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Abstract

High resolution lenses have numerous applications in the fields of manufacturing and imaging.
Surging industrial demand for increased lensing resolution have pushed conventional imaging
techniques to their performance limits. To meet this burgeoning industrial need, a comprehen-
sive selection of super-resolution imaging technologies have been spurred into recent research
and development. One of the most promising new technologies under investigation are exotic,
super-resolution capable lenses known as superlenses.

Superlenses that are able to generate sub-wavelength resolution images can be realized
by flat slabs of double-negative (both € < 0 and p < 0) or single-negative (either € < 0 or
1 < 0) media. These negative material slabs restore the amplitudes of fine detail carrying in-
cident evanescent waves to push imaging resolution beyond that which can be achieved by the
focusing of propagating waves alone. Amplification of incident evanescent waves through a su-
perlens slab is delicately dependent on the off-resonant excitation of coupled surface plasmons
across the slab’s extent. These high surface wave amplitudes intensify minor electromagnetic
interactions that are otherwise negligible in conventional imaging systems.

In this thesis, we investigate how secondary surface wave interactions introduced by fi-
nite transverse-width superlenses and complete superlensing systems can affect lensing per-
formance. By analyzing a simple, 1-D imaging configuration, consisting of a single-negative
slab centered between dielectric object and detector half-spaces, we show that inter-component
reflections are not necessarily deleterious to imaging performance, but can in fact generate a
secondary resonant-amplification mechanism to boost evanescent wave transmission. We then
develop simulation and analysis techniques to simultaneously study both the temporal fre-
quency and spatial frequency characteristics of dispersive, finite transverse-width superlenses.
Using a full-wave simulation tool provided by COMSOL Multiphysics, we investigate the im-

pact that transverse lens width and lens-corner curvature have on superlens transmission. We
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show that the surface plasmon resonances of a finite transverse-width superlens, can be mod-
elled using a one-dimensional cavity response, which can be tuned by modifying lens width

and corner curvature radius to suppress resonant mode excitation.
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Lay Summary

Light emanating from an object carries with it information about the object’s physical features.
To form an image, lenses are used to focus this light so that it can be detected at an imaging
location. However, the light that carries finer detail information decays to nothing as it travels
away from the object. Special lenses known as superlenses seek to amplify this fine-detail
carrying light to compensate for its decay. This amplification occurs when light bouncing back
and forth within the lens adds together. In our research, we investigate how the light bouncing
back and forth within a superlens can interact with both the lens geometry and nearby imaging
components. We show that reflections between the object and superlens can also add together
and cause amplification, and how changing superlens geometry can be used to modify the lens’

amplification characteristics.
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Chapter 1

Introduction

”...And on the pedestal, these words appear:
My name is Ozymandias, King of Kings;

Look on my Works, ye Mighty, and despair!...

— Percy Bysshe Shelley

1.1 Progression of Imaging

Lenses are passive electromagnetic devices whose material parameters and geometry are de-
signed to image a radiative source by recreating its electromagnetic field distribution at an
observation plane. In its most basic form, a conventional lens comprises a solid piece of trans-
parent, curved material with a refractive index that is greater than the surrounding medium.
Lens characteristics are designed to redirect incident light to compensate for natural radiative
divergence from a source. The focusing of a source distribution, illustrated in the Fig. [I.1]
ray diagram, restores the relative phase of each wave-front at the observation plane to form an
image.

The first glass lenses appeared in the 11" century and were primarily used for applications
such as fire starting and object magnification [I]]. By the 13™ century Italian lens-makers were
designing spectacles for vision correction [2]]. This progressive improvement of lens design
soon led to microscopic imaging in the 16" century, where early optical microscopy was able
to yield over 200% magnification, enabling the observation of single cell organisms including
bacteria and erythrocytes [1]]

The imaging resolution of optical microscopy was however soon shown to have its limi-
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Figure 1.1: Sample ray tracing diagram for a conventional lens.

tations. In 1835, George Biddell Airy found that when light passes through the aperture of a
lens it is diffracted, creating a blurry pattern known as the ‘Airy disc’ [3]. This image-field
blurring would later be shown by Ernst Abbe to limit the minimum resolvable object feature
size to approximately half the wavelength of incident light. A landmark discovery of the time,
Abbe’s diffraction limit designated that higher imaging resolution could only be achieved by
increasing operation frequency [4].

Abbe’s work on the diffraction limit was so influential and widespread that for years fol-
lowing its publication there were few attempts to surpass it. It was not until 1928 that Physicist
Edward Hutchinson Synge suggested that observation through a subwavelength aperture could
enable so called super-resolution imaging [S]. In Synge’s seminal work, he set the theoreti-
cal framework for what would later become known as near-field scanning optical microscopy
(NSOM) [6]. Synge proposed that sub-diffractive imaging by could be achieved by using a
small aperture as a subwavelength window to selectively illuminate the finer features of an ob-

ject (Fig. [I.2). By constraining the field of view to a subwavelength region, interference from



neighbouring object features that would otherwise obscure the finer detail information could
be effectively blocked from detection. Scanning such an aperture over the extent of an object
would then allow for a complete image with resolution surpassing the diffraction limit to be

formed.

Figure 1.2: Diagram of near-field scanning optical microscopy (NSOM). Incident light passes
through an aperture to selectively illuminate the object. The object to be imaged is shown here
as the blue circle, while a neighbouring object is shown as the red circle. Both the aperture
diameter (8) and operating distance (z) have subwavelength (< A1) dimensionality.

1.2 Superlensing

The super-resolution imaging capabilities of NSOM rely on the detection of fine-detail carrying
near-field waves. When incident light passes through a subwavelength aperture, the resulting
diffraction generates near-field, or evanescent waves. These evanescent waves have the ability
to carry subwavelength object feature information, but undergo exponential amplitude decay
as they travel away from their source (i.e. the aperture). The detection of evanescent waves
enables subwavelength resolution imaging. However, as evanescent waves are localized to
only a short distance surrounding the aperture, near-field placement of both the object and
image detector is required. Still, even when operated within this extreme near-field region
(A < 10), the rapid decay of evanescent waves makes can make them difficult to impossible to
detect [7, 18]].

Fortunately, evanescent wave detection can be greatly improved using recently developed



superlens technology. Superlenses are lenses that are capable of generating super-resolution
images by boosting the amplitudes of incident evanescent waves to compensate for their natural
free-space decay. This superlensing phenomenon was first demonstrated by J. B. Pendry in
2000 [9]. Pendry showed that when a flat slab of double-negative (DNG) medium with both
& = —1 and u, = —1 is immersed in free-space, and placed between an object and detector
that are in turn separated by a distance equal to twice that of the lens thickness, a perfect
image with infinite resolution is achieved. Operated in this specific configuration, Pendry’s
perfect lens is able to both focus all incident propagating waves, and restore the amplitudes
of all incident evanescent waves, to generate an exact replica of the source distribution at the

imaging location.

1.2.1 Focusing Mechanism

The focusing capabilities of a flat DNG slab were first theoretically demonstrated by Victor
Veselago in 1968 [10]. Simultaneous negative € and u results in a negative refractive index,
n = —,/&WU,. Light rays incident to an interface separating positive and negative refractive
index media are refracted to the opposite side of the interface normal at an angle dictated by
Snell’s law, ny sin(6;) = ny sin(6,). This exotic property of negative refraction enables flat slab
focusing. Consider the DNG slab superlens shown in Fig. Light incident onto the first slab
interface undergoes negative refraction and is bent towards the optical axis. These rays then
converge within the lens, creating an internal focal spot before reaching the second interface.
At the second interface, the rays again undergo negative refraction, and are redirected to form

another focal spot, now outside the lens at the imaging location.

1.2.2 Evanescent Wave Amplification

The focusing of propagating waves alone does not make a superlens. Distinguishing subwave-
length object features requires the detection of fine detail carrying evanescent waves. J. B.

