jones matrix formalism, where the
principle axes of a scatterer are used to define the polarization basis [177]. The
phase factor produced by the Jones formalism is 2¢, which is equal to the full
solid angle between the arcs on the Poincaré sphere and is often interpreted
as the geometric phase. The original definition by Berry of half the solid an-

gle can be harmonized with the usual MTS definition by the understanding
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Figure 3.20: (a) V-shaped nanoaperture geometry, and (b) geometry of the
asymmetric, two-wire MTM-lined nanoaperture.

from the previous paragraph, where half the geometric phase factor is due to
Pancharatnam-Berry phase, and the other half is due directly to the rotation
of the unit cell. Throughout this work, the full phase factor will be referred
to as the geometric phase.

Consider the nominal V-shaped nanoantenna array shown in Fig. 3.20a
with an arm length 6 = 40 nm, arm width w = 10 nm, thickness ¢ = 50 nm,
and period p = 100 nm. These dimensions are chosen for high packing den-
sity, which increases the maximum refraction angle of a phase-gradient MTS.
The swept angle 6 is the angle between the upper and lower halves of the an-
tenna, as shown in Fig. 3.20a. To scatter to the cross-polarization, V-shaped
nanoantennas make use of a pair of dipolar resonances supported by the struc-
ture, as shown in Fig. 3.21. The first resonance is the “antisymmetric” mode
(Fig. 3.21a), which corresponds to a plasmonic bright mode and is excited by
incident electric fields perpendicular to the antenna’s axis of symmetry. For
the case shown, the axis of symmetry is at 45° and the incident field is y-
polarized, but the asymmetric resonance dominates. The second resonance is
the “symmetric” mode (Fig. 3.21b), which corresponds to a plasmonic dark
mode and is excited by incident electric fields parallel to the axis of symmetry.
The total scattering amplitude and phase to the cross-polarization can then
be tuned by changing the angle of the V-shape, the length of the antenna, and
the polarization angle of the input wave.

Having previously modelled the nanowires loading the MTM-lined aperture
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Figure 3.21: Electric-field profiles of a representative § = 90° V-shaped
nanoantenna at (a) its asymmetric resonance frequency, and (b) its symmetric
resonance frequency. Resonant electric-field profiles for an asymmetric 6 = 90°
MTM-lined aperture, (c) at its asymmetric resonance frequency, and (d) at its
symmetric resonance frequency. The incident field is y-polarized.
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as resonant plasmonic monopoles, it is natural to suggest that an MTM-lined
aperture also supports this pair of resonances, and hence, can create a con-
trollable scattered phase. Fig. 3.20b shows how we can add a comparable
asymmetry to the MTM-lined aperture. Indeed, similar symmetric and an-
tisymmetric modes now exist if the nanowires are rotated about the centre
of the aperture, as shown in Figs. 3.21c and 3.21d. The nominal MTM-lined
aperture has a radius b = 40 nm, a wire and gap width w = ¢ = 10 nm, a
thickness ¢ = 50 nm, and a period p = 100 nm to match the nanoantennas
studied previously.

For simplicity, we have only rotated one-half of the nanoantenna/liner,
but strictly speaking, the maximum scattering to the cross-polarization is ex-
pected when the structures are excited at 45° to their axes of symmetry. To
remove the dependence on symmetry about the polarization angle, we choose
to evaluate the response of our now asymmetric MTM-lined apertures to circu-
larly polarized incident waves, though similar results could also be achieved by
casting the data to symmetric linear polarizations. Since mirror symmetry is
maintained, the response to right-hand circular polarization (RHCP) and left-
hand circular polarization (LHCP) is identical in magnitude, but the rotation
of the axis of symmetry presents as an additional positive or negative geomet-
ric phase |¢| = 6 over the entire spectrum, depending on the handedness of
the input polarization.

Fig. 3.22 shows the scattered amplitude and phase spectra for various an-
gles #. Our study is limited to 8§ = 90° as enforcing the 10-nm gap width
shortens the nanowires of the liner too far beyond this point. In general, the
scattering amplitude of the nanoantenna array (Fig. 3.22a) is stronger than
that of the MTM-lined aperture array (Fig. 3.22c) due to the fields not being
limited to the aperture region and no additional loss within the solid film. For
anomalous refraction, however, it is not the maximum scattering that is im-
portant. Instead, the scattering amplitude must normally be matched across
all scattered phase angles (though other scattered field profiles may also be
designed).

Comparing the scattered phase, the MTM-lined aperture (Fig. 3.22d)
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Figure 3.22: Scattered transmission spectrum (a) magnitude, and (b) phase
for the V-shaped nanoantenna and various angles 6, and scattered transmis-
sion spectrum (c¢) magnitude, and (d) phase for the asymmetric MTM-lined
aperture and various angles 6.
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shows clear benefits since the goal is to find structures with a total phase
variation of 180°. For the V-shaped nanoantenna (Fig. 3.22b), this phase
variation is achieved at ~650 THz, whereas for the MTM-lined aperture, the
same phase variation is achieved at a much lower ~500 THz. This increased
level of miniaturization could improve the MTS scattering to oblique angles,
which is limited by the size of the unit cell. Additionally, the minimum scat-
tering amplitude at 500 THz for the MTM-lined aperture is ~1%, which is on
the same order as what is seen for the V-shaped nanoantenna case at 650 THz.
Moreover, we observe that the scattered phase of the MTM-lined aperture is
flat near the 500-THz resonance, which may be particularly useful for wider-
bandwidth applications. In Ch. 5, we will use these results to create an MTS
supporting anomalous refraction.

Although MTM-lined apertures can be designed to support the same in-
teresting behaviours as V-shaped nanoantennas, these studies are only a start-
ing point for the design of phase-gradient MTM-lined aperture MTSs. With
proper tuning, V-shaped nanoantennas have nearly reached the limits of cross-
polarized scattering efficiency [178]. Despite the limitations of the aperture
area, we expect that additional tuning can increase the MTM-lined aperture’s
scattering efficiency significantly.

Nevertheless, the imposition of a 10-nm feature size increases the miniatur-
ization, field enhancement, and bandwidth of two-wire MTM-lined aperture
MTS elements over conventional nanoplasmonic resonators. This may be par-
ticularly useful for using circularly polarized waves to probe material chirality
in a near-field imaging system, or using the scattered wave as an additional
phase-contrast mechanism to enhance imaging resolution. We have presented
general methods for tuning the shape of two-wire MTM-lined apertures to
modify the resonance frequency and scattered phase, and developed an equiv-

alent circuit model to facilitate the design.
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3.3 Scaling MTM-Lined Discs to the MIR

As a final study case, we scale our MTM-lined aperture to the MIR domain and
target the particular application of SEIRA. Increasing the size of the MTM-
lined aperture array makes HIM a poor solution for fabrication due to the
significantly increased patterning time. A different fabrication method must
be chosen, and the fabrication challenges can be compared. A Ga™ LMIS
could be used, but makes for an ineffective comparison as the two methods
share the majority of their challenges. Ga®™ FIB milling is a more mature
technology offering increased reliability and patterning speed at the cost of
reduced patterning resolution and increased implantation. We instead choose
EBL as our patterning method, which a mature nanofabrication technique for
high-resolution patterning that offers several compelling differences to HIM.
These differences will be discussed in the next chapter.

Performing SEIRA spectroscopy in the fingerprinting region of the spec-
trum could lead to miniaturization of spectroscopic devices, more sensitive
detection of lower concentration materials, and smaller required sample sizes.
Since the SEIRA signal is proportional to the resonant electric-field intensity,
the goal is to create maximum average field intensity enhancement over the
MTS area. Using Babinet’s principle, Baladi et al. inverted the MTM-lined
aperture to create an MTM-lined disc [63]. They found that when the perime-
ter of a circular metallic disc is lined with a TL-MTM consisting of strong
series capacitive loading and weak parallel inductive loading, plasmon-like res-
onant reflection can be induced well below the usual fundamental resonance
frequency of the disc. Due to the miniaturized size at resonance, the liner re-
gion strongly confines and enhances the local electric fields, which causes the
resonance frequency and reflectance to become very sensitive to nearby mate-
rials. Moreover, these properties do not rely on plasmonic metals, and may be
useful for enhancing SEIRA signals in the long-wavelength MIR, part of the fin-
gerprinting region, where plasmonic enhancement is weak. We will specifically
target an enhancement of the CO, absorption band at a wavelength of 15 pm

(667 cm™1), which is the absorption band responsible for CO,’s contributions
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to the greenhouse effect.

When designed to operate in the microwave regime, the MTM-lined disc,
shown in Fig. 3.23a, consists of a central solid disc (radius a) surrounded by
an MTM region (a < r < b) and resonates at a frequency of 2.4 GHz (12.5 cm
wavelength, p = 1.8 cm unit cell size). At resonance, the interdigitated ca-
pacitors loading the liner region (highlighted in green) exhibit strong field
enhancement, and the resonant frequency can be tuned by changing the ge-
ometrical parameters of the capacitors (0, t). Eight capacitors are arranged
azimuthally for polarization isotropy.

Inspired by this design, we apply Babinet’s principle to the wagon-wheel
aperture, harnessing the plasmonic effect and extreme feature sizes to create
strong field enhancement within simple straight capacitive nanogaps (high-
lighted green), as shown in Fig. 3.23b. However, this design still resonates in
the NIR.

To target the MIR, we combine aspects of the NIR and the microwave
MTM-lined discs by using a capacitively-loaded plasmonic liner. We begin
with the NIR MTM-lined disc, which resonates at a wavelength of 1.55 pm.
Targeting the MIR CO, absorption band at 15 pm, we scale the size of the
structure by a factor of ~10. This scaling maintains the thick liner region but
scales the gap size and disc radius. As the disc grows, the resonance wave-
length increases approximately linearly. However, due to material dispersion
and the weaker miniaturization of the plasmonic effect, the 10x scaling does
not tune the resonance wavelength directly to 15.5 pm. Hence, to tune the
resonance down to 15 pm and miniaturize the resonant unit-cell further, we
interdigitate the capacitive gaps, like in the microwave design. The number
of interdigitations can be used to tune the gap capacitance and thus the res-
onant wavelength of the unit cell. This interdigitation also allows the field
enhancement in the capacitive gaps to be spread out over the full unit-cell
area, increasing its uniformity. Fig. 3.23c depicts the nominal design, with an
interdigitated capacitor highlighted in green, and with geometric parameters
as described below.

Gold is used for the metallic layer as it is a good conductor in the MIR
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Figure 3.23: (a) Microwave MTM-lined disc, where 6 is the angular inter-
digitated capacitor span, a is the radius of the inner solid disc, b is the disc
radius including the liner, w is the inductive connecting trace width, ¢ is the
capacitor trace width, and p is the array pitch. (b) NIR MTM-lined disc,
where b is the disc radius, w is the capacitive gap width and minimum central
nanowire width, and p is the array pitch. (¢) MIR MTM-lined disc, where b
is the total disc radius, w is the nanowire width throughout the unit cell, ¢
is the nanogap width throughout the unit cell, and p is the array pitch [179].
Each panel includes an inset with the capacitive gaps highlighted in green. (a)
licensed under CC BY 4.0, modified with axis and highlighted gap insets [63],
(c) ©IEEE 2020, modified with permission [179].
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and will not degrade when stored in air. For the substrate, NaCl is readily
available and transparent at 15 pm but sublimates under electron beam illu-
mination, so is a poor substrate for this process. ZnSe and CdTe are potential
alternatives; however, CdTe is potentially toxic and not supported by the Uni-
versity of Alberta nanoFAB Centre. The majority of other crystals do not
have a transparency window that extends to a wavelength of 15 pm or are not
compatible with the EBL lift-off process due to dissolving in water. ZnSe is
therefore the substrate material of choice.

We apply the ~10x scaling to many of the geometric features to create
the nominal design. The film thickness is held at ¢ = 50 nm for ease of
fabrication. The minimum feature size w is scaled from 10 nm to 100 nm,
which decides the fabrication method. Although the NIR design required
high-precision helium focused-ion-beam milling, we chose 100-kV EBL for the
MIR design, as it can pattern a resist with features as small as 20 nm and has
much higher throughput. Additionally, EBL liftoff is better suited to creating
arrays of disconnected patches than creating arrays of apertures, hence the
choice of MTM-lined discs over MTM-lined apertures. Next, the overall size
of the unit cell is scaled by a factor of 10, resulting in a p = 3 pum pitch and
a b = 1.2 pm patch radius. Finally, the straight nanogaps are meandered to
tune the resonance wavelength to 15 pm. We continue to use eight azimuthal
cells for polarization isotropy.

To validate our approach, we simulated the nominal structure depicted in
Fig. 3.23c in COMSOL Multiphysics. The results are shown in Fig. 3.24a
(solid curves), compared to an equivalent array of solid discs with equal radius
b (dashed curves). Subject to the minimum feature size, 5 capacitive teeth
(equivalently, 5 meanders of the gap) are required to tune the resonance to
the desired 15-um (20-THz) wavelength. The resonance profile exhibits an
enhancement in reflection coefficient from 0.30 to 0.77 and a distinct Fano-
shape, which allows increased contrast when an absorbing species is present
and reduces the resonance bandwidth to better target the desired absorption
line. Outside the resonant band, the MTM-lined MTS follows a similar trend

to that of the unlined disc array. The unlined disc array reflectance increases
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Figure 3.24: (a) Reflection, transmission, and absorption spectra for the nom-
inal MTS-lined MTS structure (solid) and an equivalent unlined-disc array
(dashed). (b) Electric-field enhancement ratio for the nominal MTM-lined
MTS at the resonance wavelength of 15 pm. The nominal structure has
b=12pm, p=3pum, and ¢ = w = 100 nm. (©IEEE 2020, modified
with permission to add scale bars to part (b) [179].
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toward a resonance above 40 THz, which shows that the MTM loading is in-
deed able to miniaturize the discs and that no structural resonances unrelated
to the MTM loading occur in the active spectral region.

Fig. 3.24b shows the ratio of the input electric-field magnitude to the reso-
nant electric-field magnitude (i.e., electric-field enhancement) at 15 pm/20 THz
for a horizontally polarized excitation. Electric fields are enhanced over the
entire liner region with a peak enhancement ratio greater than 30. Since this
peak value may be subject to numerical inaccuracies and SEIRA signal en-
hancement is proportional to the electric-field intensity enhancement, a more
meaningful measure of the field enhancement is the average electric field in-
tensity enhancement factor, field intensity enhancement ratio (Fj), of 24.5,
averaged over the full unit-cell area and film thickness (see Appendix D). The
prevailing approach in the literature, which is to report the average inten-
sity enhancement near a hotspot, creates ambiguity in the required averaging
volume [28]. Although a solid circular disc array is a good comparison for
miniaturization and to show the creation of a new resonance, F; cannot be
similarly compared as fewer degrees of freedom prevent tuning the unlined
disc resonance to 15 pm with an equivalent footprint. To create a meaningful

comparison using the F; metric, we have designed an equivalent conventional
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coupled-dipole array resonating at 15 pm, with equal feature sizes and the
same unit-cell area. The coupled-dipole array design has a maximum field
enhancement ratio of 44 and an F7 of 5.2, less than one quarter that of the
MTM-lined disc. Additionally, the resonance is significantly less selective than
the MTM-lined disc. More details on this dipole array are also included in Ap-
pendix D.

3.3.1 MIR Parametric Studies
Wire and Gap Width

SEIRA demands field enhancement at a targeted wavelength. Maximum field
enhancement may occur at the resonance, antiresonance, or somewhere in-
between based on material dispersion and coupling efficiency to the incident
wave. As a result, targeting maximum reflectance at 15 pm (667 cm !, 20 THz)
may not lead to ideal sensor performance. To study the field enhancement at
15 pm, we simulate the MTM-lined disc with varied gap width (g) and wire
width (w). The study is limited to 80 nm as the minimum feature size due
to fabrication constraints and because feature sizes below 80 nm shift the
resonance wavelength well below 15 pm, decreasing the relevant average field
enhancement. 80 nm is a conservative estimate of our maximum patterning
resolution to simplify the EBL process development. Similarly, 120 nm is
chosen as the maximum feature size as the resonance shifts as far as 20 pm.
We once again use F; to compare the simulations, and the results are presented
in Fig. 3.25a. The outer radius b = 6(w+ ¢) and the pitch p = 2.4b are allowed
to vary to keep the fill factor, and hence resonance amplitude, constant.

In general, decreasing ¢ is the most important factor in increasing Fj as
the stored electric energy is forced into a smaller volume, which necessarily
increases the local electric field intensity. Decreasing the gap size, however,
also shifts the resonance wavelength away from 15 pm, which reduces F; at
15 pm. The shift in resonance wavelength can then be compensated by a
commensurate increase in the wire width w or a direct increase in b to en-

sure maximum field enhancement at 15 pm. With reference to Fig. 3.25, the
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Figure 3.25: (a) Simulated average field intensity enhancement factor, Fy, at
15 pm (20 THz) with respect to the wire width w and the gap width g, and
(b) with respect to the sum of w and g. Reproduced from [180], CC BY 4.0.
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maximum reflection wavelength varies from 13.3 pm for smaller feature sizes
to 20 pm for larger feature sizes, also presented later in Fig. 3.26b. For gap
sizes above 100 nm, the gaps are too large to create a large F;. These data
suggest that for a maximum F7, the sum of w and g approaches approximately
190 nm, as shown in Fig. 3.25b. Given the fabrication constraints, we chose
to fabricate the (g, w) = (80 nm, 110 nm) design, which has the best F; of the
cases studied. The fabrication details and results will are detailed in Ch. 4.

For these values of g and w, b = 6(g+w) = 1140 nm and p = 2.4b = 2736 nm.

Period and Radius

The MTM-lined disc may be tuned through geometric variations to target
the absorption bands of other materials. Parametric simulations of the MIR
MTM-lined disc reveal many features similar to the NIR MTM-lined aperture
[92]. Decreasing the pitch (p) of the array leads to increased resonance ampli-
tude as a function of the filling fraction (disc area divided by total unit-cell
area), as shown in Fig. 3.26a. This study does not change the absolute field
enhancement, and as a result, the F} is increased as the filling fraction grows,
i.e., as the integrated averaging volume decreases.

Fig. 3.26b shows the simulated reflection spectra for MTM-lined MTSs
with varied radius b. This sweep is accomplished by setting w = g = 80—
120 nm, b = 6(w + b), and p = 2.4b, which keeps the fill factor constant
and hence the resonance amplitude does not change. These data show that
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Figure 3.26: (a) Simulated R/T/A spectra for varied MTS pitch p, and (b)
simulated reflection spectra for varied MTS disc radius b, while keeping the
fill factor constant. Reproduced from [180], CC BY 4.0.

upscaling and downscaling the size of the disc (b) respectively redshifts and
blueshifts the resonance. The study presented above for tuning the maximum
F; may also be repurposed to tune the resonant wavelength as the wire and
gap widths control a large fraction of the overall unit-cell geometry and are
hence extremely important to the MTS performance.

The MTM-lined disc MTS can thus be scaled intuitively from the NIR do-
main to the long-wavelength MIR, keeping its increased miniaturization and
field enhancement properties. With control over the feature and disc sizes,
we can tune the resonant band over the entire fingerprinting region to target
any number of different materials. Moreover, the larger minimum feature size
allows the MTSs to be fabricated by EBL, which provides many contrasting
features to HIM nanofabrication. Nevertheless, this structure could also ben-
efit from 10-nm features if designed to operate at a different frequency. The
patterned nanogaps would further increase the gap field enhancement, and as
a result, the overall F;. Such a structure could be patterned in a two-step pro-
cess, starting with the definition of circular patches by EBL, then the intricate
patterning and edge definition by HIM.

3.4 Summary

We have explored the design of MTM-lined plasmonic resonators using extreme

features as small as 10 nm to increase their plasmonic performance. Despite
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the miniaturization effects of plasmonic metals in the optical regime, MTM-
inspired plasmonic liners continue to increase the miniaturization and local
field confinement inside MTS unit cells. An aperture with a thin plasmonic
liner supports an H E;; mode at half its unloaded fundamental resonance fre-
quency, with electric fields confined to within 30 nm of the aperture edge. The
strong electric field confinement implies high sensitivity to materials loading
the liner. Moreover, the controllable resonances, high surface area, and strong
field enhancement may be ideal for nonlinear plasmonics. For example, plas-
monic second harmonic generation may be possible by reducing the aperture
symmetry.

Extending the liner region to encompass the majority of the aperture area
allows the aperture to be miniaturized further, while the fields at resonance
become focused at the centre of the aperture. This focusing allows the near-
field probing area to be reduced to a diameter as small as 50 nm with strong
scattering levels. We have shown that MTM-lined apertures can be tuned
by a number of geometric factors, including a sweep of the liner thickness,
which we will harness in Ch. 5 to create a superresolution imaging array that
multiplexes near-field spatial information to the far-field scattered frequency
spectrum.

We studied effects of plasmonic field penetration and anisotropy on ENNZ
MTM-lined apertures with an effective-medium model, but found our results
difficult to apply to the realized designs. Instead, we developed a simple and
intuitive method to create an equivalent circuit model for the full M'TS unit
cell. The circuit model describes the MTS well over a range of geometrical
parameters expected in fabrication, and could be used as a simple method to
design and realize nonuniform MTSs for phase-gradient or imaging applica-
tions.

We also proposed that sensors based on the qualitative evaluation of reso-
nance frequency (transmitted colour) could be made by scaling the MTM-lined
aperture to resonate in the visible domain. This required reducing the loading
to two nanowires, making the new aperture design comparable to conven-

tional nanoplasmonic resonators such as bowtie nanoapertures and V-shaped
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nanoantennas. We showed that MTM-lined apertures with 10-nm features
outperform bowtie apertures with 10-nm nanogaps in terms of miniaturiza-
tion without loss of field enhancement. This could be used for increasing the
surface density of field hotspots for MTS arrays applied to surface-enhanced
sensing. Both types of aperture would require the fine resolution of the HIM
to fabricate. In comparison to V-shaped nanoantennas, two-wire MTM-lined
apertures are better-miniaturized while supporting a full 360° of scattered
phase, which could be used to increase the deflection angle of a phase-gradient
MTS. We explore this idea in more detail in Ch. 5.

Finally, studied MTM-lined resonator MTSs as solutions to the low field
enhancement observed in the long-wavelength MIR regime for SEIRA of CO,.
We designed an array of MTM-lined discs, which are the complement of M'TM-
lined apertures, with 100-nm features and strong capacitive liner loading. Af-
ter tuning, the MTM-lined discs exhibit nearly 5x the average near-field in-
tensity enhancement over a similar array of straight dipoles, which is directly
proportional to their enhancement of SEIRA signals. The unit cells are insen-
sitive to polarization, which makes them simpler to excite by a conventional

FTIR microscope.
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Experimental Realization

In this chapter, we discuss the studies performed to fabricate the three M'TS
designs from the previous chapter, create a process flow for reliably patterning
high-aspect-ratio 10-nm features into gold over large areas with the HIM, and
show the basic optical characterization of the devices. Patterning with the
HIM is inherently unreliable due to the enormous number of factors that can
affect the patterning result. Alignment, patterning path, noise from the fab
environment (particularly when the cryopumps are regenerated), and materi-
als are just a few examples of the myriad variables that must be controlled to
achieve 10-nm scale features in a reproducible manner. We begin by assess-
ing the general factors inside the HIM that create problems during any FIB
patterning process and show the results of a detailed study of the HIM beam
parameters. We create a wagon-wheel MTS and characterize it, but it does
not show the expected resonant response to optical illumination. The beam
parameter studies are analyzed to identify the most important challenges that
led to the characterization failure.

New samples are fabricated that address these challenges, and we fabricate
a high-fidelity two-wire MTS. The MTS is fully characterized with polarized
reflection measurements, and a representative simulation is produced.