Pendry’s discovery that the Veselago lens could not only focus propagating waves, but also

4



n=1

€0 Ho
Object Image
Rays :
y 0i ot
—0i =6t L |
* |
z X d=D/2

Figure 1.3: Sample ray tracing diagram for a Veselago lens.

amplify incident evanescent waves, was the first ever report of evanescent wave growth, and
lead to widespread research into superlenses with negative refractive indices [9)]. The mecha-
nism behind evanescent wave amplification through a DNG slab lens is the internal coherent
superposition of multiple reflected evanescent waves that arises from surface plasmon wave
coupling across the slab’s extent. [11]. Surface plasmons are both the collective oscillation
of electrons along an interface, and the evanescent electromagnetic fields that they generate.
When an incident evanescent wave strikes an interface separating two media with correspond-
ing positive and negative material parameters (i.e. a positive and negative € interface, or pos-
itive and negative U interface), a surface plasmon may be excited. The evanescent fields of a
surface plasmon are confined to the interface, meaning that they propagate along it, but decay
on either side as they travel away from it. Flat DNG slabs can simultaneously support two
surface plasmons, one occurring on each of its interfaces. The evanescent fields of these sur-
face plasmons extend into the slab, coupling across its extent. When excited under the correct

conditions, interference between strong, coupled surface waves acts to boosts the amplitudes



of incident evanescent waves over the slab’s extent

1.2.3 Imperfect Superlenses

Due to the existence of losses in all materials, perfect lensing cannot be achieved in prac-
tice. The strong surface waves that are required for evanescent wave amplification are highly
susceptible to absorption from material loss [12]]. Sub-diffractive imaging can still be accom-
plished using lossy materials, but with finite resolution [[13]. This challenge of superlens loss
mitigation has been widely researched. Low loss superlens material design [14, [15} 16, 17],
active gain integration [18, (19} 20} 21]], and plasmon injection techniques [22} 23] |24] have
been developed.

Alternatively, superlensing can be accomplished using single-negative (SNG) slabs. Flat
SNG slabs characterized by having only a single negative parameter (i.e. either negative U
(MNGQG) or negative € (ENG)) make an attractive alternative to their DNG counterparts as they
are much easier to manufacture, and can operate over a wider temporal frequency range [9,
7, 18]. These two major benefits are most pronounced for ENG lenses which are not reliant
on a magnetic material response. MNG material responses are extremely frequency sensitive
and weak at higher temporal frequencies [25]. ENG superlensing, on the other hand, can be
experimentally realized at optical frequencies using a simple flat silver slab [26]].

SNG superlensing does however have some constraints. Evanescent wave amplification
through an SNG slab relies on the static decoupling of radiative electric and magnetic fields.
This decoupling can be assumed only if the lens’ dimensions are electrically small [9]. When
this is the case, p-polarized radiation is dependent only on the lens’ electric permittivity, and
s-polarization on the lens’ magnetic permeability. This means that if operated within the quasi-
static regime, and under the correct polarization, a thin SNG slab lens will exhibit similar
evanescent wave amplification behaviour to a DNG superlens. These conditions for SNG su-
perlensing restrict the lens’ thickness and operation range, as well as the polarization direction

of incident radiation.



1.3 Motivation and Goals

Super-resolution lenses have seen an increase in demand from the many industrial applications
that desire fine detail images and subwavelength focal spots. Contemporary integrated circuit
manufacturing, for example, relies primarily on light-based photolithography techniques to
etch traces onto silicon wafers. The minimum geometric feature size that can be achieved by
this process is dependent on the focal spot diameter of the lens that is used. A smaller focal spot
enables smaller electronic device designs that are not only faster, denser, and more efficient, but
whose reduced size would enable new applications [27]. In medicine, super-resolution lenses
have the potential to greatly improve diagnostics. Non-invasive, real-time microscopic imaging
of morphological and chemical cellular functions would allow for earlier detection of health
related problems [28, 29]. Lenses are also commonly used for industrial inspection. Here,
higher resolution lenses allow for better quality control by enabling closer, faster inspection of
material flaws [30, [31]].

Superlensing relies on strong surface wave interactions to amplify incident evanescent com-
ponents. These necessarily high fields have their complications. In addition to being vulnerable
to material loss, strong surface wave amplitudes exacerbate any minor interactions within an
imaging system. Surface wave interactions between neighbouring optical components and the
lens geometry itself have the potential to disrupt superlensing performance in unexplored ways.
Conventional superlensing analysis techniques typically avoid having to account for these inter-
actions by considering both flat, planar superlens slabs that extend to infinity in both transverse
directions, and source-objects and image-detectors that are themselves virtual, reflectionless
components. While these simplifications are useful tools for superlens performance evalua-
tion, they are non-realistic optical component models that neglect the impact of unavoidable
surface wave interactions.

In this thesis, we study how surface wave interactions with finite superlens geometry and

external optical components can impact imaging performance. Realistically, any complete



superlensing system requires a superlens with finite-transverse width, and an object and de-
tector that are both non-transparent, band-limited, physical components. Due to the strong
surface wave amplitudes surrounding a superlens, such an imaging model will necessarily in-
troduce unavoidable surface wave interactions with both the superlens geometry itself, and
neighbouring optical components that are placed in near-field proximity to the lens. To evalu-
ate the impact of external optical component interactions, we investigate a full, 1-D superlens
imaging system, complete with a physical object and detector. In the process, we challenge
conventional superlens performance benchmarking, and reveal new physics in the form of a
secondary resonant amplification mechanism. We then perform full-wave simulations of a
two-dimensional superlens with finite transverse width to examine its temporal frequency and
spatial frequency characteristics. While the impact of finite transverse width on superlensing
performance has been previously studied [32, 33} 34|, a simultaneous investigation of both the
temporal frequency and spatial frequency characteristics of dispersive, finite width superlenses
has not been performed. Through our study, we show how both the transverse width and corner
sharpness of a superlens become geometric variables that complicate the superlens response by
adding reflections and radiation to the system. Expanding on previous finite-width superlens
work, we develop simulation and analysis techniques to explore the impact of lens geometry

on the resonances of homogeneous, dispersive, finite transverse-width superlenses.

1.4 Organization of this Thesis

The remainder of the thesis is organized as follows.

In Chapter 2 we provide background information on the superlensing phenomena and anal-
ysis techniques used in our research. First, we perform a quick overview of Fourier imaging
techniques to establish the mathematical forms used in our analysis. Next, we discuss nega-
tive material parameters, and introduce the dispersive material models. Third, we summarize

surface plasmon dispersion characteristics and their impact on superlensing performance. And



last, we discuss how surface plasmon waves travel around bends.

In Chapter 3 we investigate the effects of near-field interactions between single-negative
superlenses and dielectric object and detector regions. We perform a joint simulation and
analytic study to examine how reflections external to the lens impact imaging performance.

In Chapter 4 we develop simulation and analysis techniques to study the temporal and
spatial characteristics of finite transverse-width superlens dispersion. We use finite-element
method simulation tools to investigate how finite width lens geometry affects transmission and
radiation.

In Chapter 5 we conclude our work, noting the major contributions of our research and

recommending future work.



Chapter 2

Background

2.1 Fourier Imaging

Explication of how imaging resolution beyond the diffraction limit is achieved is best accom-
plished using spatial frequency Fourier analysis concepts. Any electromagnetic field distribu-

tion can be decomposed into a set of plane waves,

foi(B) = | Eai(y)e P ay, eRY

where f;(B) is the object field spectrum, B is the wave vector transverse to the object plane
for a two-dimensional system, and Ep;(y) is the object field. Individual Fourier components
within this plane wave set are defined by a unique spatial and temporal frequency combina-
tion. By superimposing individual weighted Fourier components, any field distribution can be
generated.

Consider the two-dimensional ray diagram of a slab lens with interfaces normal to the x-
axis shown in Fig. [1.3] Monochromatic plane waves within this lensing system propagate from

the object to the image following the mathematical forms

Es = (Ext+ Eyp)e o=iPY  and (2.2)
Ep= Ezge—jkxx—jﬁy’ (2.3)
where Eg is the s-polarized electric field (in plane), Ep is the p-polarized electric field (out of

plane), and ky is the longitudinal wave vector. Source feature information is carried through

the system by a superposition of such plane waves. Each plane wave can be understood as a
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single Fourier component that is characterized by a unique longitudinal and transverse spatial
frequency combination. The tranverse spatial frequency of a component determines the relative
object feature size information that it can carry. Higher spatial frequency Fourier components,
having greater transverse spatial frequencies, carry finer object detail information.

Abbe’s Diffraction limit arises from the fact that propagating waves are physically restricted
to have a maximum attainable transverse spatial frequency. In the two dimensional plane, the
wavenumber of all free-space travelling electromagnetic plane-waves are constrained by the

consistency equation

0,
kozc—z =k; + B, (2.4)
where o is the angular frequency and c is the speed of light in vacuum. Following equation
(2.4), propagating waves only exist when both ky and 3 are real, that is to say |k«|,|B| < ko. If
the magnitude of the transverse wave-vector is greater than the wavenumber (|| > ko), then
the consistency equation k(z) = k)% + B? requires that ky become imaginary; ky = —j /B2 — k(z).
Under this circumstance, the electromagnetic wave is no longer propagating, but evanescent,

and can be described by the electric fields

Es = (Ect+ Eyf)e VP ko5 iBy  and (2.5)
Ep = Ejpe VP ~koxg=iby, (2.6)

These evanescent plane wave components propagate transverse to the source plane (Y, and
decay exponentially with longitudinal distance from the source plane (4X). Note that evanes-
cent wave definition assumes only positive x values, and a source placed at x = 0. For negative
x values (i.e. on the opposite side of the source), the sign of the longitudinal wave-vector must
become positive so that the wave decays with longitudinal decay in the —x direction. The high
transverse spatial frequencies of evanescent Fourier components allows them to carry the finer
object detail information. However, rapid evanescent wave amplitude decay makes these com-

ponents difficult or impossible to detect at the image plane. Note here that the fields decay
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exponentially with both Im(ky) and d. As a consequence, plane waves with higher 8 decay

more quickly, and have negligible amplitudes at larger distances from the source plane.

2.2 Negative Material Properties

The ability to both focus propagating waves and amplify evanescent waves requires a simulta-

neous negative € and (U material, where

£€=2¢€¢€ and 2.7)
K= Uy (2.8)

While negative € materials and negative 4 materials both naturally occur, materials with si-
multaneously negative € and u do not, and must instead be generated using metamaterials.
Metamaterials are artificial materials engineered to exhibit specific, often exotic properties.
Such materials can be constructed by building a periodic lattice array structure out of base
unit cells. These unit cells are designed to have a precise electric or magnetic dipole response
at a specific wavelength. When stacked together, wave interactions with the lattice structure
produce an overall effective material permittivity and permeability.

Double-negative metamaterials can be manufactured by building lattices from unit cells
containing both conductive loops and wire rods [35]. When operated in the gigahertz regime,
wire rods with millimeter spacing can be modelled as an electric plasma [[36]. Similarly spaced
conductive loops have a magnetic response that is resonant in nature [37] that can also be
modelled as plasmonic to simplify analysis. Dispersive plasmonic material responses can be

mathematically represented using the Drude model,

g =1— 2 (2.9)

p=1--—"2 (2.10)



where, @, is the electric plasma frequency, below which the permittivity is negative, @y, is the
magnetic plasma frequency, below which the permeability is negative, and @ is the operation
frequency. Operating a double-Drude modelled material below both @, and @, generates
a DNG response. Note that while metamaterials are lossy, loss has not been included in our
simplified Drude models. When modeling DNG metamaterials, material loss is often added as

an additional imaginary term to better enable the tailoring of loss conditions.

2.3 Surface Plasmon Dispersion

The amplification of evanescent Fourier components is delicately dependent on the off-resonant
excitation of coupled surface plasmons across a superlens. Consider a double-Drude slab lens
of thickness d that is immersed in free-space as shown in Fig. This slab, defined by
&=1— cog‘,3 Jo*and u =1— wgu /®?, can support up to four distinct resonant coupled surface
plasmon branches with degenerate pair solutions when € = . These four distinct resonances
manifest as upper (0™) and lower (@~) temporal frequency branches for both S and P polar-
izations. The dispersion relations that map the resonant temporal and spatial frequencies of
these branches can be determined by solving Maxwell’s equations for the slab’s surface wave

eigensolutions. These relations [38] can be derived as

g(oh) = —so%coth(kxd/Z) and (2.11)

g0 = —80%tanh(kxd/2) 2.12)
for p-polarized radiation, and

woh) = —uO];—Ztanh(kxdﬂ) and (2.13)

wo )= —,uoi—Zcoth(kXd/Z) (2.14)
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for s-polarized radiation, where
ky = 4| — — B2 (2.15)

and v, is the phase velocity of the wave.

Such surface plasmon dispersion relations are useful tools for evaluating the viability of
superlens designs. To illustrate this, consider the slab lens shown in Fig. [I.3]to be a double-
Drude lens, with @y, = wp, = @p, that is immersed in free-space, with a thickness, d, equal
to half that of the imaging distance, D. In the left column of Fig. [2.1] we plot this lens’s field
transmission coefficient against both spatial and temporal frequency, with overlaid red curves
indicating the location of the surface plasmon resonance branches. In the right column, we plot
a cross-section of lens transmission along the chosen operation frequency, which is shown as a
black horizontal line plotted on each transmission surface.

For this specific double-Drude lens, perfect lensing is achieved only when @ = @op =
®,/ /2, the operating point at which & = u, = —1. Observing Fig. (a), we see that this
operation frequency is directly centered between the upper and lower surface plasmon branches
(note that only two of the four surface plasmon branches are visible for this lens due to directly
overlapping degenerate solutions from the matched u, and €,). In fact, the resonant branches of
the matched double-Drude lens asymptotically approach @,p, which ensures that the operating
point will never intersect a resonance.

The perfect amplification of incident evanescent waves through a double-Drude operated
at @ = Wop = Wp/ V/2 is a result of the equal, off-resonant excitation of both the upper and
lower surface plasmon resonances [11]. As illustrated in Fig. the upper and lower surface
plasmon branches have distinct field profiles. The upper branch has an asymmetric field profile
with respect to the center of the lens, while the lower branch has a symmetric field profile
with respect to the center of the lens. When these two branches are perfectly excited, the
superposition of their respective fields results in the unity overall amplification of the incident

evanescent wave.
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Figure 2.1: Calculated field transmission coefficient plots (left) and iso-frequency cut-lines
(right) showing resonant intersections and resulting transmission cuts for operation at (a)
W, =1, (b) @, =0.96 and (¢) @, = 1.25. All calculations are for a double-Drude slab superlens
of thickness A,/27. Note normalized axes @, = ®/ @y and B, = B /kop Where @op = /2,
and kop = Wop/c. Overlaid red curves indicate the analytic surface plasmon dispersion relations
for the resonance condition.
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Figure 2.2: The superposition of off-resonance excited upper (@™) and lower (@) surface
plasmon branches of a perfect lens (n = —1) generates a unity overall transmission response.

Perfect lensing through a double-Drude lens requires operation at @.p. An even slightly
detuned operation frequency will necessarily intersect with either the upper or lower disper-
sion curve resonance. These intersections lead to resonant surface plasmon excitation that is
detrimental to imaging in two ways. First, surface plasmon over-amplification that occurs near
resonance can generate unwanted artefacts in the form of spectral side-lobes that obscure the
image (see Figs. [2.1(b) and 2.1]c)). Second, the off-resonant excitation of coupled sur-
face plasmons that drives incident evanescent wave amplification is not maintained at spatial
frequencies above the resonance crossing. Amplification of higher Fourier components rapidly
deteriorates, and the lens’ transmission response quickly approaches zero (again shown in Figs.
[2.1(b) and 2.1](c)).

Unlike the DNG lens, an SNG slab only supports two surface plasmon branches: upper and
lower frequency branches of polarization corresponding to the slab’s single negative parameter.
The location of these two branches also differs between single-Drude and double-Drude lenses.
Because of this change in branch placement, any chosen single-Drude lens operation frequency,
including @,p, will necessarily intersect with a resonant branch. To illustrate this, in Fig. |2;’5|
we plot three transmission surfaces (left column) and their corresponding cross-sections (right
column) for a slab single-Drude lens of thickness d = D/2. As the single-Drude lens’ operat-

ing point nears a necessary resonance intersection, irregular spectral amplification deteriorates
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Figure 2.3: Calculated field transmission coefficient plots (left) and iso-frequency cut-lines
(right) showing resonant intersections and resulting transmission cuts for operation at (a)
W, =1, (b) @, =0.96 and (c) @, = 1.25. All calculations are for a single-Drude slab superlens
of thickness A,/27. Note normalized axes @, = ®/@p and B, = fB/kop Where @op = /2,
and kop = Wop/c. Overlaid red curves indicate the analytic surface plasmon dispersion relations
for the resonance condition.
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the transmission response. The uniformity of the transmission response can be improved by
reducing the lens’ thickness. Reducing lens thickness separates the upper and lower reso-
nance branches, providing a wider operation frequency window at a given transverse spatial
frequency, and pushing resonant intersection points to higher spectral components. However,
thinner lenses are more difficult to manufacture, and have a shorter, more sensitive operation

distance.
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2.4 Surface Plasmons Around a Bend

When a surface plasmon wave travels around a bend, it undergoes reflection, transmission,
and radiation. Consider the Fig. diagram of a DNG slab with a finite cross-section. With
its transverse width constrained in this manner, any lens-traversing surface waves that would
otherwise continuously propagate along a lens face will now necessarily intersect with one of
its corners. The solutions to Maxwell’s equations for a surface wave travelling along a curved
geometry differ from those for a flat interface. As a result, the incident surface wave must
undergo partial transmission and reflection at the lens corner. The portions of surface wave
power that are reflected (indicated by the green path, E,, in Fig. and transmitted (indicated
by the purple path, E;, in Fig. can be determined by summing the infinite number of wave
solutions that exist over the extent of a lens corner [40]].