We also develop a 100-keV EBL liftoff process to create low aspect ratio
100-nm features in gold for fabricating the MIR MTM-lined disc design. We
later compare this process to the HIM. The fabricated MIR MTS is charac-

terized by FTIR microscopy, showing excellent agreement with the simulated
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Figure 4.1: Schematic representation of the ion beam, selected from a single
atom of the three-atom trimer, patterning the gold film surface (not to scale).
Reproduced with permission from [182], (©)2021 ACS.

designs.

4.1 HIM Milling — Sample-Ion Interactions

The direct-write approach of the HIM does not require a masking layer. In-
stead, the beam is rastered continuously over the area to be patterned, remov-
ing a small amount of material with each pass. The helium ion beam used
for this study was the Zeiss Orion Nanofab Helium Ion Microscope housed
at the University of Alberta nanoFAB Centre [149], [181]. This system uses
a 30-keV GFIS comprising a cryogenically-cooled, atomically-sharp tungsten
needle. The tip of the needle is fashioned into a three-atom “trimer”, shown
schematically in Fig. 4.1, from which the ion beam is extracted, and the extrac-
tion optics select the emission from a single atom to maintain a very low energy
spread. The trimer degrades over time due to the adsorption of contaminants,
lowering the beam current, and must be rebuilt periodically (typically every
few weeks). Additionally, the cryogenic cooling dewar attached to the source
must be refilled every 12 hours, which limits the total continuous patterning
time at a 10-nm resolution since the filling process introduces vibrations. The
extracted ions pass through several electrostatic lenses and apertures to focus

the beam and to select the probe current and spot size.
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To realize a nanoplasmonic MTS with the HIM, each periodic element
must be created sequentially; i.e., the beam is rastered once or a number
of times over one unit cell before moving on to the next. The patterning
parameters are related to one another as follows: the number of passes is
determined by dividing the target dosage (total number of ions delivered to
the patterned area, measured in charge per unit area) by the time-averaged
dosage, while the time-averaged dosage is determined by multiplying the beam
current (the number of ions delivered per second) by the dwell time (time
spent on each pixel per pass). Additionally, the probe current is related to the
physical spot size of the HIM beam and the metal film thickness determines the
required target ion dosage for complete patterning. Poor beam focus causes
undermilling (wider nanowires, slimmer nanogaps, and potentially incomplete
milling), while drift during patterning displaces each successive raster across a
single pattern, leading to a washing out of the patterned features. On a larger
scale, drift modifies the pitch of the MTS array.

To characterize the encountered fabrication challenges, it is important to
understand the interactions that may occur between the ion beam and the
sample [183]. Described below are the most common interactions below along
with the common mitigating strategies. In describing the HIM, a FIB-based
technology, it is informative to make comparisons to the more familiar scanning
electron microscope (SEM), as the HIM shares many of the same working
principles [184]. Practically, the only difference between an SEM and the HIM

system is the source (electrons or ions, respectively).

4.1.1 Secondary Electron Generation

Secondary electron generation occurs when an incoming ion transfers energy
to the sample, causing it to emit electrons. This is analogous to secondary
electron generation in an SEM and is the most common method for creating
image contrast. Secondary electrons are emitted and blocked in a very similar
manner to reflected photons, which leads to images with an optical appearance,
i.e., displaying a depth of field. Neutralization of the incoming ions and the

emission of secondary electrons both lead to positive charging of the sample
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Glass substrate
+ Au film
Carbon tape for
adhesion and
tilt mitigation
Al SEM Stub

Carbon tape for
conductivity

Figure 4.2: Sputtered gold sample mounted on an aluminum stub. The sample
is affixed with double-sided, conductive carbon tape for mechanical security,
and a second strip of carbon tape is affixed between the gold film surface and
the stub to guarantee electrical conductivity. Reproduced with permission

from [182], (©)2021 ACS.

and can be mitigated either by conduction or by an electron flood gun to avoid
major deflections of the beam by the charged surface. For gold films, which
are the subject of the present work, the accumulated charge can be conducted
away to ground using a strip of double-sided, conductive carbon tape affixed
to the gold surface (Fig. 4.2). Unfortunately, the electron flood gun method,
which is necessary for studying insulating samples or discontinuous conducting

samples, affects the beam and worsens the maximum achievable resolution.

4.1.2 Sputtering

Due to the relatively large mass of an ion compared to an electron, the HIM will
cause the sample to eject not only secondary electrons but may also sputter
away parts of the sample. The effect of ejecting atoms from the sample is
leveraged in this work to draw patterns by selectively sputtering the sample
surface. The use of heavier ions increases the sputter rate and the use of lighter
ions leads to a decrease in the surface interaction volume, which increases the
maximum achievable patterning resolution. Sputter yield is closely related
to beam energy, and for He™ ions, higher sputter yield is observed for lower
beam energies but with larger probe sizes [185]. The removed material must

generally be redeposited elsewhere locally on the sample.
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4.1.3 Ion-Activated Reactions

A well-known issue in particle microscopy is the cross-linking of hydrocarbons
causing the growth of carbon films from contamination within the sample
chamber (on sample surfaces or in the vacuum) [186]. While imaging, these
films occlude desired features [187]. From a patterning perspective, however,
this effect leads to a generally unpredictable reduction in sputter rate and
rounded pattern edges/corners that reduce the reliability and quality of the
patterning method. In the present studies, we will show that organic contam-
inants can be removed from a sample by treating it with a plasma-cleaning

process immediately before loading it into the microscope vacuum chamber.

4.1.4 Implantation

Incoming ions will unavoidably penetrate the sample surface and implant in-
side the substrate, which can have several effects. Since helium is inert, it will
not react chemically with the sample and will instead come to rest inside the
substrate. For amorphous substrates, the gas will usually diffuse out of the
sample over time without causing permanent damage. On the other hand, for
crystalline substrates, the helium atoms may form nanobubbles and coalesce
to cause swelling of the substrate [188]. The deformation of the substrate can
modify structured features, thus careful control over the dosage or an amor-
phous substrate is necessary to avoid substrate expansion effects. Beam energy
may also be lowered to reduce the implantation depth of the ions; however,
this necessarily leads to an increased probe size and hence lower resolution,

and care must be exercised to avoid implantation in the metal film.

4.2 Sample Pre-Processing

4.2.1 Sample Preparation

A solid understanding of the potential sample-ion interactions foreshadows a
number of the challenges that will need to be addressed below. In the next

section, we describe the early work done partially by the nanoFAB staff to set
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the stage for the later studies required to fully develop the repeatable HIM
fabrication procedure. The fabrication process flow includes three main steps:
i) substrate preparation/cleaning, ii) film growth by physical vapour deposition
(PVD), and iii) film patterning by HIM. The first step depends on the type
of substrate used. In the following studies, the majority of the samples were
prepared on square borofloat glass wafers that were cleaned in piranha solution
immediately before loading into the PVD instrument. For the second step, we
grew the majority of the films by electron-beam evaporation, which showed
the best reliability for polycrystalline films. In preparation for the third step,
we diced the wafers into smaller 1 cm? pieces. We first coated the gold films
with photoresist to protect the film, then diced the wafers, and rinsed off the
photoresist with acetone. Finally, we affixed the samples to aluminum stubs

and loaded them into the HIM for patterning.

4.2.2 Pattern Development

The first samples were prepared by Dr. Aaron Hryciw at the nanoFAB Centre.
Dr. Hryciw also made several patterning attempts that led us to believe that
the 100-nm polycrystalline gold films on borosilicate glass exhibited significant
sputter rate variation. He also noted that simple lines do not pattern well,
and generally, two-dimensional shapes should be used.

Based on recommendations from Zeiss, the first patterns attempted were
the primitive shapes required to construct the wagon-wheel MTM-lined aper-
ture. 45-degree sectors were milled from the gold, as shown in Fig. 4.3, how-
ever, it is clear that some sectors — which were patterned serially — are poorly
aligned around the expected common centre. This was due to the drift of the
beam while patterning, which will always build up as more area is evacuated.
This was first addressed by modifying the aperture design to include the min-
imum patterned area — the asterisk-shaped aperture introduced in Sec. 3.1.3.

While the asterisk-shaped apertures — and more generally, patterns consist-
ing of a small milled area — could be patterned quickly and without significant
beam drift, several challenges arose in patterning arrays of these apertures re-

liably. Fig. 4.4 shows examples of these challenges. In Fig. 4.4a, a grain defect
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Figure 4.3: An HIM micrograph showing evacuated 45-degree sectors in the
100-nm gold film on borofloat. Image courtesy of Dr. Aaron Hryciw.

is visible due the variable sputter rate of the gold grains causing selective un-
der/overetching of parts of the pattern. In Fig. 4.4b, the growth of thin films
on the sample by ion-activated reactions is seen, reducing the effective sputter
rate for milling the sample to the point where asterisk-shaped patterns are
being deposited on the sample. This is useful for high-precision, bottom-up
fabrication, but not for our purposes. Fig. 4.4c shows that the 10-nm gaps
required to create strong field concentration and miniaturization are blown
out by overmilling that occurs as the beam is rastered repeatedly through the
asterisk centre. Addressing the first challenge highlighted above requires re-
ducing the number of grains, which can be done by increasing the grain size
or using thinner films. The second challenge requires additional fabrication
steps outside of the HIM, and is addressed in Sec. 4.2.3. The third problem
may be addressed by tuning the pattern milled by the HIM. Some attempts to
tune the pattern are summarized next, and a detailed study of the patterning
parameters follows in Sec. 4.3.

The main parameter causing the overmilling of the aperture center is the
dosage of ions to the centre. In the first iterations of the pattern, the pattern

was composed of 4 rectangles patterned sequentially and overlapping at the
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Figure 4.4: HIM micrographs showing the defects encountered while pattern-
ing asterisks into polycrystalline films. (a) grain defects due to varied crystal
face orientations, (b) deposition of contamination films and substrate swelling,
and (c) overmilling at the pattern centre.

centre. This serial patterning within a single aperture causes the centre to
receive 4x the dosage of the asterisk arms. If the dosage is lowered, the
asterisk arms do not get fully cleared, but if the dosage is increased, the centre
gaps are widened. To address this, we created a pattern with the 4 rectangles
unified into a single pattern. The difficulty with this type of pattern is that
the raster direction cannot be changed over the pattern, hence the horizontal
arms of the pattern may be aligned with the raster, whereas the vertical arms
are perpendicular to the raster. This causes differences in redeposition and
resolution between the arms that can be difficult to control. With proper

alignment of the beam and careful minimization of the beam astigmatism, the
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resolution is not significantly different on either axis. Redeposition is avoided
by running a sufficiently high number of passes. Unfortunately, despite no
longer delivering four times the necessary dosage to the aperture centre, the
central gap is still often overmilled due to drift in focus/alignment and the
high feature density.

The Fibics Nanopatterning and Visualization Engine (NPVE) software in-
cludes a greyscale patterning feature that may be useful for reducing the over-
dosage at the centre of the aperture. The greyscale patterning feature can be
used to impose a spatially-dependent dosage profile on the pattern, which ef-
fectively allows a selective increase or decrease in the patterning depth. On an
HIM image, the deeper features generally appear darker and hence a greyscale
bitmap can be physically reproduced as a depth profile on the sample. In
our case, the greyscale feature can be used to selectively reduce the dosage
to the centre of the aperture. We created a bitmap in MATLAB, shown in
Fig. 4.5, that selectively reduces the dosage to the sharp metallic tips inside
the aperture to increase their fidelity in the final patterned shape. Unfortu-
nately, we found that the greyscale patterning feature is very limited in speed.
Between each pass, the system must generate a new pattern by masking all
pixels below a particular threshold, then patterns the resulting binary image.
The generation of this binary image takes much longer than a single pass and
extends the patterning time of a single aperture by a factor of > 10. As a
result, significant drift is incurred between passes and the final pattern be-
comes washed out. A new pattern generation software called FIB-o-mat was
recently released that gives full control over the raster pattern, including an
optimization function that reduces the overdosage of fine, closely spaced fea-
tures as we have attempted to do here [40]. Deinhart et al. show a structure
where feature sizes as small as 3 nm can be produced, though they admit to
poor reproducibility. We expect that their raster pattern generation proce-
dure, limited to a minimum feature size of 10 nm, could further improve the
patterning results presented below.

Finally, moving to thinner, 50-nm films instead of the original 100-nm was

necessary to more reliably pattern the 10-nm features. Despite the 10:1 aspect
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(a)

Figure 4.5: Grey-scale patterning bitmap generated in MATLAB.

ratio offering the best out-of-band rejection performance for resonant plas-
monic MTS applications, thinner films require less time to pattern a single
structure, which reduces the time for drift to accrue. These thinner films also
exhibit fewer crystal grain boundaries, which reduces the number of defects.
The simulation studies presented in Sec. 3.1.4 show only small changes in the
aperture resonance for thinner films, and with the aforementioned fabrication
benefits, the original aperture design can be patterned reliably without resort-
ing to the asterisk. In turn, this allows us to show the fabrication of both fine

nanowires and fine nanogaps.

4.2.3 Contamination Investigations

A number of the samples prepared over the course of these studies showed
unexpected behaviours when illuminated by the HIM. Fig. 4.4b above shows
one such case, where rather than milling the film, structures are grown on the
film surface. This growth is a well-known issue in particle microscopy and
can generally be attributed to hydrocarbon contamination introduced at some
point in the fabrication process. Evidence of hydrocarbon contamination was
seen on a number of the samples studied throughout this work. In particular,

polycrystalline gold films grown on NaCl then transferred to copper TEM grids
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Figure 4.6: HIM micrographs showing an aperture patterned in two steps: (a)
an aperture with a continuous wire through the centre, and (b) after a vertical
line was cut through the centre of the wire.

showed significant problems with contamination. This fabrication process is
explained in more detail in Sec. 4.6.2.

While developing a milling pattern for the two-wire design, we found that
patterns could reliably be milled through the film, but despite a well-aligned
beam and low patterning time, the edges were not well-defined. Moreover,
Fig. 4.6 shows that milling an aperture in two steps (in this case, milling an
aperture with a single continuous wire, then milling the gap in between with
a simple line path), caused significant unintended changes to the aperture
geometry. To learn the composition of the contamination films and to find
ways to prevent their growth, we characterized the films under SEM and TEM
with the energy-dispersive x-ray (EDX) attachment. Specifically, did the NaCl
substrate contribute to the grown structures or was the growth entirely due

to hydrocarbon contamination?

EDX Analysis

Results of the SEM EDX analysis are shown in Fig. 4.7. Without the high

mass of the ions to sputter away the growing contamination film, a filament
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Figure 4.7: SEM EDX results, showing (a) the imaged area, where imag-
ing/focusing with the HIM and the SEM has grown contamination on the
surface, (b) the collected EDX spectrum, showing contributions from Au, Cu,
Al O, and C, and (c) a map of the carbon signal, showing a strong localization
of the carbon to the patterned area.

was formed where the electron beam was focused. This is a clear signature
of carbon contamination, and indeed, the EDX results show the presence of
Cu (the TEM grid), Au (the deposited film), Al (the SEM mounting stub), C
(from contamination), and O (oxidation of the Cu, Al, or contamination). Ad-
ditionally, the carbon map shows a significantly increased prevalence of carbon
in the patterned area, whereas the other materials show reduced prevalence.
No contribution is seen from the original NaCl substrate.

As a second validation, results from the TEM EDX analysis, which improve

the resolution and remove the aluminum contribution, are shown in Fig. 4.8.
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Figure 4.8: Results of the TEM analysis of the gold films grown on NaCl. (a)
TEM micrograph of an aperture patterned in two steps, (b) the EDX map of
the patterned area, showing the C signature (red), the Na signature (green),
and the Cl signature (blue). The signatures of gold and copper were also
detected, but not plotted.

The increased contrast of the TEM to the atomic number of the material makes
the contamination film stand out clearly. While the structure was milled into
the gold with fairly high fidelity, a bright corona of contamination material is
clear. Examining the EDX map of the sample (Fig. 4.8b), no signature from
the Al stub remains and the contamination films are made entirely of carbon
(red dots), and only a weak signature from the dissolved Na (green dots) Cl
(blue dots) substrate is recorded on the gold regions.

With the contamination composition confirmed and with no clear source
from the fabrication procedure, we looked into removing the carbon contam-
ination in postprocessing using a plasma cleaner. We first tried the IBSS
Chiaro Plasma Contamination Control System (IBSS), which uses a down-
stream plasma to sublimate surface contamination and is the least aggressive
cleaning tool available [189]. Unfortunately, after processing with the IBSS,
the fabrication results did not improve. The second available plasma cleaner

was the Fischione 1020 plasma cleaner, which uses a direct Ar/O, plasma to
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etch away the contamination on the sample surface [190]. The TEM images
above were taken after this process was used, and it is clear that strands of
carbon are no longer growing, however, the previously deposited contamina-
tion layers remain. Thus preprocessing a sample with an Ar/O, plasma before
loading it into the HIM can avoid issues with carbon contamination. Since the
Fischione system only supports TEM grids, any samples with substrates that
required cleaning before patterning in the HIM were cleaned with the JEOL
JAMP 9500F Auger Microprobe, which has an Ar/O, plasma cleaning process
[191].

4.3 HIM Milling — Processing Parameters

In this section, we explore the impact of several key HIM parameters on the
overall high-resolution, wide-area fabrication in decreasing order of impor-
tance. The quality of the resulting pattern for each set of parameters is gauged
by the degree of over /undermilling, the time required to mill the unit-cell pat-
tern, and the measured drift between individual unit cells. The source gas
pressure was set to the software-defined maximum of 5 x 107% Torr to max-
imize the achievable beam current with a 10-pm gold aperture. Higher gas
pressures are possible at the expense of trimer lifetime. A new trimer was
built three days before the experiment, and the samples were plasma-cleaned
immediately before loading into the HIM. In our experience, the current from
a new trimer source grows 10%-20% over the first few days of usage before
decaying over the following weeks due to the adsorption of contaminants to
the source tip. The decay rate is generally unpredictable, but a current value
of ~60% of the maximum can often be maintained for two to three weeks.
The best patterning results are achieved when using a fresh trimer as the in-
creased current significantly reduces the patterning time and hence the time
to accumulate drift.

We studied three samples with polycrystalline layer thicknesses of 50 nm,
70 nm, and 90 nm. Nominally, the beam current was set to 10.5 pA, which

required a spot size control parameter of 3 (smaller numbers correspond to
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larger spot/probe sizes), the dwell time was set to 3 ps, and the dosage was
set to 4.5 nC/pm? to completely mill the 50-nm film. The number of passes
varies with the above parameters, with a nominal 6 passes for a circular 0.25-
nm-diameter pixel size. A theoretical estimate of the focused probe size from
the NanoFab instrument manufacturer for these conditions is dsg = 2.5 nm.
We prepared the gold films by sputtering on borofloat glass with a 10-nm
chromium adhesion layer, diced the wafers into 1 cm? sections, and mounted

them to aluminum stubs using carbon tape (as shown in Fig. 4.2).

4.3.1 Target Dosage

To increase the target dosage with a constant current and dwell time, the
number of passes the beam makes across the pattern must increase. In fact,
with all other variables held constant, a change in dosage is equivalent to a
change in the number of passes (rounded to the nearest integer) since each
pass is identical. We varied the dosage between 1.5 nC/pm? (2 passes) and
12 nC/pm? (12 passes) in steps of 1.5 nC/pm? for a nominal current and
dwell time. The results shown in Fig. 4.9 exhibit a gradual shift from under-
to overmilling as the dosage is increased, with the dosage required to clear
the aperture increasing with film thickness. For the nominally 50-nm thick
film, the minimum dosage to clear was 4.5 nC/pm?, with a measured aperture
diameter of 2b = 240 nm, a nanowire width w = 11 nm, a nanogap width
g = 9 nm, and some undermilling due to gold grain boundary effects. The
12-nC/pm? case was overmilled to a diameter of 251 nm, and the nanowires
were entirely removed. For the 70-nm thick film, the minimum dosage to clear
was 7.5 nC/pm?, with an aperture diameter 20 = 236 nm, nanowire width
w = 12 nm, and nanogap width ¢ = 6 nm. The 12-nC/pm? overmilled case
had a minimum nanogap size of 14 nm, maximum wire width of 8 nm, and
aperture diameter of 239 nm. The 90-nm thick film required a full 12 nC/pm?
to clear, since the central region where the nanowires meet was not cleared
for lower dosages. Although the measurements may be somewhat ill-defined
due to the significant variation within the aperture, we measured an aperture

diameter of 2b = 254 nm, a nanowire width of w = 12 nm (where grain defects
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Figure 4.9: HIM micrograph of patterns with varying target dosage for (a)
the 50-nm thick film, (b) the 70-nm thick film, and (c¢) the 90-nm thick film.
From bottom-left to top-right, the dosage is increased from 1.5 nC/pm? to
12 nC/pm? in steps of 1.5 nC/pm?. Reproduced with permission from [182],
(©)2021 ACS.

are not present), and a nanogap width g = 10 nm.

4.3.2 Beam Current and Spot Size

The spot size parameter controls the crossover position of the beam using the
electrostatic condenser lens. Combined with the static current-limiting aper-
ture, the beam current is largely fixed under normal operation since changes in
the other relevant parameters may require realignment of the source. The cur-
rent may also change based on the beam alignment, the helium gas pressure,

and the quality of the trimer source. For milling, a higher current is desired
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as patterning time is directly proportional to the current. A lower patterning
time decreases the observed drift and hence increases the pattern quality.

For the present study, we increased the current in 1.5-pA increments from
1.5 pA to 15 pA. This corresponds to a spot size control parameter between
5.33 and 2.65 for a well-aligned beam and a three-day-old trimer source. The-
oretical estimates of focused probe size from the NanoFab instrument man-
ufacturer for these spot size control parameter values are 1 nm and 3 nm,
respectively. This estimate does not include the effect of vibrations or sample-
ion interactions, hence sputtered atoms may be ejected from a larger area.
Since the digital size of each pattern pixel is constant but the physical size of
the beam spot changes, overmilling is likely to occur.

The resulting patterns are shown in Fig. 4.10, where the dwell time was
nominal and the dosage was the minimum dosage to clear, identified above.
Due to the significant increase in patterning time for low currents (from 11-
114 s for the 50-nm, 15-pA case to as high as 28 s—5 minutes for the 90-nm,
1.5-pA case), significant drift was observed between trials and the 1.5-pA case
was omitted from the 90-nm case. It should also be noted that in the 90-nm
case (Fig. 4.10c), the field of view was shifted between the 6.0 and 7.5 pA cases
to avoid having the later trials drift to the point of overlapping (an example
of drift causing overlapping is shown in Fig. 4.17).

A visual comparison between the patterned apertures shows that most
current values were adequate to pattern for the 50-nm film, however, mea-
surements of the aperture feature sizes show that 10.5 pA produced the best
match to the intended design (20 = 242 nm, w = 10 nm, ¢ = 9 nm). For
the 70-nm and 90-nm films, redeposition and grain defects make the compar-
isons difficult. In the 70-nm case, the least overmilling and best feature sizes
(2b = 242 nm, w = 13 nm) were seen for 12 pA (although the nanogaps were
filled), and for the 90-nm case, the most accurate features were measured for
9 pA (20 = 240 nm, w = 13 nm, g = 8 nm). Multiple trials found, however,

that 10.5 pA was more reliable for the 90-nm case.
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Figure 4.10: HIM micrograph showing patterning differences as the current is
increased for (a) the 50-nm thick film, (b) the 70-nm thick film, and (c) the
90-nm thick film. From bottom-left to top-right, the current is increased from
1.5 pA to 15 pA in steps of 1.5 pA. Reproduced with permission from [182],
(©)2021 ACS.

4.3.3 Dwell Time

The dwell time is the time spent milling each pixel before moving to the next.
To keep the dosage and current at their identified best values, the number of
passes must change to compensate for any change in dwell time. The dwell time
was varied between 0.5 ps and 5 ps in 0.5-ps increments, which corresponds to
the number of passes decreasing from 27 to 3 for the 50-nm film, 39 to 4 for
the 70-nm film, and 74 to 7 for the 90-nm film.