The free-space coupling of surface plasmons that occurs at a lens corner can be attributed to
the radial dependence of the surface wave’s phase velocity [41]. The electromagnetic fields of a
surface plasmon extend outward from the interface, decaying into both the lens and free-space
regions. These electromagnetic fields pick up a radially dependent transverse phase velocity as
the surface plasmon travels around the lens corner. Electromagnetic fields that extend further
into the free-space region away from the lens interface attain a higher transverse phase velocity.
When this phase velocity surpasses the free-space speed of light, said electromagnetic energy
becomes radiative, and couple to free-space as propagating waves. This bend-induced radiation
(shown as the red path, E,, in Fig. [2.4) is an intrinsic source of loss for finite transverse-width

superlenses.
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Figure 2.4: A diagram of a superlens with a finite thickness d, finite width w, infinite length and
circularly curved corners. Wavy arrows illustrate the surface plasmon reflection (E,, purple),
transmission (E;, green) and free-space coupling (E,, red) that may occur when an incident
surface plasmon (E;, blue) traverses a lens corner.

20



Chapter 3

Optical Component Interactions

In this Chapter we present a study of the effects that interactions between a superlens and the
external optical components that form a complete imaging system can have on lensing perfor-
mance. In its simplest form, an imaging system requires three optical components. First, there
is a source object that generates the electromagnetic field distribution to be imaged. Next, there
is an image detector that is placed opposite the object, whose role is to convert the transmitted
electromagnetic field into a real-power carrying signal. And finally, there is a lens that is placed
between the object and the detector, whose role is to restore the source electromagnetic field
distribution at the imaging location.

When interactions between the source, lens, and detector occur in the far-field, as is the
case for conventional lenses, their resulting impact on imaging performance can often be con-
sidered negligible. Unlike conventional lenses, superlenses require near-field operation. This
short operating distance combined with the strong surface waves that are necessary for inci-
dent evanescent wave amplification can generate significant interactions between the lens and
neighbouring optical components. The impact that strong near-field reflections between optical
components can have on superlensing performance should be considered.

Typically, superlensing studies focus primarily on lens design, isolating the response of
the lens from the rest of the imaging system [9, 12, 31, 33]. However, when moving from
simulation to experiment, the requirement of a source-object and image-detector introduces
external interactions that can perturb lens transmission, and introduce coupling between optical
components. The coupling of surface waves between superlensing components was previously
noted in a 2011 experimental study of an NSOM based imaging system, where a scanning

probe was used in combination with an SNG slab superlens in an attempt to boost imaging
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performance [7]. Evanescent wave transmission through the imaging system was found to
improve when the scanning probe was placed at specific distances from the SNG lens. It was
hypothesized that surface wave coupling between the lens-face and probe-tip boosted incident
evanescent wave amplification to improve the transmission response. While such evanescent
wave amplification over free-space has been used before in multi-layer superlens design [42,
43,144, 145]], inter-component coupling of surface waves within a complete superlensing system
has been otherwise unexplored.

In our research, we look to investigate how surface-wave coupling between the necessary
optical components that form a complete imaging system impact superlensing performance.
By examining field transmission through a simple, 1-D imaging system, we reveal a novel
external resonance that acts as a secondary mechanism for incident evanescent wave ampli-
fication. Focusing on this secondary resonance, we derive analytic expressions to describe
its impact on lens transmission, and perform simulation studies to observe its influence on
imaging performance. Our findings reveal that this external resonance condition can greatly
boost evanescent wave amplification through an MNG superlens, increasing the lens’ operation

range, and ameliorating absorption effects introduced by lens loss.

3.1 Imaging Model

To facilitate the analysis of interactions between optical components, we examine a one-
dimensional superlensing system consisting of a flat, planar SNG superlens slab that is im-
mersed in free-space, and centered between matched dielectric half-spaces (see Fig. [3.1). To
observe the effects that different negative material parameters have on imaging performance,
we separately consider two well-defined SNG lens types; a homogeneous €-negative lens with
& = —1, ur = 1, and a homogeneous u-negative lens with & = 1, u, = —1. These SNG
lenses make ideal candidates for our analysis as they have been widely investigated theoret-

ically [9, 46, 47, 48, 49]], and experimentally realized across the electromagnetic spectrum
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[50L 1514 116, 152, 153) 154]. Furthermore, SNG lenses have a high reflection coefficient, which,
when combined with near-field operation, results in a strong potential for interactions with

adjacent optical components.

lens

N~

—d

object D _ image
half-space half-space

Figure 3.1: A one dimensional model of a superlens-based imaging system. A superlens slab
of thickness d is embedded within a dielectric imaging system having dielectric object and
detector half-spaces, both of which are defined by a refractive index of n =4, and are separated
by a distance D. The black curve sketches the field envelope of a sample wave component with
transverse wave number ky < B < nk transmitted through an SNG superlens. ©

The dielectric half-spaces used in our simulation model represent object and detector re-
gions with refractive indices of n = 4. This decision to model the source-object and image-
detector as dielectric half-spaces carries significance beyond simply selecting a well-defined
material to enable partial reflections from both components. Any source-object or image-
detector implemented in a real-world imaging system would necessarily have its own band
limitations. By modelling our object and detector as dielectric half-spaces, we simulate these
external component band limitations, and in doing so restrict our analysis to an upper spatial

frequency maximum of nky.

3.2 Signal Flow

Transmission through our five-layer imaging system is dependent on multiple-reflections be-
tween material layers. The impact that these reflections have on overall system transmission
and reflection can be both illustrated and quantified using a signal flow graph. Let us first con-
sider an SNG slab lens that is bounded on either side by a semi-infinite region of free-space.

In this scenario, the waves scattered by the lens extend out to infinity, and there is no reflection
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from either the object or detector. Figure[3.2((a) shows the signal flow for such an isolated lens.
Total field transmission, ¢, and reflection, r, through this system can be seen to depend entirely
on the lens itself (i.e. r = rg and t = 1y, where ry and 7 are the field reflection and transmission
coefficients for the slab lens).

Placing the SNG lens between dielectric object and detector regions (Fig. [3.2]b)) introduces
additional reflections to the system. These multiple reflections between adjacent imaging com-
ponents affect overall field transmission and reflection, generating feedback loops within the
free-space regions that separate the lens from the object and detector. Invoking Mason’s rule
[S3]], we can derive expressions for the field transmission and reflection coefficients of this

five-layer system,

(1-p)to(1+p)

t= 3.1
1 —pro—pro—p25+p*rg’ G-D
1—p)ro(14+p)(1 —rop)+ (1 —p)topto(1 +
r:_p+( p)ro(1+p)(1—rop) 2(2 P;ozpo( P). (32)
l—pro—pro—pty+p-ry
which can be simplified to
)
P (1—p)to (3.3)

(1—=rop)*>—(t10p)*’

r:(r()p_l)(p_ro)—'_pt(%’ (34)

(1—rop)? —(t0p)?

where p is the reflection coefficient for the air-dielectric interface.

These equations show that lens performance is strongly dependent on p. Multiple reflec-
tions that occur between material layers generate resonant paths external to the lens whose
impact on field reflection and transmission can be observed by the denominator of equations
(3-3) and (3.4)), respectively. Over the free-space evanescent regime, where kg < |B| < nko, the
magnitude of the air-dielectric field reflection coefficient becomes unity, allowing the denom-

inator of equations (3.3) and (3.4) to attain small values. When this is the case, overall field
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reflection and transmission through the lensing system can surge, and impact imaging in yet

unexplored ways.
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Figure 3.2: Signal flow graph for (a) an isolated superlens and (b) a superlens embedded be-
tween dielectric object and detector regions. The symbols #y and rg represent the field transmis-
sion and reflection coefficients of the bare lens while ¢ and r represent the field transmission
and reflection coefficients of the complete system. The Fresnel reflection coefficient at the
dielectric interface from free-space is given by p.

3.3 Planar Multi-system Analysis

To evaluate the impact of optical component reflections on imaging performance, we seek to
calculate field transmission through a five-layer imaging system over a range of lens thick-
nesses and imaging distances. In this section, we describe the numerical method used to solve
for the forward and backward propagating waves in each region of a general planar multi-
layered system under plane-wave incidence. Once the electromagnetic waves have been deter-
mined, the overall spectral response of the imaging system can then be found by calculating
the transfer function for each spatial frequency plane-wave component.