The resulting unit cells are shown in Fig. 4.11, where it is clear that dwell
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Figure 4.11: HIM micrographs that capture the effect of varying dwell times
on the milled pattern for (a) the 50-nm thick film, (b) the 70-nm thick film,
and (c) the 90-nm thick film. From bottom-left to top-right, the dwell time is
increased from 0.5 s to 5 ps in steps of 0.5 ps. Reproduced with permission
from [182], (©)2021 ACS.

time has the least effect on pattern quality. Nevertheless, the patterns for
longer dwell times were generally overmilled, while the patterns for shorter
dwell times exhibit undermilling at the pattern centre. Ideal dwell times for
the 50-nm and 70-nm cases were 3 pus (2b = 245 nm, w = 10 nm, g = 9 nm)
and 2.5 ps (2b = 241 nm, w = 11 nm, g = 8 nm), respectively. In the 90-nm
case, the choice is unclear, however, dwell times between 2.5 ps (2b = 242 nm,
w = 13 nm, g = 10 nm) and 4.5 ps (2b = 240 nm, w = 14 nm, g = 9 nm)

showed the best results when ignoring grain effects.
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4.3.4 Array Patterning

The parameters described above allow single structures to be reliably fab-
ricated with sub-10-nm features; however, patterning large arrays with pre-
dictable spacing is also an important challenge to overcome. The most sig-
nificant causes of pattern degradation were observed to be beam drift, grain
boundaries, and redeposition. When patterning arrays, moving the stage intro-
duces vibrations and instability in the processing chamber that stabilize over
time. To gauge the reliability of array patterning, we define a figure-of-merit,
Far, as the ratio of one side of the patterned area to the minimum feature size,
and propose a ratio Fup > 400 as a wide area. Fig. 4.12 shows small MTS
arrays patterned into the 50-nm and 70-nm films, with a figure of merit of
Far = 1500/10 = 150. Large-array patterning challenges become increasingly
evident for thicker films as the patterning time necessarily increases, hence
well-patterned large arrays with closely spaced elements were not achieved on

the 90-nm film.

4.4 Wagon-Wheel MTS

4.4.1 Wagon-Wheel MTS Fabrication

As we have shown, the wagon-wheel aperture MTS unit cell is an ideal choice
for exploring the limits of the HIM patterning capabilities due to the fine fea-
tures and high aspect ratios required. The 10-nm features are necessary to
sufficiently reduce the plasmonic resonance frequency of the gold nanowires
loading the aperture, the 1:5 aspect ratio increases the opacity and enhances
resonance contrast, and long-range reproducibility is required to pattern hun-
dreds of identical cells to cover an illumination region of at least (3\g)? or
~221m?, which can be practically achieved with a focused, wide-band source.

While many small wagon-wheel MTSs were made, we only created a single
large wagon-wheel MTS due to the long patterning time involved. The large-
scale MTS was patterned as soon as good fabrication results were achieved,

and before the full reproducible process was developed, hence the patterning
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Figure 4.12: HIM micrographs depicting small-scale arrays for (a) the 50-nm
film and (b) the 70-nm film. Problems associated with large-scale reproducibil-
ity become increasingly evident for thicker films. Beam drift between patterns,
redeposition, and grain defects are all present. Reproduced with permission
from [182], (©)2021 ACS.

fidelity varied considerably over the array. Moreover, the array was patterned
over several sessions with the HIM, where the current and spot size varied
for each one. In the end, a 50-nm thick gold film was patterned with MTS
elements over an area of approximately 15pmx15pum, on a borofloat sub-
strate. Although the array is not continuous, this corresponds to a very high
Fyr = 1500. A section of the MTS is shown in Fig. 4.13, and despite the
low resolution, significant differences are seen between the array drift in each
section, which indicates significant differences in the single-pattern drift as

well.
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Figure 4.13: An HIM micrograph showing a section of the 15pmx15pm
wagon-wheel MTS.

4.4.2 Wagon-Wheel MTS Characterization

The spectroscopy requirement for the structure is simply to show a contrast
between a patterned area and an unpatterned area in either a transmission
or a reflection measurement near the expected resonance frequency of the
patterned design. Unfortunately, the resonance of the apertures is quite wide in
bandwidth, and lasers used to test optical telecommunications devices cannot
provide sufficient details to characterize the device.

Readily available spectroscopy equipment that supports the 1.55 pm op-
erating wavelength includes a wide-bandwidth spectrophotometer, an ellip-
someter, and an FTIR microscope. The ellipsometer and spectrophotometer
are designed for material and thin film analysis, which does not require high
spatial resolution. Their spot sizes can both be reduced to about 2 mm, which
is much too large to illuminate a 15 pmx15pm area. The FTIR microscope,
on the other hand, is designed to map variations in material properties on a
high-resolution scale, with an aperture as small as 10 pmx 10 pm. Regrettably,
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(b)

Figure 4.14: Photographs of (a) the measured wagon-wheel MTS die, mounted
on a Si chip with clamps and carbon tape, and (b) visible image of the pat-
terned wagon-wheel MTS under the FTIR microscope.

the only available sources are centred in the MIR and the visible, making the
signal-to-noise ratio (SNR) quite low in the NIR range.

The first step for characterizing the wagon-wheel MTS with the FTIR
microscope was to find the 15 pmx15pm (Fup = 1500) patterned area on
the 10 mmx10 mm chip. This was done by mounting the borofloat die on a
larger Si chip with prepatterned alignment marks, as shown in Fig. 4.14a, and
correlating the patterned location to the marks as they are also visible under
the FTIR microscope. With this system, the patterned area was visible under
the FTIR microscope, as seen in Fig. 4.14b, however, there was no contrast
between the NIR signal of the patterned area and the unpatterned area. The
SNR on the FTIR microscope may be improved by finding a better source
or purchasing better optics that allow the 10pm aperture to fill the entire
detector area.

We made several other attempts to characterize the MTS with focused
wide-band light sources that were much brighter in the required spectral range
using a transmission experiment. This produced much clearer results, but
only showed a moderate increase in transmission over the background for all
wavelengths, with no clear resonant peak. We expect that the poor overall

patterning fidelity caused a range of grain defects, overmilling of nanowires,
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and undermilling/shorting of nanogaps that prevented a sufficient number of
apertures from resonating to show contrast in experiment. Redeposition was
not a clear issue due to the thickness of the film, but it may have contributed

to the shorting of the nanogaps, which would be difficult to see on HIM images.

4.5 HIM Milling — Parameter Analysis

To understand why the fabricated wagon-wheel MTS did not respond in the
experiment, we now study the observed fabrication defects in simulation to
predict their effect on the resonant spectrum. Feature size, aspect ratio, and
reliability are paramount to the performance of the wagon-wheel aperture pro-
totype, and by extension, to any number of as yet unexplored finely-featured
miniaturized plasmonic MTS elements. These features offer precise control
over the plasmonic nanowire properties and the resonance contrast and hence

will be the focus of the following analysis.

4.5.1 Target Dosage & Overmilling

Overdosing the sample overetches the nanowires in the gold film, and un-
derdosing the sample underetches the nanogaps, electrically shorting out the
nanogaps and suppressing the resonance. Further, overdosing the sample leads
to extra damage to the substrate through implantation and sputtering. This
is particularly clear in Fig. 4.9a, where the substrate contrast changes signif-
icantly as the structure is increasingly overmilled. Had the substrate merely
charged up, it would appear entirely dark. Inspection of the lower-dosage
cases reveals the polycrystalline grain structure of the underlying gold film,
where some grains sputter much more readily than others due to ion chan-
nelling. Unfortunately, this grain structure is unpredictable and can cause
undermilling in critical pattern areas. The minimum required dosage to clear
increases approximately linearly with increasing film thickness, after overcom-
ing a minimum necessary to clear the smaller grains. The increased aperture
radius at higher dosages is generally due to drift (and not just overdosage)

since it is seen in the thicker films.
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Figure 4.15: Simulation of the wagon-wheel aperture MTS transmission with
reduced wire width w = 10-5 nm and correspondingly increased gap width g =
10-15 nm, representative of overmilling. From Reproduced with permission
from [182], (©)2021 ACS.

To understand the overmilling effects of overdosage, we simulate the wagon-
wheel apertures with narrower nanowire widths w and correspondingly wider
gap widths g. Fig. 4.15 shows the transmission for w decreased from 10 nm to
5 nm in 1 nm increments, where the resonant transmission magnitude falls to
0.64 and both the resonance and antiresonance frequencies are redshifted. The
frequency shift is due to two competing mechanisms that create the resonance:
i) thinner nanowires increase the inductive loading of the liner, which redshifts
the resonance, while ii) the increased nanogap width g and decreased nanogap
area both reduce the capacitive loading, which blueshifts the resonance. Com-
bined, the increase in inductive loading dominates and hence causes a redshift.
The small loop resonance is also redshifted, and the increased impedance makes
it more difficult to excite. Overall, significant overmilling would be required

to entirely suppress the resonance.
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4.5.2 Grain Defects

To analyze the effect of grain defects on the MTS performance, a gold disc of
radius r = 20 nm is added to the unit cell in simulation. The transmission
spectra for several gold disc locations are shown in Fig. 4.16 for a vertically-
polarized excitation, with the nominal simulation as reference. Interestingly,
although the defects shift the resonance frequency by up to 15 THz, it is not
until the defect connects all the wires at the centre of the aperture that the
resonance is entirely suppressed. For the rest of the defects studied, transmis-
sion levels above 0.64 are observed at 185 THz, an enhancement that would
be clear in our optical spectrometry experiment. The position of the antireso-
nance, however, is shifted more significantly, thus a minimum in transmission
(or maximum in reflection) is unlikely to be clearly resolved in the experiment.
Due to the strong fields at the nanowire tips, the spectra are most affected by
grain defects at the centre of the aperture, where an analyte would be placed
for sensing applications. This highlights the importance of the symmetry of
the unit cell, which allows only small changes to the overall current distribu-
tion as up to three of the nanowires are shorted together. Hence the majority
of grain defects seen experimentally, which connect only two nanowires, should
have had a minimal effect on the transmitted spectrum.

Compared to the circuit model, the transmission magnitude falls similarly
to that seen in Fig. 4.15 for overmilling, which suggests that certain grain
defects cause an effective shortening of the nanowires and a decrease in the
capacitive coupling of the nanowire tips. An interesting effect is also observed
in defect #3 (red curve) that is corroborated by our equivalent circuit in Ch. 3:
the defect connects the modelled monopole conductively to the modelled loop
resonator, which significantly increases the coupling to the loop. Although the
combination of overmilling and grain defects may cause the transmission mag-
nitude to fall significantly, these two effects should not occur simultaneously

as the overmilling is expected to remove any grain defects.
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Figure 4.16: Simulation of the effect of a 20-nm radius grain defect placed in
various locations on the wagon-wheel aperture M'TS transmission performance.
Insets show the defect location in the unit cell, with coloured borders to identify
the associated curve. Reproduced with permission from [182], (€)2021 ACS.

4.5.3 Current & Spot Size

For low current values, the patterning time becomes extremely long, and the
accumulation of drift causes an undermilled wagon-wheel aperture. On the
assumption that the chamber and sample have been adequately cleaned (i.e.,
there is no carbon film growth), increasing current leads to a simple increase in
sputter rate. Unfortunately, the spot size must also be increased to match the
current, and the surface interaction volume of the ion beam with the sample
increases, decreasing the patterning resolution. Creating fine, 10-nm nanowires
and nanogaps thus requires that the total surface interaction volume be smaller
than the features themselves to avoid significant overmilling. Fig. 4.10 shows
that this is the case for all the spot sizes studied; however, for lower currents,
the gaps between wire tips are underdeveloped due to a smaller probe size and
features smaller than 10 nm may be readily achievable. The best results are
seen for current values between 9 pA and 12 pA in all cases. Sacrificing the
minimum feature size for a decrease in patterning time may be desirable to

avoid drift when it cannot be mitigated by other means. Notice that the inter-
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pattern drift also significantly improves as the patterning time is decreased,
particularly for the 90-nm case. Although not shown, a uniform undermilling
over the pattern suppresses the resonance entirely, as was seen for a central

grain.

4.5.4 Dwell Time & Redeposition

For thinner films, the effect of dwell time is reduced due to a lower dosage
requirement. As the film thickness increases, the higher dosage and longer
total patterning time can cause the accumulation of drift error and hence
the first and last passes to become misaligned. Shorter passes (i.e., shorter
dwell times) will be better aligned from one pass to the next, but the overall
drift throughout the patterning of a single aperture remains constant since the
dosage is constant. This effect must also be weighed against the redeposition
of the sputtered gold atoms. A single pass will not provide the opportunity to
resputter the gold that has been redeposited in a cleared area, but removing
too little gold each pass may only sputter the redeposited material and not
the original film.

The effects of redeposition are shown in Fig. 4.17 for the 90-nm film. In
this case, the apertures are patterned in rows from top-right to bottom-left
and a large drift is observed between patterns that cause successive rows to
nearly overlap. The image acquired after the second row was patterned shows
a large increase in the width of the nanowires of the first row and the centre
of each aperture being filled in by the material displaced while milling the
bottom row. In Fig. 4.11, the bottom-left apertures (those patterned first
in the sequence) and the apertures in the thicker films show wider nanowires.
This is evidence that the geometry of the present structure causes redeposition
to occur on the protruding nanowires as adjacent unit cells are patterned, even
when the patterns do not overlap. The apertures in Fig. 4.12b are also subject
to redeposition, where the first apertures patterned (also bottom-left) show
wider wires than the final ones. Many options exist to mitigate redeposition.
The patterned area could be decreased to reduce the amount of redeposited

material, the array pitch could be increased, or the M'TS could be patterned
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into a free-standing film such that the gold is redistributed over both sides of
the film.

Figure 4.17: HIM micrographs of the 90-nm film showing the effects of re-
deposition on nearby unit cells. The top half shows 5 cells immediately after
patterning, and the bottom half shows the same 5 cells after patterning nearby:.
Reproduced with permission from [182], (©)2021 ACS.

To simulate the effects of redeposition, we increase the width of the wires
w, with a commensurate decrease in the gap width g. If the wire width in-
creases beyond w = 20 nm, the wires are shorted together and the resonance
is suppressed. For intermediate cases, shown in Fig. 4.18, the resonance fre-
quency is redshifted by an increasing amount w and g change, and the trans-
mission magnitude stays constant within the vicinity of the resonance. The
antiresonance frequency shifts less dramatically, with very low transmission at
275 THz in all cases. Both the redeposition effects and the grain defects are
more pronounced in thicker films, hence a redshifting of the total spectrum can
be expected in the experiment. While this simulation does not cover the case

where the nanowires become shorted together, it is clear from our analysis of
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Figure 4.18: Transmission simulation of the effect of redeposition by increasing
the wire width w from 10 nm to 15 nm in 1-nm increments, and decreasing
the gap width g from 10 nm to 5 nm in 1-nm increments. Reproduced with
permission from [182], (©)2021 ACS.

Fig. 4.16 that this will suppress the resonance.

4.5.5 Pattern Drift

Drift is one of the most difficult problems to address as many causes of drift are
inherent to the lab environment. Outside vibrations coupled into the system,
stage instability, beam instability, and substrate charging are all difficult to
avoid. The most effective method of mitigating drift for a single unit cell is to
decrease the patterning time by increasing the current (and hence spot size).
The faster a single pattern can be milled, the less drift can accumulate over
the patterning time, which reduces undermilling and improves the minimum
achievable feature size. A balance must be struck between spot size and drift to
reliably achieve the desired features. Fig. 4.10 shows that the pattern quality is
reduced beyond 12 pA and a patterning time of ~20 s. The shortest patterning
time for the 90-nm film is 28 s, over which time significant drift is accrued.
Charging is implicitly mitigated by appropriate endpointing, where the dosage

is chosen to be the minimum required to clear the gold, as any charge deposited
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on the metal will be conducted away and few ions will impact and charge the

substrate.

Figure 4.19: HIM micrograph showing (a) a cell patterned on the nominal
50-nm film, (b) a cell patterned on the 90-nm, and (c) the nominal 70-nm film
small array, imaged at a 45° angle. Despite grain defects, the central area of
each aperture is well-milled, and most wires are continuous. The wire thickness
degrades towards the centre of the aperture, and approximate measurement
of the depth shows each film lost 10 nm to the plasma cleaning process or
deposition rate inaccuracy. Reproduced with permission from [182], (©)2021
ACS.

Fig. 4.19¢ shows the 70-nm small array from Fig. 4.12b imaged at a 45°
angle to show the topology of the fabricated features. Note that imaging the
structure may have damaged some of the features, especially the thin, exposed
nanowires. Due to the surface interaction volume being larger than the pixel
size, the overall thickness of the nanowires is less than designed. However,
almost all wires are continuous and the nanogaps at the tips are well-defined,
despite the redeposition identified previously. Tuning the pixel size to be closer
to the probe size may reduce overmilling, though overmilling will still occur
due to vibrations and drift. Grain defects are present in the top-left and the
central cells, but these defects are local and will have only a small effect on the

overall MTS performance, as was shown in Fig. 4.16. Fig. 4.19 also allows an
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Figure 4.20: Transmission simulation with a thickness gradient applied to
the nanowires. The labelled thickness is the difference between the nanowire
thickness at the edge of the aperture (¢ = 50 nm) and at the nanowire tips
at the centre of the aperture. Reproduced with permission from [182], (©)2021
ACS.

approximate measurement for the depth of each aperture, which shows that
each film is approximately 10 nm thinner than the nominal thickness due to
the initial plasma cleaning.

To study the effects of the nanowires thinning toward the aperture centre,
we applied a linear thickness gradient to the nanowires in simulation. The re-
sults in Fig. 4.20 show that although the wire thickness changes dramatically,
the competing reduction in the capacitive coupling area holds the resonance
frequency nearly constant. Since the wire thickness gradient defect is dis-
tributed over the majority of the patterned apertures, the overall effect on the
MTS transmission should be uniform. With larger gradients, the resonance is
blueshifted, which could compensate for other fabrication anomalies, such as

redeposition and grain defects if the centre does not get shorted together.

4.5.6 Focus & Stigmation

Milling patterns while the beam is out of focus can simplify the process of
focusing on a flat, featureless film. If the beam is focused to the wrong work-
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ing distance the pattern is undermilled, even with ideal patterning parameters.
Alternating patterning and refocusing on the milled pattern can tune the beam
focus to create sharp patterns. Another challenge results from beam astigma-
tism, where patterns are sharp along one axis, but blurred along the other.
As with focus, the issue can be resolved by patterning and then imaging while
making small adjustments to the stigmation of the beam until a high-fidelity
pattern is created. Alternating patterning and imaging to focus the beam
is more sensitive than image focusing alone as the blurred, nm-scale features
are sputtered away during the imaging process, then replenished with sharper
patterned features that make judging the focus easier since the expected shape
is known. The eight nanowires also make judging astigmatism simpler as the

wires along the blurred axis are often entirely removed.

4.5.7 Array Drift

Problems with repeatability over a larger scale are caused by both defocusing
and drift. When the pattern quality decreases across a large area of patterns,
defocusing is the cause. Defocusing occurs when the working distance changes
over the array area, either due to beam instabilities or sample tilt. Using too
much carbon tape makes the sample difficult to remove from the stub, but
using too little creates tilt. Correcting the sample tilt largely overcomes the
defocusing problem. This can be done by modifying the mounting procedure
to use an aluminum stub with mechanical clamps to hold the sample in place
instead of putting carbon tape underneath the sample.

Drift was discussed above for a single pattern, but the time scales involved
in creating large-area arrays exacerbate the problem. Improving drift over a
long time scale requires increasing system stability by addressing environmen-
tal factors. This can be accomplished by leaving the room while patterning
and using the microscope outside of peak facility hours to reduce sources of
vibration, and/or allowing time for the system to stabilize after moving the
stage. For example, the door to the room housing the HIM significantly skewed
the beam. We found that closing the door to the room shifted the beam by

~150 nm, and the beam shifted back when reopening the door. Moreover,
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when processes requiring large pumps were started in the cleanroom next
door, vibrations > 10 nm were observed and active patterning sessions were
forced to stop. The drift introduced by the stage is reasonably well controlled
if it is not moved for at least one hour prior to patterning. Once the stage
has been moved to the desired area to be patterned, the beam should only be
deflected within a fixed field of view (no stage motion or stitching).

Fig. 4.21 shows a large, 6 pm x 4.2 pm (20 x 14 unit-cell) array patterned
into a 50-nm thick gold film over 100 minutes, after 100 minutes of stabiliza-
tion time. This corresponds to a figure of merit of Far = 6000/10 = 600
or Fap = 4200/10 = 420, both above the 400 defined earlier for wide-area
nanopatterning. Unfortunately, we did not get the opportunity to charac-
terize this MTS. Comparing the apertures on the right edge of the figure, a
total drift of less than one half-period (< 150 nm), or, equivalently, a drift
of ~0.6 nm per 25-s aperture pattern, is observed. Another approach, used
by Hahn et al. [38] to achieve a figure of merit of Fap = 10000/15 = 667, is
to pattern alignment marks near the desired MTS area that can be reimaged
periodically to automatically correct for beam drift and stitch together larger
arrays more accurately. Additionally, their results do not include nanogaps,
making it clear that it is our combination of fine nanogaps and fine nanowires
that have increased the fabrication challenge significantly.

To model the effects of array-scale drift on the overall MTS performance,
the array pitch p can be varied. Since small variations in array pitch have
little effect, the simulation results shown in Fig. 4.22 are computed in steps of
20 nm. This figure reproduces some of the data in Fig. 3.6, but on a linear
scale. The reduced coupling between apertures as the pitch p increases results
in lower bandwidth and a small blueshift of the resonance. Since the resonance
mechanism of the M'TS does not rely on a collective excitation of the apertures,
the < 1-nm drift observed in Fig. 4.21 will have very little effect on the overall
MTS performance. Even MTS structures that do rely on collective excitations
may find a 0.3% tolerance on the array pitch tolerable (though realignment

between rows may be necessary).

122



Chapter 4. Experimental Realization

Figure 4.21: HIM micrograph depicting a large patterned array of 20x 14 = 280
unit cells. Reproduced with permission from [182], (©)2021 ACS.

4.6 Additional Process Development

We saw no resonance in the experiment, but the analysis presented above
showed that simple overmilling of nanowires does not entirely remove the res-
onance. On the other hand, at least three mechanisms exist that can cause
the nanowires to short together at the centre of the aperture: 1) grain defects,
2) redeposition, and 3) undermilling (drift, focus, dosage). In the following
section, we develop procedures to mitigate these effects. Grain defects are
mitigated by growing epitaxial films that exhibit a single grain orientation
over the entire MTS area. Redeposition is mitigated partially by removing
the substrate to allow the redeposited material to cover both sides of the film,
but also by choices in the design of the realized pattern. The removal of the
substrate also addresses the undermilling, as the contrast is significantly in-
creased between fully milled and unmilled areas. Whereas the substrate is

only a darker grey as it charges, no substrate is always entirely black.
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Figure 4.22: Simulation of array drift on the wagon-wheel aperture MTS trans-
mission performance. The array pitch, p, is varied from 260 nm-340 nm in
steps of 20 nm. Reproduced with permission from [182], (©)2021 ACS.

4.6.1 Single-Crystal Gold Films

To mitigate the effects of the granular structure of the polycrystalline gold
films on the HIM sputter rate, we studied growing epitaxial gold films in the
nanoFAB Centre. Additionally, there has been a significant push to study
many plasmonic structures fabricated in single-crystal gold films for their im-
proved scattering properties, many of which could be improved with features
as small as 10 nm [36], [76], [192]-[194]. A number of suitable processes exist
based on vapour [195]-[198], liquid [192], [199], and solid-phase epitaxy [200],
[201]. Liquid-phase epitaxy requires unavailable electrochemistry equipment,
while the annealing required for solid-phase epitaxy can lead to undesired
changes in film morphology. Hence we prefer to use vapour-phase epitaxy,
which is more similar to our original deposition process. First, a suitable
substrate must be found. It is simplest to grow epitaxial films on crystalline
substrates that have a similar lattice parameter to the film crystal, which pro-
motes adhesion and minimizes stress in the film. Gold has face-centred cubic
(FCC) structure with a lattice constant of 4.08 A [202]. Epitaxial growth of

gold has been reported on LiF using a simple sputtering process on a heated
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substrate, which is a simple cubic crystal with a well-matched lattice constant
of 4.02 A [203]. Epitaxial growth has also been reported on mica with a gold
(111) crystal orientation and a 2.35-A triangular lattice, matched to the (110)
4.5-A hexagonal mica lattice [204]. Due to the lattice symmetry of mica, the
epitaxial gold crystals may be grown in two different orientations, which can be
problematic for growing large crystalline surfaces [205]. Deposition at higher
temperatures causes one of the orientations to dominate.

Dr. Hryciw first attempted to grow an epitaxial film on a mica substrate
(source unknown) that was readily available at the nanoFAB Centre, inspired
by the process of Elbel et al. [196]. As shown in Fig. 4.23, our results were
similar to others reported previously [206], where at room temperature, contin-
uous polycrystalline films were grown, and at 400°C, larger epitaxial plateaus
were grown but filled with large gaps and holes. We were unable to find a
temperature at which a continuous, epitaxial film could be realized. Addi-
tionally, the films grown at room temperature showed significant problems
with contamination. Despite no individual epitaxial plateau being sufficiently
large to pattern a full array of apertures, patterning into a particular patch
of the high-temperature-grown film was more consistent than in the previous
polycrystalline films, allowing the creation of single particularly high-fidelity
asterisks, as shown in Fig. 4.24. If this procedure were to be taken up again,
perhaps an annealing step at the end would reduce the number of impurities
and improve the structure of the film [197], [205].

The process of Fedotov et al. was more successful [195]. 1 cm?® LiF crystals
were sourced from United Crystals for the epitaxial film growth [207]. As
directed, the crystals were cloven immediately before loading into the vacuum
chamber for deposition. We set a razor blade on the edge of the crystal and hit
the back of the razor blade with a small hammer, using a moderate amount of
force. The razor blade needed to be held firmly against the crystal, otherwise,
the blade would bounce off rather than cleave into the crystal between lattice
planes. LiF was considerably more difficult to cleave than mica, and the
cleaved surface of the crystal was rough. Nevertheless, numerous terraces large

enough for plasmonic device fabrication were created. We deposited gold on
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Figure 4.23: HIM micrographs of the films grown on a mica substrate, (a) at
room temperature, and (b) at 400°C.

LiF three times to grow a 100-nm thick film (courtesy of Dr. Hryciw), a 20-nm
thick film, and a 65-nm thick film.

AFM Analysis

All three samples were inspected by atomic force microscope (AFM), x-ray
diffraction (XRD), and HIM to determine their structural properties. Unfor-
tunately, since there was no opportunity to mask the substrate during growth,
a sharp edge for determining the film thickness cannot be found. The AFM
results are shown in Fig. 4.25. The 100-nm film has a similar structure to the
film grown at a high temperature on mica, though the gaps are thinner and
more uniform. The 20-nm film also shows a similar profile, however, the gaps
are smaller and the islands seem closer to coalescing to form a continuous film.
The differences are likely due to temperature calibration as the first film was
deposited shortly after the PVD system was installed and before it had been
fully validated. Finally, the 65-nm film shows large areas of continuous film
with small holes and low, 1-nm surface roughness. Here, the islands seen in

Fig. 4.25b have coalesced, leaving small holes where dislocations were present
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Figure 4.24: HIM micrograph showing a well-patterned asterisk aperture pat-
terned into a gold film grown on mica at high temperatures.
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Figure 4.25: AFM micrographs of the various films grown on LiF, (a) the 100-
nm film, courtesy of Dr. Aaron Hryciw, (b) the 20-nm, discontinuous film,
and (c) the nearly continuous 65-nm film.

and continuing to the growth of a very flat film surface. Other parts of the sur-
face of the 65-nm specimen produce AFM micrographs more similar to those
presented for the 100-nm and 20-nm samples, which is due to temperature
variations over the sample surface as LiF has low thermal conductivity. If
repeated, the high-temperature soaking time should be increased to improve

the uniformity of the film.

XRD Analysis

Next, we confirmed the crystal structure of the films grown on LiF with XRD

analysis, and the results are shown in Fig. 4.26. The 100-nm film shows clear
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peaks for many gold crystal orientations, indicating that the film is polycrys-
talline and thus was discarded. The 20-nm film was too thin to collect a strong
XRD signal, and the spectrum is dominated by the LiF substrate. The 65-
nm film shows a large peak at the LiF (200) angle, a smaller peak near the
Au (200) angle, and a very small peak at the other Au (111) crystal angle,
indicating a strong preference for the Au (100) orientation in the film. The
sample was difficult to mount onto the XRD stage as the bottom surface of
the cleaved crystal was not flat, which led to some misalignment of the results.
The Au (200) peak is shifted and wide, which indicates that some dislocations
were formed during the coalescence of the film, either due to the poorly cleaved
surface or displacement /rotation misfits [205], [208]. When compared to the
results achieved by Fedotov et al., a similar arrangement of the relative peak
intensities is seen. Additional tuning of the deposition parameters, the cleav-
ing procedure, and the XRD measurement may improve these results, but our

65-nm film is of sufficient quality to eliminate grain defects in HIM milling.

HIM Analysis

Finally, the films were inspected with the HIM. A solid conductive path could
not be established on the 20-nm film due to its low continuity. To image the
sample, the electron flood gun was activated to dissipate the deposited charge.
The collected micrograph is shown in Fig. 4.27a. While the contrast is not
particularly clear, islands of gold can be seen across the surface of the sample,
along with a clear cleavage boundary of the underlying LiF crystal. Fig. 4.27b
shows the results for the 65-nm film, where the film is largely flat. Some pitting
is visible, and gaps are seen along crystal cleavage boundaries in other parts
of the film. Otherwise, the film is largely continuous and no grain contrast
is seen. The detailed processing parameters in Appendix E have hence been

validated for the epitaxial growth of gold on LiF in the nanoFAB Centre.

4.6.2 Substrate Removal

As mentioned previously, the implantation of helium into a crystalline sub-

strate can cause the substrate to swell as the helium diffuses and coalesces
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Figure 4.26: XRD spectra for (a) the 100-nm film on LiF, courtesy of Dr.
Aaron Hryciw, (b) the 20-nm film on LiF, and (c) the 65-nm film on LiF.
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Figure 4.27: HIM micrographs of (a) the 20-nm film on LiF, and (b) the 65-nm
film on LiF.

into bubbles within the crystal. In an amorphous substrate, the reduced order
causes the helium to prefer to diffuse out of the substrate rather than collect
into nanobubbles. When patterning films that were grown on LiF, this prob-
lem becomes increasingly obvious as more gold is milled away. An example of
an overmilled single aperture is shown in Fig. 4.28a. The film has buckled and
a rectangular bubble has appeared next to the aperture, while the aperture
wires have been destroyed. This problem accrues as more apertures are milled,
and the bright area in Fig. 4.28b, taken at a 45° angle, shows a bubble formed
under a small array of apertures. Thus to reliably pattern subwavelength fea-
tures into this nearly epitaxial film over a wide area, the crystalline substrate
must be removed and the film must either be transferred to an amorphous
substrate or simply left free-standing.

In the present study, we left the film free-standing by mounting flakes of
the film onto copper TEM grids. Since our example uses a continuous film of
gold, we do not need the structural support of a substrate (as would be re-
quired for a nanoantenna array), though transferring the film to an amorphous

substrate is a common procedure [192], [193], [209]. This allows us to avoid the
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Figure 4.28: HIM micrographs of the films grown on LiF, showing (a) a bubble
created by the overmilling of a single aperture taken normal incidence, and (b)
a bubble created by patterning a small array of apertures taken at a 45° angle
to accentuate the topography.

complications of substrate charge accumulation and sputtered material can be
redeposited on both sides of the film. The drawbacks of this approach are that
the film may flex where there is no support and films of contaminants may be
grown on both sides of the metal. Interestingly, we found that the film can be
driven into a mechanical membrane resonance while patterning when the film
is thin or poorly supported by the grid, but that the thicker film areas or those
close to the grid boundaries could not. Such a patterned membrane could be
used as an optically controlled or probed capacitive sensor for temperature,
pressure, or photoacoustic applications.

As a first test case, we deposited films on NaCl rock salt crystals for sub-
strate removal as NaCl is very soluble in water. In a similar manner to the
LiF crystals, the NaCl 1 cm? crystals were cleaved immediately before loading
into the evaporation chamber, and 50 nm of gold was deposited. Since we
intended to remove the substrate, no adhesion layer was required. The TEM
grids are small, so the film was cut into smaller sections using a razor blade
prior to dissolving the substrate. The crystal was then slowly lowered into a
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beaker of de-ionized (DI) water, and the film was able to lift off and float on
the water surface as the crystal dissolved. The copper TEM grids were then
used to fish the films off the water surface and were dried with filter paper.
This produced many TEM grids with free-standing gold films well-adhered
to them. Unfortunately, when these samples were brought to the HIM, their
patterning was inconsistent and produced very odd shapes. This observation
was addressed in Sec. 4.2.3 above.

LiF has much lower solubility than NaCl in water. Datasheets often list
the solubility of LiF in HF as well, which is much higher than its solubility in
water, but still lower than NaCl’s [210]. As a second test case, the LiF sample
with the thin 20-nm film was processed with HF first. We found that the lower
solubility of LiF made the process of slowly lowering the crystal into the HF
ineffective, and the film did not lift off immediately. Instead, the sample was
submerged entirely in HF for 5 minutes then carefully removed, and without
drying, transferred to a beaker of water. As soon as the crystal made contact
with the water, the gold film lifted off and floated on the water’s surface. Since
the film was discontinuous, it shattered into numerous small pieces, and no
single piece was large enough to fish out with a TEM grid. With the same
process applied to the 65-nm thick sample, a few sections of the film separated
and were easily retrieved with TEM grids.

The samples prepared this way were reliable to pattern, showing no prob-
lems with contamination, grain defects, or charging/swelling. These films were

used for the final results presented in Sec. 4.7.

4.7 Two-Wire MTS
4.7.1 Two-Wire MTS Fabrication

Throughout this chapter, we have discovered the most important factors to
create reproducible, fine features over a wide area with the HIM. Patterns
milled in a single step are more reliable as redeposition and contamination
can be better controlled. Structures exhibiting symmetry are more robust to

grain defects, but these defects can be eliminated with single-crystal films.
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Crystalline substrates must be avoided, and careful choice of the ion dosage
is required to use insulating amorphous substrates. Poor cleanliness is diffi-
cult to address at later stages in the fabrication process, requiring destructive
plasma cleaning, and should thus be eliminated as early as possible. Time
permitting, the microscope should be allowed to stabilize as long as possible
between loading, moving the stage, and patterning to reduce drift. As the
patterning area increases, the mounting procedure of the sample on the mi-
croscope stub becomes increasingly important and methods to eliminate tilt
must be applied.

For the patterning parameters, the dosage to clear must be established
first to minimize overmilling. The current and spot size should then be tuned
simultaneously to achieve the desired feature size over a cell in the minimum
patterning time to avoid drift. Finally, the dwell time should be tuned to
minimize the redeposition on nearby features.

Combining these recommendations, we patterned the ~65-nm thick epitax-
ial film that was grown on LiF and transferred to a TEM grid. A mechanical
clamp was used to secure the grid in place on the SEM stub, reduce tilt, and
maintain conductivity. In this case, no contamination growth was observed,
hence the plasma-cleaning step was omitted. The pattern used was the two-
wire MTM-lined aperture design, and each aperture was milled in a single step
(unlike what was shown in Fig. 4.6). The nominal array feature sizes were an
aperture radius of b = 40 nm, a gap and wire size of ¢ = w = 10 nm, and an
array pitch of p = 120 nm. The relatively large pitch was chosen to reduce
the effect of redeposition on the nanowires. The fabrication was performed
shortly after a new trimer was formed and the gas pressure was increased from
the nominal imaging pressure of 2 x 107% Torr to 5 x 107% Torr, resulting in
a current of 9 pA. Although the current varied during patterning, the nom-
inal patterning time for a single aperture was ~10 s. Otherwise, the beam
parameters were chosen based on the best results achieved in Sec. 4.3.

One final important modification to the fabrication process was the inclu-
sion of the drift-correction feature of NPVE. This feature images an area with

alignment marks near the patterned area and uses an image recognition algo-
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rithm to estimate the degree of drift of the beam, then attempts to recenter the
beam before continuing with the patterning process. This feature was simple
to integrate into our patterning workflow by choosing to pattern near an area
of the film where holes were formed during film growth (along a poorly cleaved
crystal boundary of the LiF substrate), and we corrected the drift every 60 s.
Due to the high current used while milling, the continuous scanning of the
reference area changed the shape of the holes by parasitic milling and redepo-
sition, and the reference image had to be recollected when the image processing
algorithm failed. This led to some dislocations of the array, but overall, the
drift-correction feature removed a significant amount of the drift normally ob-
served while patterning large arrays. An option to automatically reset the
reference when the comparison algorithm certainty becomes low would allow
these additional dislocations to be removed. The imaging and drift correction,
along with the slowly decaying current from the source, slowed the patterning
speed to an average of about 15 s per aperture.

We fabricated a 4.8 x 4.2 pm? array of 40 x 35 MTS cells in approximately
six continuous hours of patterning, with the result shown in Fig. 4.29. The
full array is composed of smaller 5 x 5 arrays to minimize the effect of drift
and redeposition on nearest neighbour apertures. From these images, the
patterned features measure b =~35 nm, w =~15 nm, g =~10 nm, and p =
120 nm, with variations of these dimensions on the order of < 1 nm. With
the 10-nm feature size, the reliability figure-of-merit is Fap = (480, 420). We
attribute the difference between the nominal and patterned feature sizes to
the redeposition of gold as later apertures are milled, which may be partially
corrected by overmilling the apertures, or, if the array drift is sufficiently well-
controlled, can be corrected in a second pass. This is much more practical

over very small arrays.

4.7.2 Two-Wire MTS Characterization

The two-wire MTS shown in Fig. 4.29, with nominal array feature sizes of b =
40 nm, g = w = 10 nm, and p = 120 nm, was characterized in reflection mode

using a home-made microscope assembled by Kyle Scheuer in the DeCorby
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Figure 4.29: HIM micrographs showing (a) the 40 x 35-cell MTS array, and
(b) the same array magnified to better resolve the features.

lab at the University of Alberta. The details of the microscope layout and
components are available in Appendix E. With low stage control precision, it
was difficult to ensure that the MTS was fully illuminated during measurement.

The whole SEM stub used during fabrication was mounted to the micro-
scope stage, and carbon tape was affixed to the very edge of the TEM grid to
ensure the grid did not move while the clamp was removed. Since the MTS is
polarization-sensitive, the goal of the measurement was to observe a contrast
between opposite linearly polarized spectra to see the full effect of the reso-
nant nanowire loading. The measurement was first attempted with a polarizer
on the input beam between the neutral density filter and the first beamsplit-
ter, however, a small misalignment of the polarizer’s rotation axis caused the
beam to scan in a circle on the sample as the polarizer was rotated. This, in
turn, led to collecting the M'TS spectrum for only a fraction of the measured
polarization angles but minimized the optical power on the MTS. With the
polarizer on the output, the MTS spectrum can always be collected, though
some small differences in power levels may occur due to the movement of the

beam on the output collection fibre face. Using a large-core collection fibre
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Figure 4.30: (a) Melted two-wire MTM-lined aperture MTS from Fig. 4.29a
after illumination, and (b) second patterned array, fabricated under subopti-
mal current and stability conditions.

minimizes this effect.

Another challenge that arose during our first attempt to measure the MTS
spectrum was the power deposited by the supercontinuum source. The simu-
lations in Ch. 3 showed that, at resonance, the loss in the MTS is significant.
Despite the neutral density filter, the ohmic heating by the source caused the
MTS to be melted away, as shown in Fig. 4.30a. The source power (i.e., duty
cycle) was reduced to 20% for subsequent experiments to avoid melting the
MTS, though a preferable approach would be to use a wavelength-scanned (or
filtered) laser and measure less of the spectrum at a time. Two more MTS
arrays were fabricated (the best is shown in Fig. 4.30b), but with poorer fea-
ture fidelity as the trimer was older and a lower maximum current could be
achieved.

Background reflection spectra were collected for the gold film and polarizer
angles between 0°-180° in steps of 10°, and from 180°-360° in steps of 30°.
If no alignment issues are present, the second half of the polarization angles
should be identical to the first half, and hence are redundant and were reduced

to save time. We note that the spectral response of a number of the optical
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Figure 4.31: Experimental data normalized to the raw gold film background
compared to nominal simulation data. The experimental data were smoothed
using a 31-sample Savitzky-Golay filter, and the nominal geometric parameters
were b =40 nm, g = w = 10 nm, p = 120 nm, and ¢t = 65 nm.

elements in the beam path (particularly the beamsplitters) were not uniform
over all polarization angles, and hence the background spectra varied wildly
for orthogonal polarizations. The stage was then moved to center the beam
on the MTS, and spectra were collected for the same polarizer angles. The
normalized reflection measurement is the ratio between the MTS reflectance
and the background reflectance, which removes the effect of all the optical
elements common to both measurements and leaves just the MTS spectrum.

To find the array axes with respect to the polarizer angle, we compared each
normalized measurement to its orthogonal polarization angle. The polarizer
proved to be well-aligned to the array axes, and the maximum difference was
found to occur between the 0° and 90° cases. These cases are plotted in
Fig. 4.31, where the data were smoothed through a 31-sample Savitzky-Golay
filter. For comparison, the simulation data for the nominal MTS design and
a thickness ¢ = 65 nm are also overlaid, normalized to a simulated solid 65-
nm thick gold layer background spectrum. In the vicinity of the designed
resonance, the experimental reflection of the surface is significantly lower when
excited with a vertically-polarized beam than with a horizontally-polarized
beam. This is clear evidence that the MTS is operating as designed, though
fabrication tolerances and experimental inaccuracies have shifted the resonance

and reduced its strength.
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Next, we consider the differences between the experiment and the simula-
tion. First, we address the nonresonant z-polarized spectrum since it is inde-
pendent of the fine, 10-nm features and has fewer confounding factors. When
comparing to the simulation, there are three main features to be matched: 1)
the location of the material-based absorption peak of gold at ~500 nm, ii) the
level of the gold absorption peak at ~500 nm, and iii) the overall reflectance.

The location of the gold absorption peak (or equivalently, the minimum
reflectance) is controlled by the filling fraction of the array and the gold film
thickness, where thicker films and smaller apertures marginally blueshift the
observed minimum. Rough measurements made on Fig. 4.30b show that the
designed aperture radius was well-patterned in experiment, and the radius
varies from ~39-41 nm. Additional simulations with a 40-nm aperture radius
match the reflectance minimum wavelength best for a film thickness of 65 nm.

With the film thickness and aperture radius set, no geometric variables
remain to match the nonresonant absorption level. We expect that the diffi-
culties in evaluating the alignment of the optical beam to the patterned MTS
area caused a fraction of the collected signal to be collected from the solid
unpatterned surface near the MTS, rather than the MTS itself. To account

for this difference, a scaling factor is added to the simulated spectrum:

R= (1 - BGTatiO)RO + BGTatio, (4].)

where Ry is the original simulated spectrum and the total has been normalized
to the background spectrum (hence BG4, is constant with frequency). This
correction could be avoided by using a digital stage with more precise spatial
control and aligning to the location on the sample with the minimum total
reflectance.

Eq. (4.1) is only able to increase the reflection amplitude and hence even
with the above corrections, the z-polarized spectra will never match from 650—
1000 nm. We note that, curiously, the experimental scattered power is nearly
constant over this range and never exceeds 85%, even over all polarization

angles. Due to gold’s high conductivity in the NIR, all variations of b and ¢
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in simulation show nearly 100% reflectance at 1000 nm. Moreover, a change
in the surface conductivity (which would model the potential damage to the
film by the HIM) does not substantially improve the agreement. As a result, a
shift in the alignment of the microscope between the background and the M'TS
measurement must have caused a uniform ~15% drop in the collected power,
and we introduce a power normalization factor Pg,, to correct the expected
power level. With the correction factors, Pgy, and BG40, the nonresonant
experimental spectrum can be reliably matched to the xz-polarized simulation
spectrum.

Finally, the resonant spectrum (y-polarized excitation) must be matched.
We showed in Fig. 4.19 that, when patterning fine features with the HIM,
some overmilling of 10-nm wires is difficult to avoid. This leads to a thickness
gradient along the wire or a uniform decrease in the wire thickness. In the
present case, the low current during fabrication exacerbated this issue, signif-
icantly overmilling the nanowires. Fig. 4.32 shows an inspection of the MTS
after the optical measurement with an incidence angle of 45° such that the
profile of the nanowires can be seen. A rough estimate of the film thickness in
these images is ty =~62 nm, which is close to the thickness expected from the
previous simulations, and the nanowire thickness is approximately ¢,, = 42 nm.
The nanogap widths were measured to vary between g = 11-14 nm, and the
nanowire widths were measured to vary between w = 11-13 nm. Despite the
high resolution of these images, no grain contrast is observed, confirming the
sufficiently high crystal quality of the gold film (as compared to, e.g., Fig. 4.6
deposited on NaCl). Additionally, the wires are significantly more rounded
than those originally modelled in simulation.

The simulation model that incorporates all the geometrical variations of
the fabricated MTS is shown in Fig. 4.33, with the geometrical parameters
summarized in Table 4.1. The simulation model is divided into four 2 x 2 sec-
tions that represent the extremes of the geometric variations observed. With
b, w, and g corrected, the resonant minimum reflection continues to maintain
a very low value near 20%, and it is the incorporation of the overmilling of the

nanowires (i.e., t,,) that corrects this discrepancy. To highlight this change, a
139



Chapter 4. Experimental Realization

Figure 4.32: Profile view of the fabricated MTS array at 45° oblique incidence,
(a) parallel to the patterned nanowires, and (b) rotated with respect to the
nanowires.

|Aperture||b|w|g|tf|tw| P |

1 39 | 13 | 11 | 65 | 40 | 120
2 39 | 11 | 14 | 65 | 40 | 120
3 41 | 13 | 11 | 65 | 40 | 120
4 41 | 11 | 11 | 65 | 40 | 120

Table 4.1: Geometric parameters used in the nonuniform simulation model.

cutaway is shown in Fig. 4.33b, where the top, bottom and front surfaces of
an aperture have been hidden.

Fig. 4.34 shows the spectra computed in COMSOL, matched to the ex-
perimental data for both incident polarizations, where BG4, = 0.26 and
Pgy, = 1.17 have been tuned numerically for the best possible agreement. The
resonance frequency was shifted by the variation in b, g, and w, though the
overall bandwidth below 80% reflection is not significantly increased. Shifting
t does not change the resonance frequency, which agrees well with our circuit
model derived in Sec. 3.2.1, but instead reduces the resonance amplitude by in-
creasing the real part of the nanowire impedance at resonance. We believe that

the ~10% difference between 550-750 nm for the y-polarized excitation would
140



Chapter 4. Experimental Realization

Figure 4.33: (a) Simulation model layout incorporating fabrication variation.
The array is divided into four 2 x 2 cells, and (b) shows a cutaway highlighting
the reduced nanowire thickness.
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Figure 4.34: Final simulation results, tuned to match the experimentally ac-
quired spectra. BG40 = 0.26 and Pg,, = 1.17.

be resolved by considering the rounding of all edges observed in Fig. 4.32.

Despite imperfect fabrication conditions, we have shown experimentally
that polarization-sensitive resonances can be excited in a two-wire MTM-lined
aperture MTS at optical frequencies. With the small shifts in plasmonic
resonance frequency, sweeping the wavelength of a probe beam within the
nanoaperture resonance band may allow faster, parallel resonant imaging of a
sample surface or liquid analyte. Intentionally reducing the nanowire thickness
also more tightly localizes the enhanced electric field at resonance, providing
more precise control over the location of electromagnetically trapped particles
for characterization by SERS or SEIRA.