Consider the multi-layer system shown in Fig. Here, M interfaces, aligned normal to
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Figure 3.3: Diagram of an (M + 1)-layer imaging system showing the interface locations and
properties of each region.

the x-axis, separate M + 1 layers that have a relative permittivity of & and relative permeability

of ;. The fields in each region can be expressed as

Eq = aie” ¥ b, or (3.5
Hp| = aje™ 5% 4 ek (3.6)
where a; and b; represent the forward and backward wave coefficients for the transverse electric
fields of s-polarized waves (denoted as E) or the transverse magnetic fields of p-polarized

waves (denoted as Hp). The fundamental electromagnetic boundary conditions for an interface

free of surface current require that

EH1 :EHZ and (37)

Hy = H), (3.8)

where E| and H are the transverse electric and magnetic fields, respectively. Here, x; is the
interface location, and the longitudinal wave vector in each region, denoted as k;, can be ex-

pressed as
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p

A /81',Ltl'k(2) — ﬁz,when Eiuik(z) > ﬁz

ki = (3.9)

—jy/ B? — &iikg, when kg < B2,
\

where f3 is the transverse spatial frequency of the incident plane wave. Applying these bound-

ary conditions to our multi-layer system, we match the transverse fields at each interface

aje K prelhivi = gp eIk elRin (3.10)
ﬁefikixi _ Eejkixi — ai_Jrlefikiﬂxi _ %ejkwlxi, (3.11)
8i 8i 8i+1 8i+1

where i = 1,...,M, and the conversion factor between electric and magnetic field coefficients,

gi, can be expressed as

Nokopi/ki, for s-polarized waves,
gi= (3.12)

ko€i/MNoki, for p-polarized waves,
where 1 is the free-space impedance. The unknown wave coefficients are calculated by setting
bpy+1 = 0 and solving the 2M boundary condition equations in terms of the incident wave
coefficient a;. The total field transmission and reflection is then calculated as the ratio of the

transmitted and reflected field to incident field using

po i) o bila)

aj(xi) ar(x1)

(3.13)

3.4 Spectral Transmission Comparison

Next, using results from the methods described in section we compare the spectral trans-

mission of an isolated SNG lens to that of ENG and MNG lenses that are embedded within

27



dielectric imaging systems. This comparison is made complicated by our three degrees of
freedom; transmission through each imaging system is dependent on the lens thickness, the
distance separating the object and detector, and the transverse spatial frequency of the incident
wave. To enable comparison over all of these variables, we plot spectral transmission through
each lensing system against both imaging distance, D, and lens thickness, d. In these plots,
imaging distance is varied from zero to A, and lens thickness from zero to D (see Fig. [3.4).
This comparison provides a limited view of the spatial-frequency spectrum, but allows us to

observe transmission over a range of lens thicknesses and imaging distances.
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Figure 3.4: Field Transmission (dB) of wave components 8 = 0.5k, B = 1.5ko, and B = 3k
through (a) an SNG lens placed in free-space, (b) an ENG lens placed between dielectric object
and image regions, and (c) an MNG lens placed between dielectric object and image regions.
Transmission is plotted as a function of relative lens thickness d/D and total imaging distance
D. The overlaid white line indicates the slab resonance thickness of equation (3.14).

Figure presents the spectral transmission response of the following three cases: (a) an

ENG lens in free-space (i.e. with virtual object and image planes), (b) an ENG lens within
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a dielectric imaging system, and (c) an MNG lens within a dielectric imaging system. The
diagrams at the top of the figure indicate which corresponding imaging system plots are shown
in each column. The ENG lenses used in (a) and (b) are lossless with &, = —1 and y, = 1 and
are illuminated by p-polarized waves. The MNG lens used in (c) is lossless with & = 1 and
W, = —1 and is illuminated by s-polarized waves. All dielectric regions are lossless and non-
magnetic, with refractive indices of n = 4. Three separate spectral component sample cases
are plotted; one component below the free-space cutoff (8 = 0.5k, top row), one component
above and near the free-space cutoff (8 = 1.5ko, middle row), and one component below and
near the dielectric region cutoff (8 = 3kg), bottom row.

Comparing the spectral transmission responses of the three imaging configurations in Fig.
3.4} we first note how the introduction of dielectric object and image regions in (b) and (c¢) lim-
its maximum transmission. For an SNG lens isolated in free-space, shown in (a), all incident
and transmitted waves beyond the free-space cut-off are evanescent and carry no longitudinal
power (i.e. normal to the layers). There is therefore no restriction placed on the magnitude of
the transmission coefficient, as seen by the red shaded regions indicating > 20 dB amplifica-
tion in the B = 1.5kg and B = 3kq plots. In contrast to the free-space SNG lens system, when a
dielectric imaging system is used, incident waves below the dielectric region cut-off are propa-
gating, and carry real power that must be conserved. This conservation of real power constrains
the transmission coefficient in Figs. [3.4(b) and [3.4]c) to unity (corresponding to 0 dB, visible
as green in Fig. [3.4)). In these systems, incident propagating waves within the dielectric regions
undergo partial reflection and transmission at the dielectric-free-space interfaces, coupling to
evanescent waves for kg < |B| < 4kq. Real power is carried through the intermediate layers of
the system that separate the object and detector by the superposition of incident and reflected
evanescent waves that decay in opposite directions.

As discussed in Chapter 2, an isolated SNG slab lens provides above-unity spectral amplifi-

cation to incident evanescent waves when excited near the coupled surface plasmon resonance
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condition (also known as slab resonance). For an SNG slab, this resonance occurs when the

condition

2
By _ B Bt (3.14)

g Vi

is satisfied [56]]. The lens thickness corresponding to this slab resonance is plotted as an over-
laid white line for all B = 1.5ky and B = 3ko components of Fig. Examining first evanes-
cent wave transmission through the isolated SNG lens shown in Fig. [3.4(a), we see that the
regions of high transmission closely follow the slab resonance condition, converging to it as
the imaging distance is increased to lengths that require such strong amplification that can
only be supplied at resonance. Comparing this response to the transmission response of the
B = 1.5kp and B = 3ko components of the Fig. [3.4(b) ENG lens embedded within a dielectric
imaging system, we see a similar converging of the high transmission regions (which are in this
case the 0 dB regions) to the slab resonance thickness at higher imaging distances. However,
at shorter imaging distances the high transmission regions appear slightly perturbed from the
slab-resonance thickness, following a more horizontal path that extends outwards from the left
to the right of the plot. The Fig. [3.4(c) transmission response of an MNG lens within a dielec-
tric imaging system is significantly different from that of both prior discussed imaging systems.
While once again we observe that the high transmission regions converge to slab resonance at
longer imaging distances, at shorter imaging distances these regions are much more expansive,
visibly bulging out from the resonance thickness upwards, to the right of each plot.

This bulging of the B = 1.5kyp and B = 3k high transmission regions indicates that in-
teractions between the MNG lens and dielectric object and detector half-spaces introduce an
additional mechanism for evanescent wave amplification. Recall from earlier discussion that
evanescent wave amplification through an isolated SNG lens relies entirely on multiply re-
flected surface plasmon waves that couple between slab interfaces. We have also seen that the
addition of dielectric object and image regions introduces external reflections to the imaging

system that can strongly impact wave transmission over the evanescent regime. Here, it ap-
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pears that similar to slab resonance, which is responsible for evanescent wave amplification
within the lens, external resonances could act as a secondary mechanism for evanescent wave

amplification outside the lens.