Even with reduced source power, the apertures in the bottom-right of

Fig. 4.32b show evidence of melting. These particular apertures were clearly

141



Chapter 4. Experimental Realization

overmilled originally, creating thinner wires and inducing additional ohmic
losses that were not present in the better-patterned cells. When sufficient
fabrication fidelity cannot be achieved, near-field excitation or probing of the
MTM-lined aperture MTS with a monochromatic or filtered source may be
ideal [211]. For applications where the high temperatures may be desired,
such as heat-assisted magnetic recording, a passivation layer could be used to

increase the MTS durability [212].

4.8 MIR MTS

4.8.1 EBL Process

A recent collaboration between the Quantum NanoFab Facility (QNF) at Wa-
terloo University and the nanoFAB Centre at the University of Alberta allows
researchers at the University of Alberta access to QNF’s 100 kV EBL system.
This system has much better reproducibility than the HIM but has lower pat-
terning resolution and the aspect ratio is limited since the preferred fabrication
technique is lift-off.

In this section, we describe the EBL process used to fabricate the MIR
MTS and the challenges faced in its development. This fabrication project
was one of the first to make use of the collaboration between the QNF and
the nanoFAB, hence no standard operating procedure was in place. Moreover,
ZnSe was a new material to both groups and thus some process development
was required. We modelled the liftoff process after the standard polymethyl
methacrylate (PMMA) bilayer procedure used with the nanoFAB Centre’s
RAITH150 Two EBL system [213].

The EBL exposure process is shown pictographically in Fig. 4.35 and these
steps were performed by the nanoFAB and QNF staff. The sample is first
coated in a layer of PMMA 495K resist (the number referring to the molecular
weight of the polymer), then a layer of PMMA 950k is added on top. The
PMMA 495K is easier to dissolve during the later liftoff process, while the
PMMA 950K layer is more durable. Next, a layer of Electra 92 is added as a

conductive layer to dissipate charge during the EBL exposure. The sample was
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Figure 4.35: Pictographic representation of the EBL exposure process.

then shipped to Waterloo for the electron beam exposure and returned to the
University of Alberta for development, where the Electra 92 is also rinsed off.
This process leaves holes in the shape of the desired patterns where the PMMA
resist was exposed and the polymer was broken down. The majority of the
exposure process is identical to the standard operating procedure already in
place, other than the electron dosage required to clear the PMMA resist during
exposure to the 100 kV electron beam since it is not available locally. The
second half of the fabrication process, the liftoff, consists of two steps. First,
gold is deposited across the whole sample using electron beam evaporation, and
second, the PMMA layer is dissolved in acetone with sonication to remove the
gold from the areas that were not exposed to the electron beam. Full details
are available in Appendix E.

Three 12.5 mm x 1 mm round, polished ZnSe windows were purchased from
Edmund Optics [214]. The first chip was used to validate the compatibility
of the EBL lift-off process with the new materials and to find the required
electron beam dosage for clearing the PMMA. The layout consisted of two
0.2 mmx0.2 mm arrays of discs side-by-side, one with nominal MTM loading
(w =g =100 nm, b = 2.4 pm) and the other unloaded. Nine of these array
pairs were patterned with dosages ranging from 600 nC/cm? to 1400 pC/cm?
in steps of 100 pC/cm?. No problems arose in the coating of the sample
with PMMA or Electra 92. During EBL exposure, the operator found that
the high transparency of ZnSe throughout the MIR caused errors with the
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(b)

Figure 4.36: HIM micrographs of the overexposed patterns on the first sample
after development for (a) an electron beam dosage of 600 pC/cm?, and (b) an
electron beam dosage of 700 pC/cm?.

height alignment laser of the EBL system. These errors led to overdosage
of the sample that destroyed the majority of the finely patterned features
but were resolved by the operator for future experiments. Fig. 4.36 shows
HIM micrographs of the developed PMMA resist for dosages of 600 pC/cm?
and 700 1C/cm?, where it is clear that the overdosage of the pattern has
increased the overall radius of the disc, and that when the features were not
entirely removed, their size was significantly altered. At the maximum dosage
of 1400 1C/cm?, the discs merged. A second sample was prepared and exposed
to reduced electron beam dosages ranging from 400 1C/cm? to 800 pC/cm? in
steps of 50 pC/cm? for further study. The exposure results were similar, with
the complete overexposure of the MTS unit cells above 650 nC/cm?.

The liftoff process was performed on both samples to validate the remaining
processing steps. Specifically, the adhesion of gold to a ZnSe substrate has
not been studied in detail in the literature, although there exist indications
that ZnSe makes for an excellent adhesion layer between gold and ThF, [215].
Unfortunately, the minimum thickness to create a continuous gold film was not
reported. Gold was deposited onto the sample by electron-beam evaporation,
during which the crystal thickness monitor failed at a thickness of 37.8 nm,

and the shutter was eventually closed at a thickness near 40 nm.
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Figure 4.37: Geometric parameters of second MTM-lined disc arrays fabricated
by EBL for electron beam dosages of 400-800 nC/cm?.

The samples were placed in an acetone bath overnight to dissolve the
PMMA bilayer, then transferred to a smaller beaker for sonication to dis-
lodge the gold layer. The first sample was dried during the transfer process to
inspect the chip and ensure the MTS elements were still intact, but this dry-
ing process caused the delaminated film to stick to the substrate, and the film
proved impossible to remove entirely. Nevertheless, the desired MTS elements
were well-adhered to the substrate and did not delaminate even after several
minutes of sonication. The second chip was sonicated without drying, and the

gold layer was easily removed.

4.8.2 MIR Fabrication Analysis

The second sample was inspected in the HIM to confirm the expected feature
sizes. The use of the HIM here is important as the sample is insulating, and will
accumulate charge as it is imaged. For an ion beam, this charge is guaranteed
to be positive and can thus be neutralized with a low-energy flood of electrons
across the surface. This does, however, reduce the ion dosage that can be
applied while imaging, and hence reduces the achievable image quality. The
measured feature sizes are summarized in Fig. 4.37, where the nominal feature
sizes are a diameter of 2.4 ym, and a gap size of 100 nm. The lowest dosages
approximate the nominal feature sizes best.

Despite choosing 100 nm as the minimum feature size to leave a large mar-
gin for fabrication difficulties, these results show that gaps as small as 70 nm
can be fabricated with the process described here. With this in mind, for the
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third and final prototype, the minimum feature size was tuned to 80 nm to
increase the intensity enhancement factor, F;. The gap size was reduced to
g = 80 nm, the wire size was increased to w = 110 nm to compensate for
the shift in resonance frequency, and the overall unit cell diameter was shifted
to b = 2280 nm to keep the same number of meanders in the gap. Each ar-
ray was exposed to an electron beam dosage between 200 and 600 pC/cm? in
50 1C/cm? increments (centered at 400 nC/cm? based on the results above).
Arrays with dosages below 450 1C/cm? were underexposed and became un-
derdeveloped, which caused them to lift off entirely in the final sonication
step.

Helium ion micrographs of the fabricated arrays on the third and final
sample are shown in Fig. 4.38. Measurements of the unit-cell features are
plotted against the EBL dosage in Fig. 4.39 for the patterned (MTM-loaded)
and reference arrays. The pattern with a dosage of 450 pC/cm? approximates
the designed feature size (w,g = 110,80) best, and also has the highest total
sum of feature sizes at 195 nm. Unfortunately, some of the capacitor fingers at
this dosage are underdeveloped and those fingers have lifted during the lift-off
process. The sum of the feature sizes is nearly constant over the full dosage
range, hence all the fabricated patterns will exhibit strong field enhancement
near 15 pm; however, the 600 pC/cm? may provide the strongest absorption
enhancement due to the smaller gap size as a result of overdosing the wires.

The patterned cell size grows monotonically with the dosage and reaches
the designed cell size (diameter = 2280 nm) at a dosage of 500 pC/cm?; and
shows a trend towards overdosing at higher dosage values. The reference discs
show a less regular trend than the patterned arrays. Differences may be due
to: i) difficulties in measuring the disc size through the exact centre of the
circle as there is no clear reference, ii) less intricate patterning, which may
have led to a smaller effect of dosage on the overall structure, or iii) difficulties
with the sample alignment during the EBL process, which may have changed

the actual dosage delivered to each array.
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Figure 4.38: HIM micrographs of patterned MTM-lined discs for dosages (a)
450 1C/cm?; (b) 500 pC/cm?, (c) 550 pC/cm?, and (d) 600 pC/cm?. Repro-
duced from [180], CC BY 4.0.
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Figure 4.39: Geometric parameters of MTM-lined disc arrays fabricated by

EBL for electron beam dosages of 450-600 pC/cm?. Reproduced from [180],
CC BY 4.0.
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4.8.3 MIR MTS Characterization

The same FTIR microscope used above to characterize the wagon-wheel M'TS
was also used to characterize the MTM-lined disc MTSs patterned by EBL. A
consequence of working in the long-wavelength MIR domain is that the FTIR
microscope is limited to frequencies above 600 cm™! due to the loss in the re-
fractive optics. As a result, the full simulated spectrum cannot be observed in
the spectroscopic measurements. To better visualize the resonance, we have
fabricated a shifted, g = 80 nm/w = 80 nm set of patterned and reference
arrays. Additionally, since the eventual measurement of CO, necessitates sep-
arating the optical path from the sensing medium, we excite the MTS from the
backside of the substrate, as discussed in more detail in Ch. 5. To compare
such a measurement to simulation, the reflection off the top surface of the
substrate is artificially added to the simulation results. If we assume that the
coherence is low and all higher-order reflections off the MTS are captured by

the detector, the reflectance becomes a converging geometric series with sum

216):

T2 . R
R = RZnSe + ZnSe TMTS

, 42
1 — RznseRyrs (42)

where R is the reflectance seen in the measured spectrum, T7,s. and Rz,s.
are the normal-incidence reflectance at the air-ZnSe interface calculated by
simulation (or equivalently by the Fresnel equations), and Rys7s is the normal-
incidence reflectance off the ZnSe-MTS/ZnSe-air interface calculated by sim-
ulation. Assuming the ZnSe is lossless, Tz,sc = 1 — Rzns. and equation 4.2

becomes:

(1 — Rznse)?Rurs

R=R nSe T
ans 1 — RznseRurs

(4.3)

Reflection spectra for the reference solid disc arrays (labelled “ref”) are
shown in Fig. 4.40a, where the experimental spectra are coloured, and the
simulation spectra are shown in black. In the absence of a solid gold film to
use as a reflectance standard, the total reflectance of the bare ZnSe surface

was used as the background signal to remove environmental absorption. To
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recreate this standard from simulation data, the reflectance of the MTS can

be replaced by the reflectance of ZnSe in equation 4.3:

1— RZnSe>2RZnSe
1-— RzZnSe .

This normalization (eq. (4.4): Rznse = 0.17 — R = 0.28) leads to a

R = RZnSe+ (

(4.4)

maximum reflection of ~250% instead of the conventional 100%. The solid
curves are the (g, w) = 80/80 nm case, labelled “80”, while the dashed curves
are the (g, w) = 80/110 nm case, labelled “110”. Only arrays with a successful
liftoff procedure are included: 500 pC/cm? in blue, 550 pC/cm? in orange,
and 600 1C/cm? in green. The simulated and measured spectra match very
well over the plotted range, while the difference in reflection magnitude is
due to the dispersion of ZnSe at lower frequencies, the variety of incidence
angles present in the experiment, and experimental losses not modelled in
the simulation, such as scattering from rough surfaces. It is clear that only
resonances modelled in the simulation are present, and hence any enhancement
in reflection is due entirely to the addition of the MTM liner. Few differences
are seen when comparing the data for different dosages, which is expected
given the size of the discs varies by only 15 nm. The small variations in
amplitude are attributed to temperature differences in the cryogenically cooled
detector for each measurement. Moreover, the signal amplitude decays in the
refractive KBr optics and the sensitivity of the detector is reduced toward lower
frequencies (higher wavelengths), which reduces the SNR of the measurement
and the signal decays entirely beyond 500 cm~!. No enhanced absorption due
to CO, is seen.

Reflection spectra for the patterned MTS arrays, labelled “pat”, are shown
in Fig. 4.40b using the same conventions as before. Once again, the spectra
match well over the measured range, with the reflection amplitude signifi-
cantly increasing near 15 pm, as designed. Despite variations in the patterned
feature sizes, the reflection of the MTS arrays is nearly unchanging at res-
onance, showing that the MTM-lined disc array is insensitive to fabrication

discrepancies resulting from overdosage. The curves split towards higher fre-
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Figure 4.40: Relative reflection spectra of (a) the fabricated reference disc
arrays (coloured) and the simulated reference disc array (black), and (b) the
fabricated MTM-lined disc arrays (coloured) and the simulated MTM-lined
disc array (black) normalized to the total reflectance of the bare ZnSe sur-
face (eq. (4.4): R =~0.28). The dashed curves correspond to the (g,w) =
80/110 nm case, while the solid curves correspond to the (g,w) = 80/80 nm
case. The spectra have been normalized to remove source and environmental

effects. Reproduced from [180], CC BY 4.0.

quencies, which is attributed to the geometric variations observed under HIM.
The small differences in the spectra outside the resonant band can again be
attributed to thermal variations. Furthermore, in these measurements, the
predicted absorption at 15 pm is dominated by environmental CO, present in
the microscope optical path and not absorption enhanced by the MTS, hence
no clear absorption enhancement is seen in the normalized spectra. We will
show in the next chapter that absorption enhancement can be observed when

CO, is deliberately introduced to the MTS surface.

4.9 Summary

EBL and FIB are both mature technologies that have been compared countless
times in the past. In general, EBL is preferred in applications where its speed
and reliability are required. In our case, the entire EBL exposure of 18, 200 x
200 pm? patterns took only 96 minutes, whereas the HIM required the same
amount of time to pattern a 6 x 4.2 pm? area without added realignment time.
On the other hand, FIB is preferred in situations where EBL is impossible,
such as direct modification of a sample for TEM analysis.

In our designs, we made deliberate choices to eliminate one or the other as
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a potential fabrication candidate. Nevertheless, both processes required simi-
lar development steps to arrive at a sufficiently high fabrication quality. The
validation of the substrates for each process required repeated fabrication at-
tempts. In both cases, the particle beam dosage was crucial to reproducing the
designed features. Due to the HIM being a younger technology, significantly
more development time was dedicated to processes both inside and outside the
microscope, but the development of the EBL process also took several tries
before a usable device was created. With the results presented in this thesis,
we hope to shrink the gap in development time for future researchers as nm-
scale features continue to be explored in nanoplasmonic research. The HIM
process consists of significantly fewer steps, and a plasmonic MTS prototype
could reasonably be created within a single day, particularly if the epitaxial
films have already been fabricated. Although HIM may never be as fast or
as reliable as EBL, we have shown that HIM remains a viable solution when
extremely fine features are required, even over a large patterning area.
Overall, the patterns created by EBL performed much better than those
patterned by HIM. If the wagon-wheel MTS were refabricated on the free-
standing, single-crystal film, the shorting between the central wires and the
grain defects could be eliminated. We saw that the wagon-wheel design is less
sensitive to the wire thickness gradient than the two-wire design, and better
performance can be expected. More appropriate characterization tools that
better support the wavelengths and scales of interest would also be benefi-
cial. For example, a near-field probe would better characterize the variation
in electromagnetic responses between apertures, and the true ratio of shorted
to unshorted cells could be ascertained. Despite the poor fabrication condi-
tions, the geometric features two-wire-aperture MTS were fairly accurately
reproduced, with a variation on the order of only 2 nm. This variation is large
when the designed features are on the order of 10 nm, but we believe that
under ideal fabrication conditions, where tilt has been eliminated, the source
is fresh, and the system has been stabilized, overmilling of the nanowires can
be successfully mitigated. These conditions will be much easier to achieve

once the nanoFAB has moved the microscope to a quieter area away from
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the cleanroom, which is planned for this coming year. Redeposition must still
be addressed through the pattern design, but a tuned raster pattern using
FIB-o-mat is likely to be able to address this issue as well by patterning the

nanowires and nanogap last.
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Applications

Innumerable applications involving plasmonics may benefit from improving
the minimum reliable feature size from the 20 nm achievable with a Ga™ FIB
to the 10-nm feature size possible with the HIM. We chose three to be studied,
one for each MTM-lined resonator designed in Ch. 3 based on their character-
istic enhanced features. In this chapter, we suggest the implementation of a
subwavelength imaging MTS with wagon-wheel MTM-lined apertures in the
NIR domain, a phase-gradient beam steering MTS with two-wire MTM-lined
apertures in the visible domain, and a CO,-sensing SEIRA MTS using the
MIR MTM-lined disc. We verify the absorption enhancement of the MTM-
lined discs experimentally, and suggest how a functionalization layer could

significantly improve the M'TS’s performance.

5.1 NIR Imaging of Subwavelength Features

Observing subwavelength structures under an optical microscope is typically
challenging due to the Abbe diffraction limit, d = A\/2NA, where NA is the
numerical aperture, which limits the maximum achievable resolution [47]. In
biosensing and imaging applications, real-time observation of subwavelength
cells is important to their identification and characterisation. Electron-beam
microscopy can reach higher resolutions, but requires more expensive and
bulky equipment, conducting samples, and may damage fragile biological sam-
ples. Therefore, we aim here to bring subwavelength information about indi-

vidual MTM-lined apertures to the image plane of a microscope.
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The microwave implementation of the ENNZ-lined apertures was previ-
ously applied to imaging conducting features on a subwavelength scale [47].
A nonuniform array of 5 ENNZ-lined apertures was designed with different
inductors for each aperture, excited by a parallel-plate horn antenna and fed
with a coaxial cable. This allowed the resonance frequency of each adjacent
aperture to be shifted, such that the transmission spectrum showed peaks at 5
distinct frequencies, each one corresponding to a single aperture in space. Ob-
stacles could be detected in front of each aperture individually by examining
changes to the transmitted spectrum, at a resolution better than X /6.

Such an imaging device can be implemented in the NIR domain with the
combination of the thin liner and wagon-wheel structures [217]. The goal is to
use a sufficient number of different apertures, X, to bring the total period of the
array, X -p, above the diffraction limit. In this way, each pixel on a diffraction-
limited microscope image corresponds to a single supercell of the MTS. An
image can be collected by exciting the MTS at the resonance frequency of
a particular aperture inside the supercell, where contrast is created by the
amplitude of the reflected or transmitted signal. Each pixel on the image
therefore corresponds to a single aperture on a subwavelength scale. X images,
each taken at the resonance frequency of a different aperture in the supercell,
may then be combined to create a single image with subwavelength-resolution
in one dimension and grayscale amplitude contrast.

For example, take the 9 x 9 aperture array with period Ay/6 and sub-
wavelength distribution of reflecting obstacles shown in Fig. 5.1a. Each pixel
in a diffraction-limited microscope image will image approximately 9 aper-
tures, as shown by the white dividing lines, and hence X = 3. As a result, a
diffraction-limited reflection-mode image of the obstacles will be 3 x 3 pixels,
each quantized into 9 levels based on the number of apertures covered by ob-
stacles, as shown in Fig. 5.1b. To improve the resolution, each pixel is divided
into X = 3 columns and the apertures in each column are assigned a different
resonance frequency, denoted by the colours in Fig. 5.1c. An image taken at
one resonance frequency probes only the corresponding apertures, and hence

creates an image with 3 reflection levels for each pixel. Figs. 5.1c-5.1e show
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Figure 5.1: Subwavelength imaging mechanism example, where (a) a ran-
dom distribution of reflecting subwavelength obstacles (shown in white) is
imaged using an aperture array with a period of \y/6, and with a diffraction-
limited microscope in reflection mode. (b) the diffraction-limited image. The
subwavelength-resolution image is divided into three images, each excited at
the resonance frequency of a particular set of apertures, denoted by (c) red,
(d) green, and (e) blue. (f) the image with subwavelength resolution in the
horizontal direction.

the collected images for each resonance frequency, and Fig. 5.1f shows the con-
catenated grayscale image. All obstacles can now be better-localized in the
horizontal direction to a resolution of A\y/6. In reality, each resonant frequency
corresponds to a different wavelength, and the resolution must be referenced
to the shortest probing wavelength.

While it is simple to modify the resonance frequency of the ENNZ-lined
apertures in the microwave domain by changing their loading inductance, in
the optical domain, the resonance frequency is controlled by changing the liner
thickness or the aperture size. With a nominal period p = 300 nm, a minimum
resonance wavelength of ~1550 nm (d > 755 nm), and since the resonances

generally have a broader bandwidth in the NIR, we aim to design at least
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three individual resonances within the 100 THz to 400 THz band. Next,
individual unit cells were simulated to create a library from which to choose
the resonances. Aperture outer radius b was swept from 100 nm to 140 nm,
and inner radius a was swept from 10 nm to a = b — 20 nm. Finally, the total
MTS is pieced together from the required library cells. In the microwave case,
the unit cell library was able to create 5 individual resonances in the design
band, while overlapping each adjacent resonance with the antiresonance of the
previous one for minimal coupling. In the NIR domain, however, the resonant
bandwidth is much too large for such a scheme, and instead, the resonances
are overlapped at —3 dB.

The results of this study are summarized in Fig. 5.2. Aperture 1 measures
(b,a) = (120,10) nm and resonates at 193 THz, aperture 2 measures (b, a) =
(130,90) nm and resonates at 240 THz, and aperture 3 measures (b,a) =
(110,90) nm and resonates at 280 THz. Fig. 5.2b shows the response of each
of the above apertures in uniform, p = 300-nm arrays, and the —3 dB point
is plotted as a red dotted line to show the designed overlap location. When
combined in the way shown in Fig. 5.2a, the overall transmission response
(plotted in Fig. 5.2c) shows three distinct peaks, one corresponding to each
aperture, with a very minimal shift in frequency. This is expected due to
the low inter-aperture coupling, however, the transmission off-resonance is
much lower than the —3-dB overlap may have suggested. This is due to the
nonuniformity of the array: if each aperture is independent of its neighbours,
the more effective comparison would be to an array with its neighbours filled
in, i.e., a uniform array with p = (900,300) nm in the (z,y) directions. This
reduced fill factor would certainly decrease the resonant transmission, but also
reduce the resonant bandwidth. Overall, the resonances are much better-
separated in this scheme at the cost of resonant transmission. With a period
p of 300 nm and a maximum operating frequency of 280 THz (A\g = 1071 nm),
this array is capable of improving the resolution of a microscope to at least
Ao/3.6 in one dimension, but in practice, the strong confinement of the fields
to the nanogaps would improve the probing resolution further, particularly in

the case of the wagon-wheel.
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Figure 5.2: (a) Overall structure of the 3x 1 imaging array, (b) the transmission
of each of the three apertures individually, with —3 dB marked with a red
dotted line, and (c) the overall transmission response of the structure depicted
in (a). Adapted with permission from [217].
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The most straightforward implementation of the M'TS in an imaging system
would be as a substrate for a liquid sample in a conventional microscope. The
MTS could be excited by either a filtered lamp or a tunable laser, and images
would be collected near the resonance frequency of each aperture that capture
the subwavelength obstacles in their vicinity. The three images could then be
combined into a single image with improved lateral resolution in one axis with
excellent surface sensitivity.

Another implementation of this MTS in the optical domain would be at the
tip of a scanning near-field optical microscope (SNOM) probe. A campanile
probe configuration is most similar to the horn antenna used in the microwave
domain, though the role of the source and detector are switched: in the mi-
crowave domain, it is simple to make subwavelength sources, whereas in the
optical domain, laser sources are large and must harness the plasmonic effect
for subwavelength focusing [218]. Nevertheless, the benefits of the two struc-
tures are the same: increased sensing throughput through spectral multiplex-
ing. A campanile probe takes an optically-transparent dielectric and patterns
it into a square-pyramidal shape. Two facets are then coated in metal, cre-
ating a tapered waveguide to focus the source. The tip is typically fashioned
into a small gap, but we would instead fashion a 3 x 1 imaging array onto the
pyramid tip, significantly enhancing the scattering in three bands with very
little cross-talk. In turn, this would allow the scanning speed to be increased
dramatically. This implementation is not limited to comparable MTM-lined
apertures, and in fact, almost any SNOM probe normally patterned with a
FIB may benefit from the increased resolution of the HIM. Without the large-
area requirement, the HIM, along with the results of this thesis, would have
comparable patterning speed, better resolution, and less surface damage than

the conventional Ga’ FIB.

5.2 Phase-Gradient Visible MTS

In Ch. 3, we showed how adding asymmetry to the two-wire MTM-lined aper-
ture allows the scattered phase angle of the MTS to be designed. In this
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section, we develop this idea further by designing a nonuniform, 8 x 1 unit-cell
array that implements a phase gradient, scattering to an angle of 48.5°.
Refraction at an interface between two materials is generally governed by

Snell’s Law:

sin(6;)n; = sin(6;)n;, (5.1)

where 6;,n; are transmittance angle and the transmission medium refractive
index, and 6;,n; are the incident angle and the incident medium refractive
index. An MTS element along the interface can locally change the scattered
phase, leading to interference between the scattered field from the MTS ele-
ment and its neighbours. Like in the case of a Fresnel lens, this discretization of
the scattered phase at the interface between two media can be used to emulate
the effect of arbitrary dielectric inclusions. In the case of refraction, an MTS
is designed such that the scattered phase is a linear taper along the surface.

Refraction is then governed instead by the generalized Snell’s law [106]:

X d®
C 2mdx’

Therefore, the refraction angle is limited by the maximum phase gradient, and

sin(6;)n; — sin(6;)n; (5.2)

hence by the size of the unit cell used to discretize the phase gradient since a
smaller unit cell allows a steeper phase gradient to be produced. Moreover, the
phase gradient is a continuous function that must be discretized by individual
MTS cells, meaning smaller unit cells are useful over shallower phase gradients
to improve efficiency by reducing discretization errors.

Many approaches exist for designing a phase-gradient MTS. Since we have
previously characterized the MTS elements using reflection/transmission mag-
nitudes and phase, a design based on scattering parameters is appropriate.
Additional corrections normally required to address inter-cell coupling can be
omitted because the unit cells only interact weakly with their nearest neigh-
bours.

Under these assumptions, the design process is as follows: i) develop a

unit-cell library with a variety of scattered amplitudes and phases, ii) choose
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a number of unit cells with constant scattering amplitude and a linear phase
gradient that encompasses at least 180° at the design frequency, and iii) com-
bine the chosen unit cells into a nonuniform array, rotating a cell by 90° where
necessary to impart an additional 180° of geometric phase.

For our simple proof of concept, we choose design parameters that are
largely already met by the simulations presented in Ch. 3. In these simulations,
the 2-wire MTM-lined aperture was able to achieve a 180° phase range at
500 THz, and hence we choose this as the design frequency. To show the
benefit of miniaturization, we choose the number of unit cells to be 8, the
same as used in the paper by Yu et al. [106]. For a linear phase gradient, this
corresponds to the deflection of a normally incident, circularly polarized plane
wave to an angle of sin"*(\/p) = 48.5°, which is approximately the maximum
angle shown by Yu et al., yet we do not make use of the miniaturization
potential of a substrate. Since the majority of the scattering amplitude curves
in Fig. 3.22¢ cross at 1.15% and 500 THz, this is chosen as the target scattering
amplitude. In summary, we are looking for 5 unique unit-cells with scattered
amplitudes of 1.15% and phases 0°, 45°, 90°, 135°, and 180° at 500 THz, and
the phase angles —45°, —90°, and —135° will be created with a rotation.

5.2.1 Unit Cell Library

The unit cell library begins with an interpolation of the data shown previously
in Fig. 3.22d to find cells that scatter at phases of 45°, 90°, and 135°, which
can be done with 6 angles of 22.5°, 45°, and 62.5°, respectively. For the 0°
and 180° cases (f = 0°, 90°), the scattering amplitude at 500 THz is too
high, and an additional tuning parameter must be introduced. To reduce the
scattering amplitude while keeping the scattered phase the same, the gap at
the centre of the aperture can be displaced vertically by a small distance g,
as shown in Fig. 5.3a, to separate the symmetric and asymmetric resonances
in frequency. The effect of this displacement on the scattered amplitude and
phase is shown in Figs. 5.3b and 5.3c, respectively, for the § = 90° case.
Particularly at 500 THz, the phase varies very little with ¢, but as expected,

the symmetric and asymmetric resonances separate and depress the scattering
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Figure 5.3: (a) Geometry of the displaced gap simulation, where g now refers
to the distance by which the gap is displaced, (b) the scattered transmission
magnitude for various gap displacements g, and (c) the scattered transmission
phase for various gap displacements g.

amplitude to 1.15% when ¢ = 35 nm, nearly entirely removing the second
nanowire. A similar simulation was used to depress the scattering amplitude

of the 0° scattered phase case to 1% for ¢ = 20 nm and 6 = 0°.

5.2.2 Nonuniform Array

Next, we combine the chosen unit cells into a nonuniform MTS with a linear
phase taper across the array, as shown in Fig. 5.4a. The scattering ampli-
tude and phase across the spectrum are shown in Figs. 5.4b and 5.4c, where
the colours correspond to the labels above. The scattering amplitude curves
corresponding to the —135°, —90°, and —45° cases overlap exactly with those
corresponding to the 45°, 90°, and 135° cases since the only difference be-
tween the two is a geometric phase factor. With additional tuning, the 0°
case could be improved to overlap more closely with the scattering amplitude

of the other curves, but it was found that achieving a phase shift of 0° with
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Figure 5.4: (a) Layout of the non-uniform phase-gradient MTS, with the scat-
tered phase of each cell labeled above, (b) scattered transmission magnitude
for each individual unit cell, where the curve colours correspond to the labels
above, and (c¢) the scattered transmission phase for each individual unit cell,
where the curve colours correspond to the labels above. (a) adapted with per-
mission from [219].
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the proper scattering amplitude was challenging. If additional degrees of free-
dom are required, varying the aperture radius b over the array may be able to
achieve this goal more accurately.

Finally, the entire MTS is simulated to confirm the anomalous refraction.
The real part of the scattered electric field is shown in Fig. 5.5, where the
source is an LHCP, normally incident plane wave from the bottom of the
domain. The scattered field is calculated by casting the resulting fields onto
an RHCP basis for the top-half plane, and onto the LHCP basis for the bottom-
half plane, since the reflection swaps the handedness of the wave. The black
dashed lines are plotted at the designed 48.5°, showing that the scattered
field is plane-wave-like and travels in the expected direction. Performing a
Fourier transform of the fields on the output port (at the top of the plotted

region) allows the power fraction and scattering efficiency to be calculated.
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Figure 5.5: Real part of the RHCP scattered electric field of the phase-gradient
MTS for a normally-incident, LHCP plane wave, showing the clear scattering
to an angle of 48.5°, denoted by the dashed black lines. The inset shows the
simulation setup, where the purple arrow is the propagation direction of the
incident wave.

~2.38% of the incident power is scattered to the 48.5° direction on either side
of the MTS, which is 100x more than is scattered to any other direction. As
one might expect, this efficiency is comparable to that achieved in the first
demonstrations by gold nanoantennas. Moreover, the unit cell electrical size
is A/6 at 500 THz, which is comparable to some of the first demonstrations
of anomalous refraction with V-shaped nanoantennas, but we have achieved
this size without the wavelength-shortening effect of a substrate [220]. An
implementation of this MTS on an SNOM probe could allow phase contrast

to be used to enhance the collected image.
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5.3 Long-Wavelength MIR SEIRA of CO,

In Sec. 3.3, we designed MTM-lined disc MTS elements for maximum field en-
hancement at a wavelength of 15 nm to target the bending absorption band of
CO,. In Sec. 4.8, we fabricated the MTSs and verified its resonant frequency
experimentally. In this section, we load the MTS with CO, to demonstrate
SEIRA at the target wavelength. We design a custom glass gas cell for the ex-
periment with the MTS on the inside, and compare the experimental results to
simulation using an electromagnetic material model for pure CO, derived from
atmospheric absorption lines that models the effects of the FTIR microscope

on the measured results.

5.3.1 Experimental Setup

The experimental setup consisted of the custom glass gas cell loaded onto
the Nicolet Contingum FTIR microscope stage, connected to gas cylinders
and a venting valve via 1/4” plastic tubing. A schematic of the gas cell with
illumination is shown in Fig. 5.6, and the inset shows a cartoon of the MTS
exciting nearby CO, molecules (not to scale). The ZnSe window was epoxied
to the glass cell. The microscope was focused onto the bottom surface of the
yellow ZnSe substrate, where the MTS is patterned. 100% CO, or 100% N,
gas was fed in from one side, and the pressure was measured with the regulator
attached to the gas cell inlet. The output was vented outside the lab through
a 1/4” plastic tube. The measurement was prepared by opening the N, valve
and the venting valve for 2 minutes to purge the gas cell of air. The valves were
then closed, the cell was left for 2 minutes to stabilize, and a measurement
was taken. The same procedure was used to take measurements with CO,.
The 10-PSI (170 kPa relative to vacuum) CO, measurement was taken with
both the CO, and the venting valves open. Without mass flow controllers,
this setup did not allow precise control over gas mixing or gas pressure and
was chosen as a simple, cheap, but effective means to load the MTS with a

known quantity of CO,.
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Figure 5.6: Schematic of the fabricated gas cell, with inset showing a cartoon of
the excitation of CO, by the MTS (not to scale). The microscope illumination
is shown in blue, the ZnSe substrate is shown in yellow with the M'TS patterned
on the inside surface, and the glass gas cell is clear with two gas inlets. Adapted
from [180], CC BY 4.0.

5.3.2 Modelling CO,

The CO, model was derived based on data from the HITRAN database [221].
The HITRAN database is a high-resolution compilation of molecular absorp-
tion properties for a wide variety of materials. The absorption spectrum was
calculated for a temperature of 300K, 26 PSI (280 kPa relative to vacuum),
100% CO,, molar fraction, a thickness of 100 cm, and frequencies from 580760
cm ™! at a resolution of 0.01 cm™! [222]. The absorbance was then extracted
using Beer’s law [ = [je™**, where [ is the output irradiance after travelling
through the material layer, I is the input irradiance, « is the absorbance, and
z is the thickness of the material layer. Next, the absorbance was related to
the extinction coefficient k1 using the well-known equation o = 2wk, /¢, where
w is the radial frequency and ¢ = 3 x 10® is the speed of light [216].

Since the complex refractive index is a causal, time-invariant spectrum,
the real part of the refractive index was derived from the extinction coefficient

using the Kramers-Kronig relations [223]:

ni(w) —1= gP /OO de', (5.3)

T w?—w
where P denotes the Cauchy principal value integral.
With the full complex refractive index, plotted in Fig. 5.7, the instrument
165


http://creativecommons.org/licenses/by/4.0/

Chapter 5. Applications

0.020

0.015 1 n=1
0.010 -

0.005

Refractive index

0.000 A —

—0.005 -

T T T T
750 700 650 600

Wavenumber (cm™!)

Figure 5.7: High-resolution complex refractive index model for CO,. Repro-
duced from [180], CC BY 4.0.

response was modelled next. The instrument response reduces the sample reso-
lution of the modelled spectrum and convolves the spectrum with an apodiza-
tion function to suppress the sidelobes of resonant peaks. The apodization

function used was the Happ-Genzel function [224]:

A(z) = 0.54 + 0.46 cos 7;(—x (5.4)

The FTIR measurement resolution is a function of the maximum path
difference inside the interferometer. To model the smaller path difference (and
hence lower resolution), the real and imaginary parts of the complex refractive
index spectrum were individually inverse Fourier cosine-transformed to the
spatial domain, truncated at the same path distance of 0.25 cm that was used
in measurement, multiplied by the Happ-Genzel apodization function, then

Fourier cosine transformed back to the frequency domain:

Ko = ]—"(A(w)]—"_l(m)), (5.5)
ny = F(A(z)F (ny)). (5.6)

The resampled and apodized complex refractive index is plotted in Fig. 5.8

and was directly imported into COMSOL as an interpolated function.
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Figure 5.8: Resampled and apodized complex refractive index model for CO,.
Reproduced from [180], CC BY 4.0.

5.3.3 CO, Sensing Experiment

Creating a gas sensor from a SEIRA-enabled surface proves difficult as CO,
does not adsorb (stick) well to gold surfaces, the molecular density of gases is
low compared to liquid and solid analytes, and ambient CO, must be removed
from the optical path. Low adsorption may be ideal for a real-time sensor
to reduce the time between measured adsorption events, but will inevitably
reduce the sensor sensitivity [225]. Functionalization of the gold surface, where
a linking molecule is added to chemisorb the target molecule to the gold, is
often the preferred solution for increasing the density of excited molecules [98],
[226], [227]; however, such sensors may be single-use or require regeneration
cycles. Additionally, the incorporation of high-surface-area materials such as
metal-organic framework nanocomposites has been suggested to increase CO,
adsorption [27], [228]. Nevertheless, functionalization may be important in the
future to improve the sensitivity of the MTM-lined disc MTS to a variety of
materials.

Here, we aim to validate the absorption enhancement of physisorbed CO,
by the MTM-lined disc MTS, and hence develop a repeatable method of mea-
suring the absorption enhancement for high concentrations of CO,. A sealed
glass gas cell is designed to support positive pressure and the MTS was fabri-
cated on the inside surface of the gas cell window to improve the adsorption

of CO,. The cell was loaded with either 100% N, or 100% CO, (the gases
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were not mixed) under variable pressure conditions to increase the adsorption
of CO, on the MTS. A far-field, microscope-focused reflection measurement is
used and the MTS is excited from the substrate side (see Methods for more de-
tails). The relative reflection results of this experiment are plotted in Fig. 5.9a.

The pressure of both cylinders feeding the gas cell was set to 26 PSI with
the exhaust valve closed, and a back-pressure of 10 PSI was measured with
the exhaust valve open. For the background case, the gas cell was evacuated
of CO, with a continuous flow of N,. Any absorption in the baseline is due to
incomplete purging of the microscope optical path and its effect is removed by
the difference operation. In the solid curves, the reflection is measured under
a continuous flow of CO, and an approximate pressure of 10 PSI, measured at
the gas cell inlet. Under these conditions, the measured reflection is decreased
for the MTS cases (orange and red), while the reflection increases for the
bare ZnSe case (in blue), meaning the nanoscale nearfields of the MTSs can
induce significant absorption by the surrounding CO,. When the pressure is
increased by a factor of 1.64 to 26 PSI, the differential reflectance improves
to —2.5% for the 600 pC/cm? case. The 600 nC/cm? case shows the most
absorption enhancement due to the smaller gap widths observed in Fig. 4.38d
increasing the overall field enhancement at resonance. Despite wider gaps, the
500 1C/cm? case shows a small absorption enhancement that increases with
increasing pressure. Unfortunately, the 550 pC/cm? MTS was destroyed while
creating the gas cell.

A representative simulation of the experimental results is shown in Fig. 5.9b,
where the dashed curves are the experimental data and the solid curves are
the simulation data. CO, is introduced using the model derived in Sec. 5.3.2.
This resampling method effectively models what occurs in the FTIR, where
the ultimate resolution is decided by the length of the interferogram.

A comparison of the simulation to the experimental data suggests an agree-
ment in the trends when the CO, model is applied, particularly at the reso-
nance. A detailed analysis (see Appendix F) of the signal-to-noise ratio shows
that the main observed resonance features are significant. For the bare ZnSe

1

case (in blue), the small rise in reflection at 670 cm™" is seen due to an index
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Figure 5.9: (a) Differential MTS reflection data when the gas cell is filled with
different pressures of CO, (10 PSI solid, 26 PSI dotted), relative to the case
with N, filling. Bare ZnSe is plotted in blue, the case of 600 pC/cm? in orange,
and 500 pC/cm? in red. (b) Differential reflection data for the 26 PSI case
(dotted) plotted against the differential reflection data for a representative
simulation with a CO, model (solid). (c) Simulated differential reflectance
for a 100-nm functionalization layer of CO, at 26 PSI, bare ZnSe vs. MTS
vs. reference disc array. (d) Calculated field intensity enhancement factor,
F;, and absorption enhancement factor, F4, for the two fabricated cases and
various functionalization layer thicknesses. The green dots reproduce the data
in Fig. 3.25, and Inf. represents a full half-space of CO,, as in the experiment.
Reproduced from [180], CC BY 4.0.
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mismatch at resonance with the addition of the CO, model, while the drop in
reflection is due to both absorption and increased transmission. With the pres-
ence of the MTS, the resonant evanescent fields are confined very near to the
MTS surface and hence absorption is strongly enhanced, both at 667 cm™!
and along the band wings. Interestingly, the left band wing is enhanced in
simulation, whereas the right band wing is enhanced in the experiment. This
is due to the fabrication tolerances marginally shifting the resonance loca-
tion. In simulation, the contrast enhancement ratio (i.e., ARyrs/ARzpse at
667 cm™1!) is 9.34, much less than the 24.5 that was predicted from the inten-
sity enhancement in Fig. 3.25. If the top-surface reflection is not added, the

contrast enhancement ratio decreases further to 6.26.

5.3.4 Functionalization Layer

To improve the observed contrast enhancement ratio, we consider numerically
the case of a thin physical adsorption layer. As discussed above, a function-
alization layer that can increase the concentration of CO, near the surface of
the sample may increase the sensitivity. To model the functionalization layer,
the CO, material model is removed from all but the top 100 nm of the sample
and replaced with air. In this case, the MTS will continue to strongly enhance
the absorption near the surface and contributions to absorption from outside
the surface will be suppressed. Conversely, the unenhanced fields near the
bare ZnSe will absorb weakly in the thin CO, region, and penetrate far into
the lossless air region where they were previously increasing absorption and
decreasing the contrast enhancement ratio. As a result, the measurement vol-
ume with the MTS could be significantly decreased and the contrast between
the MTS and the bare ZnSe surface significantly increased.

The results of this study are shown in Fig. 5.9¢, without adding in the
top-surface reflection. For the bare ZnSe surface (in blue), a small reflection
differential of —0.11% is seen. For the MTS case (in orange), the strong field
enhancement within the top 100 nm of the sample continues to enhance the
absorption by the CO,, and a —3.11% dip in reflection is seen at the absorption

resonance for a contrast enhancement ratio of 29.2. The case of reference discs
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is also shown (in green), where there is very little enhancement wihtout the
MTM liner. With the top-surface reflection, the contrast enhancement ratio
increases to 33.1, however, the reflection dip decreases to —1.5%. The absorp-
tion enhancement factor, Iy, which is equal to F; when chemical changes are

ignored, is:

1= 7 , )
|E0|2 MTS |EZnSe|2
where Eyrs/znse is the total electric ﬁeld, Ejy is the incident electric field, and
Q©:2 is the power absorbed in the carbon dioxide region V. Q%©2 is calculated

from total fields:

Q— R(jwD - E*). (5.8)

The absorption enhancement factor, Fy, is plotted in Fig. 5.9d at 15 pm
for varying functionalization layer thicknesses and the two fabricated MTS
designs. For a 50-nm thick functionalization layer, the results of Fig. 3.25 are
nearly reproduced (a small variation is present due to the differences between
CO, and air). F4 decreases for increasing functionalization film thicknesses
until the full transmitted wave is absorbed. The simulations show that in
a practical environment, the MTS performs better than F4 suggests as it is
AR]CWOTQS and ARES;e that are being compared (which is largely a result of the
difference between Qfﬁ?s and Q%S;e). Reflections off the bare ZnSe surface
reduce |Ez,s.|*> below 1 near the surface, suppressing Qg%e. Additionally,
more energy is stored within the MTS metal regions due to the small index
mismatch between the carbon dioxide and air, and hence increased Qu/rs
further amplifies the differential reflection amplitude. Due to the 100% CO,
concentration used, a meaningful calculation of sensitivity cannot be made.

An additional improvement to the MTS sensor would be to make use of
the high permittivity of the ZnSe substrate for attenuated total reflectance
spectroscopy, exciting the MTS at a grazing angle under total internal reflec-
tion conditions and removing the reflection off the top of the substrate [132].

A quantum-cascade laser applied directly to the ZnSe surface would remove
171



Chapter 5. Applications

interference from atmospheric CO, while significantly improving the signal-
to-noise ratio, and air may then be applied to the open surface of the MTS
and absorption enhancement may be inferred from the reflected signal. This
method allows a stronger excitation of the MTS and is more amenable to in-
tegration into other systems. Additionally, if the ZnSe layer is made thin, the
beam can be made to excite the MTS several times before proceeding to the
detector to increase the interaction length and hence the sensitivity of the de-
vice. Finally, the experiment could be improved by using mass flow controllers
to regulate the gas concentrations inside the cell. Increasing the FTIR scan
resolution to clearly distinguish the strong absorption peak at 15 pm would

significantly enhance the minimum amount of CO,, detected.

5.4 Summary

We have proposed implementations of MTM-lined resonator MTSs for applica-
tions in superresolution imaging, beam steering, and long-wavelength SEIRA
of CO,. Simulations show that label-free superresolution of \y/3.6 or better
can be achieved in the NIR by multiplexing spatial information to the fre-
quency domain using a nonuniform array of subwavelength MTM-lined aper-
tures with closely-spaced resonant frequencies. With a sufficient number of
cells to bring the array periodicity above the diffraction limit, scattering from
a subwavelength aperture can be distinguished from those around it in a mi-
croscope image. Such label-free MTSs may be useful as reusable sensors for
imaging biological samples to identify cells and proteins, and can be easily
integrated into a conventional microscope.

With the two-wire MTM-lined aperture, we designed a phase-gradient M'T'S
that scatters a circularly-polarized incident wave to an angle of 48.5° with a
polarization conversion and an efficiency of 2.38% in simulation. The phase
gradient was achieved by breaking the symmetry of the unit cell and by moving
the location of the gap between the wires. Conventional V-shaped nanoanten-
nas perform similarly to our designed MTS in terms of deflection angle and

scattering efficiency, however, they require a substrate to achieve the same
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degree of miniaturization. This makes them unsuitable for microfluidic ap-
plications where a fluid could be sensed by passing it through the apertures.
Otherwise, a substrate could be added to the MTM-lined apertures to increase
the deflection angle further. Moreover, the resonance in the visible range could
allow sensor data to be observed qualitatively, simplifying the equipment re-
quired for measurement.

Finally, we demonstrated SEIRA of CO, at a wavelength of 15 pm using a
field-enhancing MTM-lined disc MTS. We created a custom glass gas cell for
the experiment and derived a representative electromagnetic model for CO,.
The experimental results matched well with simulations, where an enhance-
ment ratio of 9.34 was observed. We showed that the majority of the enhanced
absorption occurs within 100 nm of the MTS surface, and hence the sampling
volume could be significantly reduced without loss of signal. Although our
measurements show very little sensitivity, our results are a significant step to-
ward miniaturized, real-time gas sensors in the long-wavelength MIR regime.

Simple modifications to our experiment could significantly improve the results.
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Conclusion

6.1 Summary

In this thesis, we suggest that the fabrication of gold plasmonic MTSs em-
ploying features as small as 10 nm with long-range order should be possible
by HIM milling. Our results showed for the first time that even in a noisy
practical environment, feature sizes on the order of 10 + 1 nm can be reliably
achieved over wide areas and with high aspect ratios. Although we have shown
two specific designs, this work significantly lowers the barrier to the future de-
velopment of other plasmonic MTS structures with fine features, bringing the
total process development times from raw materials to working prototypes
significantly closer to those of EBL.

Using concepts related to plasmonics, we have shown that MTM-lined aper-
tures and discs can be scaled from the microwave domain to the optical domain
by making use of fine nanopatterned features, where they exhibit improved
miniaturization and field enhancement performance. Three designs were pro-
posed and investigated: (1) a wagon-wheel aperture for operation in the NIR,
(2) a polarization-sensitive two-wire aperture for operation in the visible, and
(3) a larger MTM-lined disc for operation in the MIR.