3.5 External Resonance Investigation

To investigate the impact of external resonances, let us consider a simplified three-layer system
comprising a dielectric half-space and SNG half-space that are separated by a free-space gap
of length & (see Fig. [3.3). Again, we consider the SNG region to be either an ENG (g, = —1)
medium under p-polarization or an MNG (, = —1) medium under s-polarization. While a
propagating wave incident from the dielectric region will not transmit power into the SNG
half-space, partial reflection and transmission from each layer will establish a surface plasmon
on the SNG region interface. The strength of the excited surface plasmon is determined by the
coherent superposition of multiple reflected waves within the free-space cavity. To investigate
potential evanescent wave amplification by this mechanism, we are interested in calculating
the peak field intensity of the surface mode at the SNG interface given a unity magnitude
propagating wave incident from the dielectric medium. This corresponds to the transmission

coefficient calculated from (3.13) with M = 2 with transverse wave-vectors within the range

ko < B < nko.
free space
< é .
dielectric SNG
half-space half-space

Figure 3.5: A one dimensional model of the three-layer free-space resonance geometry. A
dielectric half-space is separated from an SNG half-space by a free-space gap of length §.
The black curve sketches a sample field envelope for a wave component with transverse wave
vector kg < B < nky

Within the dielectric half-space, forward and backward travelling s-polarized plane waves
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with kg < B < nko have the form

E(x,y) — (ale—jkpxx_jﬁy + blejkpxX—jﬁY)f’ (315)

where a; and b; are the forward and backward wave coefficients for this region, respectively,
and k, = \/n?k} — B2 is the longitudinal wave-vector. Within the free-space region, forward

and backward decaying s-polarized plane waves with kg < 8 < nk( have the evanescent form

E(x,y) = (age™ %PV 4 pre®0x=7PY)z, (3.16)

where a, and b, are the forward and backward wave coefficients for this region, respectively,
and op = /B2 — k(z) is the evanescent decay coefficient for free-space. Finally, within the SNG

half-space, the s-polarized plane wave decays in the forward direction with the form
E(x,y) = aze”%*=iPvz, (3.17)

where aj3 is the forward wave coefficient for this region, and oz = /% + k(% is the SNG decay
rate. Similar expressions exist for the magnetic fields of a p-polarized wave incident on an
MNG half-space.

The transmission coefficient for s-polarized waves incident on an ENG half-space and p-
polarized waves incident on an MNG half-space can be calculated by solving a 5 x 5 matrix
using the method outlined in Sec. For s-polarized waves incident on the ENG half-space,

the magnitude of this field transmission coefficient squared is given by

1603k3
1 = (G + k) (3.18)
(agn* —kp) | (a0+on)? '
aL — 0)2X +4k3
(o1 = a) 0(o2n* 1+ 42) X

and for p-polarized waves incident on the MNG half-space, the magnitude of this field trans-
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mission coefficient squared is given by

1603k3
o (ot )2X+4kz(a3—k§>) (o +o0n)? '
LT gtk X
where
X = o209

To find the maximum resonance field strength generated on the SNG interface, we look to
optimize transmission over the gap-distance, &, which can be done by optimizing (3.19) and

(3-18)) over X. Both of these field transmission equations follow the form

X+ G +G/X

f(X)

The denominators of this form are convex functions (i.e. any line segment joining two points on
its graph does not contain a point below the graph), with a single minimum at X,,,, = 1/C3/C;.
The overall function is therefore quasi-concave, (i.e. for any number, a, the set of points for

which f(X) > a is convex) with a single maximum at

2 4
Xopi — 208 _ (o + o) _ ﬁ_z 5_4 iy (3.20)
(oL —0a0) kG ko

Equation [3.20]defines the free-space gap resonance condition, and is notably similar to the slab

resonance condition of (3.14). Plugging (3.20) into (3.19) and (3.18)), the peak transmission

coefficient corresponding to the resonant free-space gap length, &, can be simplified as,

1 2

0

2
fyopt] = 1 2 (n2 - f—z) (3.22)
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where the subscripts s and p denote the polarization. From (3.20), we see that the optimal
cavity length does not depend on the specific properties of the dielectric region, and is therefore
identical for both ENG and MNG configurations. The corresponding peak surface plasmon
field intensity, however, is strongly dependent on both the refractive index of the dielectric
region and polarization of the incident wave. When B = ko, field transmission through the
ENG lens reaches its peak. The refractive index for maximum field transmission can then be

determined as

d
d_n|tp70pt| =0
0— V213 /v/n? —1—2n/2(n2 —1)
= 4
n
n=v2 (3.23)

Plugging equation (3.23) into (3.21)), we find that maximum field transmission through the
ENG system is V0.5 (71%). While the ENG surface plasmon is limited to a maximum strength
of /0.5, limiting the amplification that can be provided by this mechanism for an ENG lens

within a dielectric imaging system, However, comparing (3.21)) and (3.22), we see that the

MNG surface plasmon is excited with field intensities a factor of n* times larger than that of
the ENG. This strong plasmon excitation indicates good potential for the free-space resonance
to behave as a secondary amplification mechanism for incident evanescent waves through a
dielectric-embedded MNG lensing system. In the next section, we will show how this resonant

amplification mechanism affects five-layer lensing system field transmission.

3.6 Spectral Transmission Comparison Revisited

In Sec. [3.5] we showed that a polarization dependent secondary resonant amplification mech-
anism is introduced when dielectric object and detector half-spaces are used. To verify that

this resonance is responsible for improving the MNG lens transmission response, we re-plot

34



our Fig. [3.4] spectral transmission graphs, but now include overlaid curves to indicate the free-
space resonance gap length, &,,;. These plots are shown in Fig. where, as before, the rows
present B = 0.5k (top), 1.5ky (middle), and 3k (bottom) components and the columns present
(a) an ENG lens in free-space, (b) an ENG lens within a dielectric imaging system, and (c) an
MNG lens within a dielectric imaging system. The overlaid white curve indicates the (3.14)
slab resonance, and the gray curve indicates the (3.20)) gap resonance.

The Fig. plots support our secondary resonance hypothesis. Observing the B = 1.5k
and B = 3ko transmission plots of the MNG lensing configuration shown in Fig. [3.6(c) we
see that the observed high transmission region bulging closely aligns with the gap-resonance
condition, following it as it travels upwards and to the right of each plot. This is evidence that
the secondary free-space gap resonance is a strong amplification mechanism for the MNG lens,
as was predicted by (3.22)). In Fig. [3.6](b) we do not see a similar bulging of the high evanescent
wave transmission regions along the gap resonance for the ENG lensing configuration. This
result is also supported, this time by (3.21)), which limits the maximum amplification of the

ENG lens’s p-polarized radiation within the free-space gap to v/0.5.
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Figure 3.6: Transmission (dB) of wave components 8 = 0.5k, B = 1.5ko, and B = 3k through
(a) an SNG lens placed in free-space, (b) an ENG lens placed between dielectric object and im-
age regions, and (c) an MNG lens placed between dielectric object and image regions. Trans-
mission is plotted as a function of relative lens thickness d/D and total imaging distance D.
The overlaid white and grey lines indicate the slab resonance thickness of (3.14) and free-space
gap resonance of ([3.20)), respectively.
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3.7 Amplification Comparison

Let us now take a closer look at how the slab resonance and gap resonance provide evanescent
wave amplification through the dielectric ENG and MNG imaging systems. To do this, we
study field cross-sections through each lensing system at specific imaging distances and lens
thicknesses chosen to separately satisfy the (3.14)) slab resonance and (3.20) gap resonance
conditions. Plotting these field cross-sections allows us to view how the different amplification

mechanisms manifest in each imaging system.
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Figure 3.7: Transmission of a 3, = 3k spectral component through a dielectric-embedded
ENG lens (left) and dielectric-embedded MNG lens (right). Red markers indicate the imaging
distances and lens thicknesses for which field cross-sections through the lensing system are

plotted in Fig.

Figure [3.§] plots cross-sections of the transverse field for two dielectric-embedded ENG
lens configurations and two dielectric-embedded MNG lens configurations. The chosen lens
thicknesses and imaging distances are highlighted by red markers that are shown in the Fig.
transmission plots for both systems. In each field cross-section plot, the transverse wave
vector is set to B = 3k, and the transverse field is normalized with respect to the incident wave
amplitude. A B = 3ky component is chosen for this analysis as its relatively high decay rate
requires strong amplification to maintain high transmission. The high fields necessary to pro-
vide such strong amplification will emphasize field profile differences between each system’s

amplification mechanisms.
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An imaging distance of D = 0.6A and relative lens thickness of d/D = 0.2422 provides an
example of configurations which satisfy the slab resonance condition in (3.14)), and correspond
to the rightmost markers of the plots in Figs. Here, we see two similar, symmetric field
profiles that are consistent with the excitation of an even coupled-plasmon mode within the
SNG slab (refer to Fig. [2.2)). The MNG lens excites stronger surface plasmon waves than the
ENG lens, generating a transmission profile that remains high over a wider range of imaging
distances, which indicates that the MNG imaging system is more robust to perturbations away
from the slab resonance condition. Still, the high transmission region for each configuration
converges to the lens thickness predicted by (3.14), implying that evanescent wave amplifica-

tion at longer imaging distances arises primarily from the excitation of resonant modes within

the SNG slab itself.
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Figure 3.8: Normalized electric and magnetic field magnitude cross-section plots through
the five-layer ENG and MNG configurations for spectral component 3 = 3k. Plots (a) and
(c) show ENG and MNG configuration field cross-sections at a sample imaging distance of
D = 0.6\ and lens thickness of d/D = 0.2422 (d = 0.1453A). This imaging configuration is
chosen to satisfy the resonance condition in for an isolated slab in free-space. Plots (b)
and (d) show ENG and MNG configuration field cross-sections at a sample imaging distance
of D =0.324 and lens thickness of d/D = 0.4925 (6 = 0.0812A). This imaging configuration
is chosen to satisfy the resonance condition in (3.20) for the air-gap between the dielectric and
SNG lens in a three-layer system. Regions are distinguished by color: dark blue indicates the
dielectric regions, light blue the ENG lens, and light red the MNG lens. Each lens configuration
in this figure is marked with a red cross on the Fig. surface plots.
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Next, in Figs. [3.§[(b) and [3.8[(d) we compare field cross-sections through the ENG and
MNG lensing configurations for an imaging distance and relative lens thickness of D = 0.324
and d/D = 0.4925, respectively. These dimensions correspond to the leftmost markers in Fig.
3.7, and are chosen to provide an example of configurations which satisfy the gap resonance
condition in (3.20). Examining the field cross-sections, we see that both lenses display asym-
metric field profiles, with a higher amplitude surface wave excited on the front lens interface.
In addition, we can see that the MNG lens excites a much higher amplitude surface wave than
the ENG lens, indicating, again, that evanescent wave amplification within the object-lens gap
is polarization dependent. This is consistent with the polarization dependence predicted by
(3:22) and (3.21).

Let us compare the plasmon amplitude of each five-layer imaging system with the ampli-
tude predicted by the three-layer model using (3.21) and (3.22)). The free-space gap length in
Figs. [3.8(b) and[3.8(d) is 6 = D/2 —d/2 = 0.0812A, which is the length that satisfies the res-
onance condition in for the spectral component 3 = 3ko. The field intensity at the first
interface of the five-layer ENG lens system is |H|/|Hjnc| = 0.277 while the field intensity at the
first interface of the five-layer MNG lens system is |E|/|Einc| = 3.67. By comparison, the field
intensity of a plasmon excited through a three-layer system with the same gap can be calculated
as |ts| = 0.234 and |t,| = 3.74 for the ENG lens and MNG lens, respectively. The MNG ampli-
tudes agree within 1.9%, providing further evidence that the object-lens gap resonance is the
driving mechanism for wave amplification for this imaging configuration. The higher ampli-
tude plasmon on the first interface excites a higher amplitude plasmon on the second interface,

ultimately increasing overall amplification at the image plane.

3.8 Imaging Analysis Results

To conclude our external resonance analysis, we investigate the imaging performance of dielectric-

embedded ENG and MNG superlenses. A super-resolution image is generated by transmitting
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spectral components beyond the free-space cut-off and restoring their amplitude and phase at
the image plane. This requires the amplification of evanescent waves, whose high transverse
spatial frequencies carry the small detail information. We have shown in Sec. that mod-
elling the object and detector interactions with dielectric half-spaces introduces a secondary
amplification mechanism that has the potential to enhance imaging performance. This is par-
ticularly relevant for imaging systems using MNG lenses. In this section, we explore the fea-
sibility of forming super-resolved images using such an MNG lens configuration and show
that the MNG lens can operate over larger imaging distances and is more robust to loss than
the ENG lens, whether the object and detector interactions are accounted for in the ENG lens
system.

To better assess the superlensing capabilities of SNG lenses placed between dielectric ob-
ject and image regions, we examine the mean and standard deviation of the transmission coeffi-
cient, 7(f,d, D), over a transverse spatial frequency range of —4ko < B < 4k for both the ENG
(Fig.[3.9(a)) and MNG (Fig. [3.9(b)) lens configurations. For a high performance superlens op-
erating at a given lens thickness and imaging distance, these plots would exhibit a mean close
to unity and a standard deviation close to zero, indicating restoration of each spectral com-
ponent at the image plane. Furthermore, a region of unity mean and zero standard deviation
that is located further to the right in the plot would indicate the capability for super-resolution
imaging over longer imaging distances.

Figure [3.9(a) shows that ideal lens operation for the ENG system is confined to a thin ver-
tical strip near D = 0 which protrudes outwards slightly around d = 0.47D. There does exist a
narrow region of low standard deviation which extends towards 0.3A, however the mean trans-
mission drops off rapidly with increasing distance and is extremely sensitive to lens thickness.
By contrast, Fig. [3.9(b) shows that the MNG lens system exhibits ideal lens operation over
much larger imaging distances than the ENG lens system, with improved resiliency to varia-

tions in lens thickness. Here, the region of low standard deviation and high mean transmission
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Figure 3.9: (The (top) mean and (bottom) normalized standard deviation (stdev) of transmis-
sion calculated over —4ky < B < 4k for (a) the ENG lensing system and (b) the MNG lensing
system. The red marker indicates the lens thickness for peak imaging performance at an imag-
ing distance of D = 0.34. This corresponds to a lens thickness of d = 0.4102D for the ENG
lens and d = 0.4202D for the MNG lens.

is much broader and extends out towards an imaging distance of 0.4A. If we consider a spe-
cific demonstrative imaging distance of D = 0.3A, we can select the optimal ENG and MNG
lens thicknesses by choosing the point displaying the transmission coefficient with the mini-
mum standard deviation. Given this optimization procedure, the optimal ENG and MNG lens
thicknesses are d = 0.4102D and d = 0.4202D, respectively (see the red markers in Figs. [3.9).
For these lens configurations, the ENG system transmission has a mean of 0.28 and standard
deviation of 0.24, while the MNG lens has a mean of 0.93 and standard deviation of 0.15. The
higher mean and lower standard deviation of the MNG lens transmission response over the

ENG lens implies a higher quality imaging performance.
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Figure 3.10: Transmission through an MNG lens (1 = —1) placed between two dielectric

regions (n = 4) separated by 0.3A. The real part of the transmission coefficient is plotted as a
function of slab thickness and transverse wave vector. The transmission magnitude and phase
corresponding to the lens thickness d/D = 0.421 (indicated by the dashed white line) is plotted
in the cross-sections below.

We further analyze the imaging capabilities of the MNG lens configuration by examining
its performance at an imaging distance D = 0.3A. In Fig. we plot the transmission
coefficient, ¢, as a function of the lens thickness over the spectrum 0 < f8 < 4k(. The optimal
lens thickness for maximum transmission varies slightly for each individual spatial frequency,
however as previously, we can choose an optimal imaging thickness by selecting d/D = 0.4202
which provides the minimum transmission standard deviation over the spectrum of interest.
The magnitude and phase of the transmission coefficient at this lens thickness is plotted in
the Fig. [3.10] cross-sections below the transmission surface to highlight the flat, near-unity
transmission profile of the MNG lens system.

Let us now compare the super-resolution imaging capabilities of ENG and MNG lenses,
where object and detector interactions are both accounted for and not accounted for. In Sec.
[3.1] we introduced planar dielectric object and image half-spaces to model the presence of a

source object and image detector. We also showed that these half-spaces ensure real power is
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Figure 3.11: a) Two point sources with quarter wavelength separation imaged through b) an
isolated ENG lens, ¢) an ENG lens placed between two dielectric half-spaces (n = 4), and d)
an MNG lens placed between two dielectric half-spaces (n = 4). In all three cases the imaging
distance is 0.3A and the lens thickness is optimized to provide the flattest spectral transfer
function.

transferred through the imaging system. In keeping with this principle of real power flow, we

construct a band-limited object field from two sinc functions spaced a quarter wavelength apart

(see Fig. [3.11)(a)),

Eopj = sinc((x —s/2)20) +sinc((x +5s/2)20). (3.24)

Here, sinc(x) = sin(x/(7x)), s = 0.251 is the peak separation distance, and & = 0.4429 des-
ignates a full-width half-maximum (FWHM) beam width of 0.1508A which corresponds to a
spectrum of —4ky < 8 < 4k for each sinc function.

The object spectral distribution is multiplied by the system transfer function to get the
image spectral distribution, which is converted to the image field using an inverse Fourier
transform. Applying a spatial Fourier transformation to (3.24), the object spectrum (see Fig.