The wagon-wheel design exemplifies the fine features, high aspect ratio,
complex geometry, and long-range order that can only be achieved with the
HIM. For the design, lumped magnetic inductors were replaced with plasmonic
kinetic inductors, and the ENNZ-lined aperture theory was extended to de-
scribe the resonances of the new aperture design. To describe the full scatter-
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ing spectrum, we derived an equivalent circuit model using general principles
that apply to any number of nanoplasmonic resonators. Our results show that
MTM liners can be intuitively applied in the optical regime to miniaturize
plasmonic nanoapertures and to tune their resonance properties. Using this
structure, we studied how the ion beam parameters of the HIM can be tuned
to improve patterning reliability, and analyzed the results in simulation to find
the most impactful parameters on the MTS performance. The most impor-
tant problems were those that led to the undermilling of the fine nanogaps
at the centre of the aperture, namely grain defects, redeposition, and poor
substrate contrast. Many nanoplasmonic sensors and imaging devices could
be improved using the MTM-lined aperture MTS’s enhanced miniaturization
and local field intensities. We suggested a super-resolution imaging MTS that
is simple to integrate into a conventional microscope and achieves a resolution
of at least \y/3.6 in simulation. Moreover, we suggest how this MTS could be
implemented on a near-field probe to increase the scanning throughput by a
factor of three without loss in resolution.

The two-wire design aimed to maximize miniaturization through the use
of fine, 10-nm features, and to shift the aperture resonance frequency into the
visible regime. Using the same approach as for the wagon-wheel design, we
derived an equivalent-circuit model for the two-wire aperture. An analogy to
conventional plasmonic bowtie apertures and plasmonic V-shaped nanoanten-
nas showed that the two-wire MTM-lined aperture increases miniaturization
without sacrificing field enhancement in the gap region. Moreover, adding
asymmetries between the nanowires allows the scattered phase to be con-
trolled. We successfully addressed the difficulties identified in fabricating the
wagon-wheel structure by depositing epitaxial gold films on LiF and removing
the supporting substrate. Using these films, several prototype two-wire MTM-
lined aperture MTSs were fabricated and we showed experimentally that they
respond differently to orthogonal polarizations, with an excellent match to
comparable simulations. We harnessed the miniaturization and phase control
of the asymmetric two-wire MTM-lined apertures to demonstrate in simula-

tion a phase-gradient MTS that refracts a normal-incidence plane wave to an
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angle of 48.5° with an efficiency above 2%. Due to the enhanced miniatur-
ization imparted by 10-nm features, the phase-gradient MTS achieved a wide
redirection angle without a substrate, making it easier to pattern with the
HIM.

To target the application of MIR SEIRA, the MIR MTM-lined disc MTS
was designed for maximum average field enhancement F; using a larger, 100-
nm feature size achievable using EBL nanofabrication. We established that
miniaturization and field enhancement can be achieved even in the under-
served long-wavelength MIR regime. Using a combination of plasmonic and
microwave equivalent-medium approaches that merged plasmonic nanowires
and meandered capacitive gaps, we demonstrated an average field intensity
enhancement of nearly 5x over a conventional nanodipole array. The devel-
opment of the EBL fabrication process was generally much simpler than the
HIM process, though a number of different processing steps were required and
the fabricated M'TSs were much larger. The fabricated MTSs were character-
ized by FTIR and found to match simulations very well. We designed and
integrated a gas cell into the FTIR microscope, and experimentally demon-
strated SEIRA of CO, at its 15-pm bending vibration resonance. Although
the demonstrated sensitivity was low, we suggested how an experiment in-
cluding an appropriate functionalization layer could significantly improve the
observed absorption enhancement and numerically validated our results. This
study represents an important step toward real-time, miniaturized gas sensors,
and a first demonstration of significant field enhancement for the extension of
SEIRA techniques to characterize molecules in the fingerprinting region using

long-wavelength MIR.

6.2 Outlook

6.2.1 Short-Term

Although the results presented in this thesis show promise, some studies have
shown better patterning resolution of nanogaps on a small scale than we have,

and we do not achieve the theoretical maximum resolution predicted in Ch. 2.

176



Chapter 6. Conclusion

Immediate extensions of this work should look to improve the minimum pat-
terned feature size and study the HIM operation under a wider range of pro-
cessing conditions that may be necessary for future arbitrary plasmonic ele-
ment nanofabrication. For the MIR MTS, a more viable proof of concept is

desired. Some potential studies include:

1. The measurement of the fabricated wagon-wheel MTS by SNOM. This
method would allow a more detailed understanding of the fabrication
defects present in each aperture, and their effect on the overall aperture
performance. Moreover, the strong field enhancement at the nanowire

tips could be confirmed experimentally.

2. Moving the HIM to a quieter environment will significantly improve not
only the reliability but also the minimum achievable feature size. 10
nanometres is extremely small, and any disturbance can significantly
deteriorate the patterning result. Part of the difficulty in achieving the
results we obtained was having to cut patterning sessions short due to
vibrations of heavy equipment and general fab activity levels. Once the

HIM has been moved, the improvement in noise should be evaluated.

3. Implementation of the FIB-o-mat toolbox on our HIM [40]. This could
improve the maximum resolution of our patterning and the achieved as-
pect ratio. Larger aspect ratios could be used to extend the applications
of arbitrarily-shaped MTS elements by allowing the possibility of creat-
ing longitudinal resonances in the apertures to emulate magnetic dipoles

at normal incidence.

4. Electrochemical methods of creating epitaxial gold flakes have proven to
be both flexible and reliable [209]. Patterning such gold flakes deposited
on TEM grids or a suitable flat substrate may improve the focus drift

seen when patterning the samples presented in this thesis.

5. The wagon-wheel structure could be refabricated with an epitaxial film

and characterized. The lower operating frequency alleviates some of
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the concerns with the melting of the structure, however, the additional
milling required when fabricating may also deliver sufficient heat to melt
the sample. Proper design of the raster pattern with FIB-o-mat could
likely be used to alleviate this effect.

6. The loop resonance identified in the spectrum of the wagon-wheel aper-
ture is Ch. 3 can produce a magnetic dipolar response at off-normal
incidence angles. A more detailed study of this resonance, and its cou-
pling to the dominant electric-dipolar nanowires, could be rich ground

for demonstrating a wider variety of MTS properties.

7. CO, sensitivity could be improved by cryogenically cooling the sample
to promote adsorption, or using a high-surface-area adsorbent such as
a metal-organic framework. Xylenes are liquid, and hence would sup-
port a much higher surface density than a gas, and could demonstrate
significantly enhanced absorption. Finally, a chemically-active function-
alization layer is the standard choice for SEIRA, but these layers shift the
molecular resonance wavelengths. We have shown that the MTM-lined
disc MTS is scalable, making it simple to redesign for the wavelength

range required.

8. The subwavelength imaging array and the phase-gradient MTSs pre-

sented in Ch. 5 could be fabricated and characterized.

6.2.2 Long-Term

Longer-term development should look to extend the capabilities presented here

to new domains not targeted by this work. Such studies might include:

1. Adding additional deposition steps after patterning. This could be used
to deposit two-dimensional or other nonlinear materials and study their
properties with the strong near-field enhancement offered by the MTM-
lined aperture designs or to create reconfigurable MTSs. Potential appli-
cations include all-optical switches, magnetic memory devices, and en-

hanced photon-mixing devices. Patterning a second metallic layer could
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also be used to add a wider variety of resonant features to the MTS

spectrum, such as longitudinal magnetic dipolar resonances.

2. A number of other material platforms could benefit from the high-resolution
patterning of the HIM. Even in cases where directional etchants are avail-
able, it may not always be possible to create a mask with sufficiently high

precision using any method other than HIM.

3. Scaling the HIM is a big challenge. Moreover, gold is not compatible
with conventional complementary metal-oxide-semiconductor processes.
Despite the very slow throughput, the HIM is ideal for extremely spe-
cialized, low-volume fabrication and prototyping. Some approaches to

increasing the throughput include:

Using HIM just as a finishing tool. The wagon-wheel aperture could
be made by (1) depositing some kind of conductive disc, e.g., silver or
aluminum (though it must be a material that won’t inter-diffuse with
the intended aperture metal), (2) using the HIM to mill just the areas
required for nanowires, (3) use some kind of conformal deposition process
such as atomic layer deposition to deposit the required gold layer over
the entire surface, (4) (potentially optional) etch away the excess gold
over the aperture area, (5) chemically etch away the filling material. This
may increase the overall process time but also reduce the time using the
HIM, which reduces drift and redeposition (and the redeposited metal
will be etched anyhow) and may decrease the overall fabrication time for

larger surfaces than the ones studied here.

Masking the target surface and defocusing the Het beam. Conventional
plasma etching systems are unable to create features as small as the
HIM due to significantly larger energy spread, even with light ions. If
the surface of the sample were masked at a sufficiently high resolution,
a defocused ion beam with maximized current providing a collimated
illumination of the sample may be able to pattern a wider area of the

sample at once.
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4.

Patterning at an angle and using depth profiles could be used to create
chiral MTS elements at a very high resolution. Such MTSs could be used
to probe the chirality of molecules with unprecedented sensitivity or for

polarization conversion.
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Below, I list the publications I authored or contributed to over the course of

this work.
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Appendix A

Simulation Procedure

Below are the general procedures used throughout this thesis to simulate pe-
riodic MTSs throughout this project. Often, the results presented have been
confirmed through simulations in both COMSOL and Ansys Lumerical FDTD,

which each have particular advantages and disadvantages.

A.1 COMSOL Multiphysics

The general procedure used to simulate MTSs in COMSOL is as follows:

1. Two boxes are drawn with width and height equal to the MTS period p,
and depth approximately A/4.

2. A 2D working plane is added, and the MTS layout is drawn on the

working plane.

3. The working plane is extruded by the film thickness t; (or ¢, depending

on the case).

4. Two additional boxes are added to each end of the simulation with cu-
bic shape and side length p. These boxes will be assigned to perfectly
matched layers and were required to make COMSOL automatically as-

sign periodic meshing operations.

5. Material models are applied, usually air to the top A/4 box, gold to
the extruded layer (and air filling the apertures), and some substrate

material to the bottom A/4 box.
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6. The RF module is used for the physics interface.

7. Boundary conditions are applied. These include the definition of two
perfectly matched layers, assigned to the end cubic domains. The trans-
verse outer boundaries are assigned Floquet periodic boundaries, and
the longitudinal boundaries between the perfectly matched layer and

the air/substrate are assigned domain-backed periodic port conditions.

8. The finer or extra-fine physics-based meshing is normally used, though

some manual adjustments are made to increase convergence.

9. The frequency-domain study feature is used, along with several paramet-

ric sweep features to study changes in geometry and material parameters.

A.2 Limitations of COMSOL

COMSOL is a very powerful simulation software and has very few drawbacks.
3D modelling of the desired structure is very simple and easy to troubleshoot as
the modelling steps can be built sequentially. Material models can be defined
in any number of ways, and COMSOL will automatically infer the required
expression. Additionally, COMSOL’s built-in analysis tools are very robust
and cover the large majority of use cases with simple, pre-defined expressions.

Some of the points above have drawbacks, however. It is very difficult to
evaluate expressions not covered by COMSOL’s built-in analysis functions,
requiring slicing of the data, recomputation of the model, and a good under-
standing of the model object structure. The generation of material models is
confusing and mismatches in the input values often lead to errors. Moreover,
the material database lacks electromagnetic properties for many common ma-
terials. Additionally, the finite element method requires a significant amount
of memory for finely-meshed simulations, which requires simulating on high-
power computers. Finally, since each frequency point is solved individually,

acquiring a high-resolution spectrum often takes a significant amount of time.
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A.3 Ansys Lumerical FDTD

In Lumerical, the user interface only offers a fraction of the options available.
A fully-featured scripting language is offered as an alternative, more powerful
approach to designing and running simulations. The scripting language in-
terfaces with both Python and MATLAB for data analysis and visualization.
For this thesis, the Python interface was used. A script generally does the

following:

1. All the simulation parameters are loaded into a dictionary.

2. If a parametric sweep is to be run, one simulation file is created for each

parameter.

3. Three boxes representing the substrate, the film, and, if necessary, an
input material, are created. Their transverse size is larger than p since

the simulation domain will define the true edges.

4. The film is “patterned” by adding an aperture, then nanowires. The
nanowires are rounded by using a polygon shape and calculating the
required vertices in Python. Their mesh order must also be overridden

to ensure they appear above the etched aperture.

5. An image of the simulation setup is saved, which only works when the

user interface is open. If it is hidden, a black image will be saved instead.

6. An FDTD simulation object is added. Transverse boundaries are made
periodic and symmetric (when possible), and the longitudinal boundaries

are made to be perfectly matched layers.
7. A mesh override is added to ensure sufficient resolution at the nanogaps.

8. A “grating_s_params” object is added, which includes a source and mon-

itors.

9. A field profile monitor is added at the aperture plane to monitor the

resonant aperture fields.
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10. An index monitor is added at the aperture plane to create a dataset that

can be used to plot the contours of the geometry.

A.4 Limitations of Lumerical

The main advantage of Lumerical FDTD is that it can solve all frequencies of a
spectrum simultaneously as it is a time-domain technique. Moreover, for MTS
applications, often a single reflection is enough to characterize the device and
the solution converges quickly once the majority of the power has left the sim-
ulation domain. Additionally, the robust scripting functions make automating
simulations and custom analysis much simpler. The material model library
is fairly complete and includes the most popular experimentally-determined
material properties.

As far as drawbacks, FDTD isn’t any better than finite element at calcu-
lating large field enhancement [229]. The hexahedral meshing makes changes
of scale impossible, and when defining a fine mesh, the mesh size must be
propagated throughout the entire simulation domain, which can dramatically
increase simulation time. The user interface for Lumerical is also notoriously
poor, particularly for 3D modelling. The lack of boolean operations for 3D
modelling can make certain layouts particularly difficult to produce. Since the
material properties are defined in the frequency domain, a time-domain equiv-
alent fit must be generated, but somehow the generation of this model can
(seemingly randomly) change. This can cause significant issues when compar-
ing data, particularly when the simulation bandwidth is changed. This issue
can often be avoided by manually setting all the material fitting parameters,
but since the fitting parameters are not saved in the simulation file, some sim-
ulations cannot be reproduced. Finally, the continuous-wave normalization
used by the software prevents coincident sources from having their power cor-
rectly calculated. There are probably no practical situations where coincident
sources are required. When attempting to excite nonlinearities, it is preferable

to keep the probe and pump beams at different incidence angles.
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Wagon-Wheel MTS Equivalent
Circuit

B.1 Intuitive Equivalent Circuit Model Con-
struction

Here, we derive an intuitive circuit model to describe the wagon-wheel MTM-
lined MTS’s scattering spectrum. A normal-incidence plane wave on a periodic
array can be modelled as a square parallel-plate waveguide, and the MTS
acts as a waveguide discontinuity with impedance Z; loading the waveguide
in parallel. The reflectance and transmittance of the MTM-lined aperture
surface, when loaded into a parallel-plate waveguide with (Z,5) = (Zy, 5o),

where (Zy, fy) are the free-space impedance and propagation constant, are

thus:
—Z, 2
R=1|9?=|—_ B.1
°Z, |?
T=1Sq]?=|—T—1 . B.2
Sl = |57 (B.2)

We begin our construction of the equivalent circuit model for the wagon-
wheel MTM-lined aperture by dividing the aperture into a quarter by sym-
metry, taking the top-right corner for analysis. As shown in Fig. 3.11a, this
reduces the aperture to two wires: one vertical and one at a 45° angle. We then
inspect the current distribution across the aperture at resonance (193 THz),

finding a resonant monopolar (quarter-wavelength) current distribution across
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Figure B.1: (a) Circuit model representing a resonant monopole and a resonant
loop, and (b) the spectrum produced by the circuit model with circuit elements
derived from rough approximations. Two reflective resonances are observed.

the vertical nanowire, and a similar but weaker current distribution as a loop
from the centre of the aperture, across the oblique nanowire, and down the
outside of the aperture. Inspecting the current near the notch in the spectrum
(150 THz), the currents in the loop are stronger than those in the vertical
nanowire, making the source of the notch clear. We also remove the sub-
strate for ease of analysis, though it could be included through an effective
permittivity in the capacitive impedances derived below.

The first step is thus to construct a circuit model that represents two par-
allel resonators as shown in Fig. B.1a, where one represents the monopole and
the other the loop. The monopole is modelled as a series RLC resonator to
produce a short-circuit at resonance, where we consider the feed to be the top
symmetry plane. The resistance is the ohmic resistance of the nanowire, and
the inductance is the kinetic inductance of the nanowire with total impedance
27, due to symmetry. The capacitance represents some combination of the
capacitive gaps at the centre of the aperture, denoted 2Z¢. The loop is mod-
elled the same way, with the additional series impedance from the path along
the edge of the aperture with impedance Zp, and a potentially different capac-
itance Zogn. Connecting this model directly in parallel with the monopole is
unlikely to correctly model the full spectrum, but we will correct this layout
in a future step once the model is more complete.

Using rough representative circuit element values, the transmission /reflection
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Figure B.2: (a) Circuit model after adding a parallel nonresonant aperture
impedance Z,, and (b) the spectrum produced by the circuit model with circuit
elements derived from rough approximations. Two asymmetric, Fano-shaped
transmissive resonances are observed.

of the first model are shown in Fig. B.1b. The resonances are within the correct
frequency range but cause increased reflection instead of increased transmis-
sion. This is due to the resonators having high impedance outside of resonance,
and low impedance at resonance. To change the default behaviour to reflection,
a parallel low-impedance element must be added. To decide this impedance
we appeal to Fano theory for asymmetric resonances, which states that the
coupling between a discrete state (resonance) and a continuum leads to an
asymmetric resonance of the type observed in the MTM-lined aperture, with
strong transmission, followed by strong extinction (reflection) [117]. Through-
out Ch. 3, we compared the spectra of MTM-lined apertures to comparable
unlined apertures and observed that the spectra nearly match away from reso-
nance. The default behaviour of the screen without resonances should thus be
that of an unlined aperture, which can be represented as a series inductor and
resistor when well below its resonance frequency (and should be augmented
with a parallel capacitor when the aperture resonance is relevant) [230]. The
augmented circuit is shown in Fig. B.2a.

Again, using rough representative circuit element values, the transmis-
sion/reflection of the second model are shown in Fig. B.2b. The parallel aper-
ture impedance Z, has not changed the reflective short-circuit resonance fre-

quencies but has added transmission maxima before each one, characteristic
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Figure B.3: (a) Circuit model after adding capacitive and inductive coupling
elements, and (b) the spectrum produced by the circuit model with circuit
elements derived from rough approximations. The two resonances have been
merged into one.

of the Fano lineshape. Knowing that the two resonators are coupled through
the central capacitors, we add a capacitor Zoy linking the two resonators. To
model the inductive coupling, one might normally use a transformer. In our
case, however, the two resonators already share the currents driving the mag-
netic coupling, hence it is more convenient to represent the generated feedback
by a pair of voltage-dependent current sources with mutual inductance M,.
The coupled circuit is shown in Fig. B.3a.

The transmission/reflection of the third model are shown in Fig. B.3b,
where the capacitive coupling has caused the two resonances to merge, and
the inductive coupling has induced a small redshift of the resonance frequency.
To separate the resonances, we model the true geometry of the resonant loop
by removing its connection to the top node (representing the top symmetry
plane) and connecting it to ground (representing the bottom symmetry plane).
This removes the source from the loop resonator and forces it to be excited
parasitically through the coupling elements. The adjusted circuit is shown in
Fig. B.4a.

As shown in Fig. B.4b, the rearrangement of the resonant loop restored the
two resonances, however, the loop resonance is much more strongly excited in
this circuit model than in the simulation. This is due to the loop supporting

only current i3, which forces the excitation of the loop for any current induced
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Figure B.4: (a) Circuit model after rearranging the layout of the loop res-
onator, and (b) the spectrum produced by the circuit model with circuit ele-
ments derived from rough approximations. The two separated resonances have
reappeared at approximately the correct frequencies.
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Figure B.5: (a) The final circuit model after adding the loop feeding element
Zp, and (b) the spectrum produced by the circuit model with circuit elements
derived from rough approximations, compared to the spectrum computed in
COMSOL. The circuit model is able to match all the features of the spectrum.

by the coupling terms. We term the current i3 as the “odd” mode of the loop
resonator and propose that currents feeding the base of the oblique nanowire
may also excite an “even” mode on the loop resonator. Hence the loop induc-
tance must be separated into its two constituent elements, Z,, and Zp, and an
inductive feeding element Zz added in between. Additionally, the inductive
coupling between the loop resonator and its mirror image across the horizontal
symmetry boundary should be modelled, which manifests as an additional Msy
term in the coupling source. This constitutes the final circuit model shown in

Fig. B.ha.
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With rough approximations, the final circuit model can closely match the
spectrum of the MTM-lined aperture simulation, as shown in Fig. B.5b. Ana-
lytical values for the circuit elements are derived below, and the circuit model
is numerically tuned in Ch. 3 to find a near-perfect match to the simulation

data.

B.2 Analytical Calculations for Initial Values

In this section, we analytically derive the initial values of each element in the

circuit model, with a number of choice assumptions to simplify the calculations.

B.2.1 Z,

The nanowire impedance seen by the displacement current source is derived
from the plane wave impedance of the metal, ignoring Faraday inductance as
the kinetic inductance of the nanowires dominates. Due to the miniaturized
nature of our aperture, we will assume a quasi-static regime. We begin Ohm’s
law for the displacement current under harmonic excitation, where the metal

conductivity is included by using the Drude model for the metal’s permittivity:

J(w) = (0(w) + jweg)E = jwek. (B.3)

The second term is often omitted for good conductors at lower frequen-
cies, and the plane-wave impedance leads to the conventional wire impedance
Z = V/I = 1/(owds), where 5 is the skin depth. In our case, however, the
displacement currents contribute a meaningful additional component to the
impedance, and hence must be treated. As an approximation, since the wire
is much thinner than the skin depth, we will consider the electric field to be
uniform throughout the wire. It should be noted that at this scale, surface
effects should generally be considered. Although surface effects can rarely be
decoupled from other factors in the conductivity, it can be intuitively under-
stood as an effective reduction of the mean free path of conduction electrons
due to scattering off the surfaces and grain boundaries of the conductor be-
tween regular Drude collisions [231]. In the ideal simulation case, where surface
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roughness is not modelled and all surfaces are flat, collisions with the surface
boundary are purely elastic reflections, hence this effective reduction of 7 need
not be considered in attempting to reproduce the simulation results with a
circuit model. The cross-section that encompasses all the currents is the one
that is normal to the electric field, so to derive the total current, we set the

x-dimension integration width to w < ds and the z-dimension width to ¢:

[= /0 ’ /0 t(jwe)Eodzdx = wt(jwe) Ey (B.4)

The potential difference across the wire (length [ = b — g/[2sin(7w/N)]) is

simple to calculate from the uniform field at the surface of the conductor:

l
0

The impedance of the nanowire is thus:

l
Z:E@E, (B.6)

where the negative has been absorbed by the implicit understanding that the
voltage and current are measured in opposite directions.

When a resonant field profile is present, the effective impedance of the
nanowire is reduced. The effective impedance can be derived from the total

power:

P:%mﬁ:%/me, (B.7)

For a perfect quarter-wavelength distribution, this equation evaluates to
Zweft = 0.52,. In practice, the resonant field profile extends beyond each

end of the nanowire, which increases the effective impedance.

B.2.2 Zo

For the outside edge of the aperture, no dimension is deeply subwavelength,
and hence we must consider the skin effect on the fields decaying inside the

metal. Let us consider a current travelling around the edge of the aperture
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from one wire to the next, where the field decays into the metal away from
the aperture (in the r direction) but is constant in the z, ¢ directions. Since
the arclength is small, we will consider the section to be straight and of length
27b/N to ensure our impedance has a closed-form solution. This will under-
estimate the impedance Zp. Allow the radial direction to be the x-direction,

then the electric field inside the metal can be expressed as:

E = Eyelvt—iwvinery (B.8)

Now consider a cross-section normal to the field that carries current J. We

can find the total current by integrating over the cross-section:

t ]
I= / / jweEye IVt gy, (B.9)
0 Jo

=t ]=E, (B.10)
Ho

and the potential, calculated the same way as before, is:

27b/N
V= —/ Eydl = 27b/NE, (B.11)
0

And hence, by Ohm’s law, the impedance is:

27b/N [ 1o
T = A B.12
© t e(w)’ ( )
which is the plane wave impedance inside the metal scaled by the “wire”
dimensions.
B.2.3 Z,

Z, represents the impedance of the aperture array in absence of the plasmonic
resonators. This problem can be solved using a variational approach where the
currents on the aperture are assumed, and the impedance is calculated from
their self reaction [164]. Unfortunately, the assumed current distribution is
difficult to calculate for apertures. To calculate Z,, we assumed the aperture

impedance is due to currents travelling across the rectangular area extending
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X

Figure B.6: Layout of quasi-static problem used to derive the inductive cou-
pling parameter M,.

over the full period vertically, and between the aperture edge and the symme-
try boundary horizontally. This will overestimate the aperture impedance in

general. The aperture impedance, calculated the same way as for Zp, is thus:

_p/2 [10
Z“*p/z_b‘/e(w)' (B.13)

B.2.4 M,

The magnetic coupling coefficient is derived under quasi-static conditions using
the Biot-Savart law [232]. The layout of the problem is shown in Fig. B.6,
where the current on the vertical nanowire is assumed to be triangular. This
attempts to model the resonant current distribution, which is sinusoidal, but

simplifies the calculation. As a result, M, is likely to be underestimated.
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The magnetic coupling coefficient is the total magnetic flux through the
area of the loop resonator (represented by the dotted blue lines) due to the cur-
rent on the nanowire (represented by the red square). Assuming a triangular

field distribution, the current on the nanowire is:

I

=gl (B.14)

By the Biot-Savart law, the magnetic field at a point (z,,y,) in terms of y

and 0 is:

_ b Isi
B—@/ sin Ody _ (B.15)

Tar ), R

It is most convenient to evaluate B in cylindrical coordinates centered at

(p, Yp):

polo [* [cosg (y—g"\ | sing
B =— do. B.16
47 /dn [ Tp (b—g’ +b—g’ ¢ ( )

This integral was solved analytically, then the resulting equation was pa-
rameterized to a polar coordinate system centred around the origin. Finally,
the total magnetic flux was numerically integrated over the parameterized
surface delineated by the blue dotted lines. This gives a magnetic coupling

coefficient approximately two orders of magnitude smaller than L,,.

B.2.5 Cn

Cy describes the capacitance between nearest-neighbour wires. Treating the
blue-dotted area in Fig. B.6 as a radial capacitor, we look to find C' = Q/V.
Assume a voltage Vjy across the capacitor plates, then by Laplace’s equation

in polar coordinates:

V=0 =20 (B.17)

where ¢ is the polar angle extending from one of the plates. The electric field is
then £ = —1/rdV/d¢ = —4V,/mra,. Then, by Gauss’ law using a cylindrical

Gaussian surface:
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Qe = //t_él:/odzdr = t—4Vo ln(r—2). (B.18)

™ ™ T1

Finally, we define the outer radius ro by translating the capacitor plates
by w/2 to the surface of the nanowires, and the inner radius r; by the point

where the nanogap ends:

¢ = Yiegm (b ml SinWNﬂ). (B.19)

27 g/[2tan(m/N)]
We also add the nanogap at the tips of the nanowires, which has parallel
plates:

_ etw ﬁe N b—w/[2sin(m/N)]
COn = 2g sin(w/N) T ol ( g/[2tan(m/N)] ) (B:20)

Having neglected fringing fields, this capacitance is surely underestimated.

B.2.6 Zp

Zp represents the portion of the gold film that the currents that feed the 45°
nanowire travel through. This impedance cannot be directly separated from
the other film impedances, so we resort to an approximation based on the
following assumed important parameters: (i) Zp should grow with p as the
length of the feeding region becomes longer, (ii) Zp should scale inversely with
b since the width of the feeding region decreases with b, and (iii) the frequency

dispersion should follow the form of Z,. This implies:

_p/2-0/V2 [

BET0R) Vi

(B.21)

is a reasonable approximation.

B.2.7 Cg, CGN, and Mzz

Cgq represents the capacitance due to all other wires in the aperture other than
nearest neighbours. Since the geometry of the centre of the aperture is quite
complicated, we assume that it is equal to Cy. Cgy is simply the parallel

combination of Cz and Cy and is hence their sum. Finally, My, is calculated
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from a COMSOL simulation of a single loop resonator, fed with a 1 A current
source over the capacitive gap. The induced magnetic flux is then integrated
over the area where the loop’s mirror image would exist and is assumed not

to change with frequency.

B.3 The Drude Model

The Drude model for conductivity (and by extension, permittivity) describes
a metal as a sea of non-interacting electrons in a lattice of heavy ions. It can
be derived from the Lorentz force, Ohm’s law, and a few classical assumptions

[233]:

1. Electrons in the material only interact with other electrons or ions in the
material through collisions. The neglect of interactions between electrons
is known as the independent electron approximation, and the neglect of
the interactions between electrons and ions is known as the free electron

approximation.
2. Collisions in the Drude model are instantaneous.

3. An electron will travel for an average of 7 s before experiencing a colli-

sion/scattering event, where 7 is the relaxation time inside the material.

4. Electrons will emerge from collisions in a random direction and with an

average momentum (p) = 0.

In general, the derivation of the Drude model begins with the DC electrical
conductivity of a metal, and later extends the model to time-varying driving

fields, so I will do the same. First consider Ohm’s law:
J=0EFE, (B.22)

where J is the vector free current density (made up of conduction elec-
trons), o is the electrical conductivity, and E is the vector electric field. J

arises from the collective motion of free electrons through the metal driven by
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the electric field. If there are n electrons per unit volume moving at an average

velocity v, each carrying a charge —e, the net current density is:

J = —nev. (B.23)

Next, we consider the effect of the electric field on an individual electron.
After a collision, the electron will have a random velocity vy, and it will be
accelerated according to the Lorentz law © = vy — eEt/m. If we average the
velocity over all electrons, the contribution of vy disappears. Additionally, the
average time an electron is accelerated for is the relaxation time, so the average

electron velocity becomes:

7=——". (B.24)

Combining eqgs. (B.22)—(B.24), we arrive at an expression for the DC con-

ductivity of a metal:

nexr

(B.25)

gy = .

m
To allow the electric field to vary with time, we develop the time-varying

equation of motion for electrons in the metal. To do this, we introduce the

momentum at any time ¢, p(t) = vm. Then, if p is the momentum per electron,

the current density is:

nep(t)

J=— (B.26)

Let us now advance time by an infinitesimal amount d¢t. An electron has
a probability of scattering in this time of dt/7, hence an electron has a prob-
ability of surviving of 1 — dt/7. The electron that experienced a collision, on
average, loses all momentum, whereas the surviving electron acquires momen-
tum from some uniform driving field, f(¢). If we neglect the momentum gained

by scattering electrons during the time dt after they scatter, we have:

p(e-+ de) = (1= )p(e) + 7)), (B.27)
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which is simple to recast as a differential equation:

dp(t) _ p(t)

dt T

+ f(t). (B.28)

Let us now apply a time-harmonic electric field F(t) = R(Eye’*?). From
the Lorentz force, the momentum equation becomes:
dp(t) _ p(t)

= — —eF B.2
dt T &5 (B.29)

which has steady-state solutions of the form p = R(pe’“t). Then, inserting the

trial solution:

Jjwp = S (B.30)
T

We can now write the expression for the AC conductivity:

g0
= B.31
o) = (B.31)
and the Drude model for permittivity is:
e(w) =€ — ]J<w). (B.32)
w

The Drude model is often augmented by a high-frequency permittivity
limit, €., which models the contribution of higher-frequency absorption bands
to the lower-frequency permittivity. Moreover, the parameters for the Drude
model are often given as e, the plasma frequency w,, and the damping fre-

quency, I'. In this case, the following equation is equivalent:

w2

€(w) = €00 — o —JT)’ (B.33)

where w, w,, and I' are all in radial frequency.
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Isolated NIR Plasmonic
Nanowire

In this section, a model is developed to predict the localized surface plasmon
resonance frequency of the nanowires used in the NIR MTM-lined aperture in
isolation. Novotny et al. showed that the effective wavelength scaling of a lo-
calized surface plasmon on a rod is linear, and governed by the excitation of the
fundamental TM11 mode on the rod [167]. Our goal is to model the nanoanten-
nas that form the liner of the wagon-wheel model in Fig. 3.1b, with outer radius
b = 120 nm, gap and wire widths ¢ = w = 10 nm, and the number of nanowires
N = 8. The nanoantenna model has a quarter-wave, monopolar resonant cur-
rent distribution along the wire and length b — g/(2sin(r/N)) = 107 nm.
Extrapolating to a full wavelength of 428 nm, Novotny’s Fig. 2 predicts a
resonance at 255 THz for a rod with a 10-nm radius, which we predict is a
good representation of our 50:10 nm aspect ratio rectangular nanorod.

To validate this result for our resonant nanowire acting as a monopole, we
created a periodic scattering simulation consisting of a gold nanowire attached
to a large “ground” slab, as shown in Fig. C.1. For periodicity, horizontal
boundaries are perfect magnetic conductor (PMC)s, while vertical boundaries
are PECs. Ports terminate the z-boundaries, and the scattering parameters are
measured to find the reflection peak of the resonating nanowire. The scatter-
ing parameters are plotted in Fig. C.2 near the predicted nanowire resonance
frequency, and we observe a scattering resonance at 260 THz. Inspecting the

electric-field profile in Fig. C.3, it is clear that this resonance corresponds to
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Figure C.1: Simulation layout of the representative resonant nanowire simula-
tion. For periodicity, horizontal boundaries are PMCs, while vertical bound-
aries are PECs. Ports that excite a normal incidence, y-polarized plane wave
terminate the z-boundaries (port 1 is highlighted in blue), and the scattering
parameters are measured to find the reflection peak of the resonating nanowire.
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Figure C.2: Scattering spectrum of the grounded nanowire near the predicted
resonance frequency of 255 THz. The maximum reflection is observed at
260 THz, very close to our prediction.

the quarter-wavelength monopolar resonance of the nanowire.
Changes to the periodic unit cell size or the ground size have a marginal
effect on the resonance frequency, which is consistent with the observation that

the nanowire controls the resonant frequency.
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Figure C.3: Electric-field profile of the grounded nanowire at 260 THz, which
demonstrates a quarter-wave monopolar resonance.
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Appendix D
Comparable MIR Dipole Array

D.1 Field Intensity Enhancement Metric

In Ch. 3, we introduced a new performance metric, F7, to quantify the expected
absorption enhancement from the MIR MTM-lined discs. The majority of
the literature to date focuses on creating individual hot spots, for which a
reasonable metric is the maximum local electric field intensity enhancement. In
COMSOL, an accurate measurement of this value in simulation can be difficult
especially at sharp corners, requiring extremely fine meshes for convergence
due to the sharp changes in fields [234]. Since the finite element method
minimizes global error, integrated quantities converge must faster and accurate
results can be achieved even for fairly coarse meshes. As a result, an average,
integrated metric is likely to be more accurate than one derived from maximum
fields.

A second consideration in creating a new metric for the performance of
our MTS is the intended sample. While a single nanoantenna (or pair of
nanoantennas) can probe a sample as small as a single molecule (in the case
of SERS), a larger sample such as a continuous thin film, is more suitable
for a nanoparticle array. In this case, any parts of the film accessible by the
illumination may be used to enhance the absorption of the sample, and hence
the field intensity enhancement over the full unit cell should be considered,
rather than just the field intensity enhancement near a hotspot.

Thus we suggest F, which is the integral of the field intensity enhance-
ment over the volume bounded by unit cell area and the film thickness, as
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a readily quantifiable and comparable performance metric. F; measures the
total average field intensity enhancement, which is directly proportional to the

absorption enhancement by the MTS.

D.2 MIR Coupled-Dipole Array

Unfortunately, F; cannot be readily calculated from data available in the liter-
ature for comparison. To judge the performance of the MTM-lined disc array,
a conventional end-coupled dipole array was generated to resonate at a wave-
length of 15-pm. In order to make F; comparable, the same constraints placed
on the design of the MTM-lined disc should be applied. In particular, the unit
cell area, the film thickness, and the minimum feature size must be identical.
The minimum feature size sets the separation of the nanodipole tips at the
periodic boundary and the nanodipole width, and the film thickness sets the
nanodipole thickness. Creating a comparable area proves more difficult, as
the last remaining degree of freedom for tuning the nanodipole resonance is
the length and the weak contribution of the plasmon effect makes the dipoles
unable to be miniaturized as significantly as the MTM-lined disc. As a re-
sult, the array period was made rectangular to allow the nanoantenna to be
lengthened while maintaining a constant unit cell area.

The geometric layout of the coupled-dipole array is shown in Fig. D.1a,
where the nanoantenna length is 4.2 pm, the parallel pitch is 4.3 pm, and the
orthogonal pitch is 9/4.3 =~ 2.1 pm. The nanoantenna is gold (modelled with
the same Drude model as before), the top half-space is air, and the bottom
half-space is lossless ZnSe (n = 2.29). The reflectance, transmittance, and ab-
sorbance when excited with a normal-incidence plane wave polarized parallel to
the antenna axis are shown in Fig. D.1c. The nanoantenna array shows a maxi-
mum reflectance at 20 THz, and the electric-field profile (shown in Fig. D.1b at
the antenna surface) at resonance shows the clear half-wavelength fundamen-
tal dipole resonant field distribution. Over this spectrum, the coupled-dipole
array has a maximum field enhancement ratio of 44 and an Fj of 5.2, less than

one quarter that of the MTM-lined disc. Additionally, despite the lower loss,
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the resonance is significantly less selective than the MTM-lined disc due to the

larger characteristic length scale.
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Figure D.1: (a) Layout of dipole array simulation, (b) electric-field profile at
resonance, showing strong field enhancement at the coupled nanogaps, and (c)
plane-wave scattering spectrum for an incident plane wave polarized parallel
to the dipoles.
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Appendix E

Detailed Experimental
Parameters

E.1 Wagon-Wheel Fabrication

The gold film specimens were prepared on 1.1 mm-thick Borofloat 33 glass.
The glass was first cleaned in a piranha solution, then dried and transferred to
a Kurt J Lesker CMS-18 sputtering system, where first a Cr adhesion layer (5—
10 nm) was deposited, followed by 50-90 nm of gold. The process parameters
were as follows: the substrate temperature was 25 °C, deposition pressure was
7 mTorr, Ar flow rate was 55 sccm, and the substrate rotation was 20 RPM.
For the Cr layer, the source power was set to 300 W and given a 30-s burn-in
time to remove any contaminants from the source surface, and then 13-26 s
to deposit. The Au film was sputtered with a source power of 80 W, a 30-s
burn-in and a 169-305-s deposition time. The wafers were coated in HPR 504
photoresist, and diced into 10 mmx10 mm squares. The photoresist was re-
moved with a combination of acetone and isopropyl alcohol (IPA). The samples
were mounted onto aluminum microscope stubs with carbon tape, ensuring the
sample sat flush with the stub surface to reduce sample tilt. Carbon tape was
applied to one edge of each sample to ensure electrical conductivity to the
stub. The samples were cleaned in a JEOL JAMP-9500F Auger Microprobe
for 30 s in an Ar plasma, after which they were immediately loaded into the
Zeiss Orion Nanofab to be imaged and milled. The patterns were designed

and milled using the NPVE software to control the HIM.
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E.2 Two-Wire Fabrication

E.2.1 Epitaxial Growth of Gold on LiF

The epitaxial films were grown in the AJA Orion 8 planar magnetron sputter
system, “Moe”. The deposition rate of gold was tested first at room tem-
perature (25°C) since the crystal thickness monitor cannot be used at high
temperatures. A deposition rate of 1.1 A/s was measured with a 7% source
power (40 W), a gas pressure of 4 mTorr, and a 20 sccm Ar gas flow rate.

As described in Ch. 4, 1 cm?® LiF crystals were sourced from United Crystals
[207]. The crystals were cleaved using a razor blade immediately before loading
into the load lock. The substrate temperature was set to 460°, with a 10-minute
soaking time before beginning the deposition at a base pressure of 3.75e-6 Torr.
The source power was ramped up over 60 s, and a 60-s burn-in was performed
before the shutter was opened. For the 65-nm film, the deposition lasted 681 s
for a deposition rate of ~0.95 A/s.

E.2.2 Removal of LiF Substrate

To remove the LiF substrate, the sample was dissolved in HF. A solution of
40% HF was prepared, and the sample was immersed for 5 minutes. After
the first minute, the film began to look rough as it began to loosen from the
substrate surface. The sample was carefully removed from the HF and slowly
lowered into a beaker of DI water, where the gold film detached and was left
floating on the water surface. The gold flakes on the water surface were then
retrieved with TEM grids.

Without any further processing, these samples were affixed to stubs and

loaded into the HIM for patterning.

E.3 Two-wire Characterization

The microscope used in the characterization of the polarization-sensitive MTM-
lined aperture MTS was designed and assembled by Kyle Scheuer in the
DeCorby lab at the University of Alberta. The microscope component lay-
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Figure E.1: Reflection-mode supercontinuum microspectrophotometer com-
ponent layout used to measure the reflectance of the polarization-sensitive
MTM-lined aperture MTS. Image courtesy of Kyle Scheuer.

out, shown in Fig. E.1, is important to understanding a number of challenges
that arose in reliably measuring the M'TS spectrum.

The microscope system consists of an NKT SuperK Compact supercon-
tinuum laser with source wavelength of 450-2400 nm [235], coupled to a col-
limator [236]. The collimated beam travels through a 20 dB neutral-density
filter [237] and an adjustable iris, then is reflected towards the sample using a
non-polarizing 50/50 beamsplitter [238]. The beam is then focused onto the
sample using a 100x objective [239], achieving a spot size of approximately
3.5 nm. After reflecting off the sample, the beam returns to the 50/50 beam-
splitter, transmitting the reflected spectrum through a linear polarizer [240],
then a final 90/10 beamsplitter [241], where 10% of the power is directed to

a camera [242], and 90% of the power is focused using a collimator [243] to a
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large-core fibre [244] coupled to an OceanOptics spectrometer [245].

E.4 MIR Fabrication

ZnSe substrates (ZnSe windows, Edmund Optics [214]) were coated in Electra-
92 and a PMMA bilayer at the University of Alberta nanoFAB Centre, then
exposed in the JBX-6300FS Electron Beam Lithography System at the Uni-
versity of Waterloo Quantum Nanofab. The samples were then returned to the
University of Alberta and the patterns were developed (30 s in 7:3 IPA:H,0 +
30 s in Hy,0), a 50-nm gold layer was deposited by electron-beam evaporation,

and finally lifted off by sonication in acetone.

E.5 MIR Characterization

E.5.1 Helium Ion Microscopy

Due to the MTS having features on the order of 100 nm, conventional opti-
cal microscopy could not be used to accurately measure the features of the
cell. Additionally, the MTS has no continuous conductive path, so scanning
electron microscopy cannot be used. Helium ion microscopy is a minimally
destructive imaging method with sub-nanometer resolution and the ability to
image insulating samples.

The ZnSe chips were affixed to aluminum SEM stubs using carbon tape,
then loaded into the Zeiss Orion HIM microscope with Helium and Gallium
ion guns. The HIM is also equipped with an electron flood gun to mitigate the
positive charge induced by the scattering ions. The images were taken using a

current of 1.2 pA with the electron flood gun active and with 64 line-averages.

E.5.2 FTIR Spectroscopy

The reflected spectrum of the array was measured on a Nicolet 8700 Spec-
trophotometer with a Contiupm microscope attachment. This microscope
uses a cryogenically cooled HgCdTe (MCT) detector, a reflective 15x objec-

tive, and KBr refractive optics, which limit the acquisition of signals beyond
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500 cm~!. The microscope is purged with N,. The reflection spectrum of
each fabricated array was measured over a square 69 pmx69 pm aperture,
and normalized to the reflection spectrum of a bare ZnSe surface.

The Reflachromat lenses used in the Contiugm microscope are symmetric
catoptric lenses, and hence none of the components of the focused beam arrive
at normal incidence [246]. Furthermore, the Contiugm microscope makes use
of a patented aperture system that masks both the input and output beams,
rejecting any diffracted power or off-specular reflections [247]. Without exact
specifications on the beam path, it is impossible to predict the fractions of the
spurious reflected waves (i.e., the top-surface reflection and the higher-order
bottom-surface reflections) that reach the detector, and hence we assume in
our model that all power is captured, which gives good agreement with the
observed experimental data. Due to the normalization, this assumption is ac-
curate as long as the fraction of lost power is similar in both the top reflection
and the bottom reflection. Given the wide bandwidth of the source, the co-
herence is weak and the intensities of the encoded interferograms reflected by

all surfaces can be added directly.

E.5.3 Gas Cell

The experimental setup consisted of the custom glass gas cell loaded onto the
Nicolet Contingum microscope stage, connected to gas cylinders and a venting
valve via 1/4” plastic tubing. A schematic of the gas cell with illumination is
shown in Fig. 5.6, and the inset shows a cartoon of the MTS exciting nearby
CO, molecules (not to scale). The ZnSe window was epoxied to the glass
cell. The microscope was focused onto the bottom surface of the yellow ZnSe
substrate, where the MTS is patterned. 100% CO, or 100% N, gas was fed
in from one side, and the pressure was measured with the regulator attached
to the gas cell inlet. The output was vented outside the lab through a 1/4”
plastic tube. The measurement was prepared by opening the N, valve and
the venting valve for 2 minutes to purge the gas cell of air. The valves were
then closed, the cell was left for 2 minutes to stabilize, and a measurement

was taken. The same procedure was used to take measurements with CO,.
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The 10-PSI CO, measurement was taken with both the CO, and the venting
valves open. Without mass flow controllers, this setup did not allow precise
control over gas mixing nor gas pressure and was chosen as a simple, cheap,

but effective means to load the MTS with a known quantity of CO,.
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MIR experiment noise analysis

In the following, the noise was calculated on the standard 2100-2200 cm™?
region of the spectrum as this region has the strongest signal and only very
weak to no interfering absorption bands, depending on the lab environment
[248]. Assuming the noise was the same over the measured spectrum, the
amplitude of the noise was then extrapolated to the active spectral region
near 667 cm.

The 2100-2200 cm~! window was first flattened by taking the difference

between the raw spectra for N, and CO,. The variance was then calculated

on the difference [249]:

2 (yi — 9)
= E - F.1
K = n-1 ’ (F.1)
where ¢ denotes the average of all samples.

Next, the variance of the original spectra was calculated. We assumed that
the variance calculated above was evenly distributed between the two input
spectra and that covariance of the noise was 0, and were hence able to solve

for the original absolute variance, o7, as:

0, =03 + 03, (F.2)
2
of = %. (F.3)

This absolute variance was assumed to be present throughout the entire

spectrum. To get the variance on the final presented data, o2, the relative

variance of each spectrum was added in the active region near 667 cm™!:
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AN (o2 o2
0t2 = <§> (E + E) s (F4)

where A represents the raw CO, data and B represents the raw N, data. The

final data, plotted with error bars equal to £oy, is shown in Fig. F.1. The
experimental and simulation data agree best for the MTS case, and the ZnSe
case would agree better with a constant offset of ~0.5%. Despite the error
margins, the dip in reflection seen for the MTS case is clear and lies well

outside of the predicted error.
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Figure F.1: Experimental data with calculated standard error bars (dotted)
and simulation data (solid) for comparison. Reproduced from [180], CC BY
4.0.
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