[3.11[(a)) can be expressed as
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fobj = FFT(E,;)

= ~cos ()12 < o). (3.25)

(Eobj), object spectrum ( fop;), image field (Ejmg) and image spectrum (fiyg) are plotted for all
three lensing systems in Fig. [3.11] In Fig. [3.11(b) we see that the fields from the isolated
ENG lens are not resolved into two distinct peaks. Instead, spatial frequencies corresponding
to the resonant mode of the lens are over-amplified, resulting in a standing-wave artefact that
obscures the object image. In Fig. [3.11fc), the ENG lens is placed between two dielectric
half-spaces representing the object and detector. The imaging artefacts from Fig. [3.11|(b) dis-
appear, however high attenuation through the lens results in low field intensity at the image. By
contrast, if we examine Fig. [3.11](d), we see that placing an MNG lens between a dielectric ob-
ject and detector generates a faithful reconstruction of the object field, with two well-resolved
peaks confirming super-resolution imaging at a distance of 0.3A. In this image, the difference
between the object and image fields comprise a 7% drop in peak amplitude, a 2% increase in
FWHM beam width, and an increase in the field minimum between the two peaks from 0%
to 8% of the peak object field strength. Further reducing the two-object spacing, we find that
the minimum resolvable separation distance by the dielectric-MNG lensing system is a gap of
approximately 0.195A. We define our resolution threshold where the minimum between image
field peaks is 1/ /2 times the image peak value.

Let us continue our imaging analysis by investigating the effect of loss on lens perfor-
mance to determine whether the presence of multiple independent amplification mechanisms
increases the robustness of the system. A loss analysis also provides a more realistic evalu-
ation of the potential resolution limits of a real-world SNG imaging system. Let us consider
a similar imaging setup to the one used in the Fig. [3.11] simulations, but increase the object
field complexity by observing now a three-source object represented by three sinc functions.

The three sinc functions are once again given a FWHM of 0.15084, and are spaced at quarter
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Figure 3.12: The imaging response of the single-negative lensing systems under conditions of
increasing loss. a) Three point sources with an adjacent separation distance of 0.25A4 imaged
through b) an isolated ENG lens, ¢) an ENG lens placed between two dielectric half-spaces
(n=4), and d) an MNG lens placed between two dielectric half-spaces (n = 4). For each
lensing configuration the object and image are separated by a distance of 0.3A4. The imaging
response is shown for loss tangents of 0, 0.05, 0.10, and 0.15.

wavelength intervals, as shown in Fig. [3.12)a). Figures[3.12b), (c) and (d) show the imaging
responses for an isolated ENG lens, an ENG lens embedded within a dielectric imaging system
with n = 4, and an MNG lens embedded within a dielectric imaging system with n = 4, re-
spectively. Furthermore, the imaging response of each lens is compared for the lossless case as
well as loss tangents of 0.05,0.1, and 0.15. The upper end of this range is consistent with loss
tangents reported in the recent metamaterial superlens literature [16}15,157]. As previously, the
thickness of each lens is selected by minimizing the standard deviation of the spectral transfer

function to provide the flattest response.
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Examining Fig. [3.12(b) we see that once again spectral over-amplification from the isolated
ENG lens generates additional field peaks that obscure the image. Here, imaging artefacts for
the 0.05, 0.1, and 0.15 loss tangent cases manifest as side lobes with levels reaching 95%,
67%, and 58% of the center image peak field strength, respectively. This result demonstrates
how imaging with an isolated SNG lens relies on loss; the lossless and low loss cases generate
unresolved images, with only the 0.15 loss tangent case being capable of generating an image
that resembles the object field. If we embed the ENG lens within a dielectric imaging system,
as shown in Fig. [3.12|c), the imaging artefacts are eliminated, but overall transmission is again
reduced such that the object-field peaks are no longer distinguishable at the image for any case
other than the lossless case. The Fig. [3.12(d) imaging response shows that an MNG lens em-
bedded within a dielectric imaging system provides the most reliable imaging response. While
the inclusion of lens loss does reduce overall MNG lens transmission, the imaging configura-
tion is still able to resolve the three object peaks for loss tangents below 0.15. (The 0.15 case
does not meet our strict definition of resolution, however the peaks are still visually distinct.)

Our imaging results verify that resonant evanescent wave amplification within the free-
space cavity not only boosts transmission across the imaging spectrum to improve the imaging
performance of an MNG lens, but it also increases image resiliency to lens loss. The ability of
the MNG lensing configuration to provide super-resolution imaging that is robust to loss can be
attributed to the resonant amplification of evanescent waves that occurs within the free-space
gap between object and lens. Since this amplification mechanism occurs prior to transmission
through the lens, it is impacted less by the introduction of lens loss than the dominant, slab-

resonance amplification mechanism.
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Chapter 4

Finite Lens Effects

In this Chapter, we present the methods we developed to study the frequency characteristics
of dispersive, finite transverse-width superlenses, and showcase how geometry tuning can be
used to improve superlensing performance. In standard theoretical superlensing analysis, the
lens is typically assumed to be a flat, planar slab with a finite-thickness, but an infinite width
in both transverse directions. The consideration of a finite transverse dimension greatly com-
plicates superlens analysis, requiring two-dimensional simulation techniques (as opposed to
one-dimensional), and introducing corner interactions that can disrupt the lens response. In
this section of the thesis, we develop methods to analyze how superlens geometry affects reso-
nant surface plasmon excitation and superlensing performance.

Finite transverse-width superlensing research has been focused on improving finite-difference
time-domain (FDTD) simulation techniques [33], exploring the imaging performance of non-
dispersive superlenses with R(g,) = R(u,) = —1 [32L133], and investigating the temporal char-
acteristics of double-Drude lenses [34]. In a 2019 study, authors Aghanejad et al. simulated
a two-dimensional, dispersive, heterogeneous DNG superlens structure that had a finite thick-
ness, and finite width in one transverse direction [39]. In this study, Aghanejad et al. observed
that the continuous resonant modes of an infinite width superlens become discrete when the
lens has a finite transverse width. By carefully choosing the width of the lens, its discrete
resonances could be shifted to avoid excitation at the operating frequency. In our work, we
develop simulation and processing techniques to study the dispersive characteristics of finite
width DNG and SNG superlenses. We expand on previous work in the area by providing a
framework for analyzing the finite width superlens response to individual Fourier components,

and demonstrating how lens geometry tuning can modify resonances to improve the imaging
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response of dispersive superlenses.

4.1 Simulation Model

To analyze finite width superlens characteristics, we propose a model to be simulated using
COMSOL Multiphysics’ frequency-domain electromagnetic wave solver. In this analysis, we
normalize all lens geometries and frequency components by the wavelength at which €, = —1
and/or p, = —1. This wavelength will be labeled 4,, and is typically used as the operating
point for matched double-Drude lenses. Our simulation model, shown in Fig. @ consists of
a two-dimensional superlens slab with circularly shaped corners, that is placed within a free-
space region, and bounded by a perfectly matched layer (PML). The superlens geometry is
characterized by a thickness, d, a width, w, and a corner radius, r. To model dispersive lens
material parameters, we use lossless Drude models in one or both of i or €. Here, it should
be noted that it is not necessary to introduce material losses to the superlens for the purpose of
avoiding singularities in the field amplitudes as scattering from the lens corners generates loss
to the resonant modes.

In our simulations, we excite the lens with individual incident Fourier components of the

form

E, = 100~ km(td/2)=iBuy (4.1)

where f3, = B/, is the normalized transverse spatial frequency of the wave and ky, = ky/k,)
is the normalized longitudinal spatial frequency. This wave equation is designed to have a unity
amplitude at the first lens interface, located at x = —d /2, to minimize the impact of varying
amplitude decay rates between spectral components. In other words, all incident evanescent

waves have unity amplitude at the first lens interface, regardless of the component’s decay rate.
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Figure 4.1: Simulation model of a curved corner, finite transverse width superlens within a
free-space simulation region. Perfectly matched layers of width A, = A,/ v/2 bound the sim-
ulation space to absorb scattered radiation. The lens has a width w, thickness d, corner radius
r. The object plane is shown as a vertical dashed line that is located at x = —d, and the image
plane is a vertical, dotted line that is located at x = d. A sample scattered field is overlaid as a
red and blue surface pattern.
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4.1.1 Addressing Evanescent Wave Simulation Challenges

Simulation of the evanescent wave components required for superlensing comes with a number
of challenges. First, the phase of evanescent waves rapidly vary in the direction transverse to
their decay. The precise measurement of these rapidly varying fields requires implementation
of a fine enough mesh grid to avoid aliasing. In our simulation, the spatial sampling of all
electromagnetic wave components is kept well above the Nyquist rate, with dynamic meshing
employed along the lens corners to effectively capture corner curvature detail. However, while
increased spatial sampling enables higher transverse spatial frequency simulation, it also in-
creases simulation time. Therefore, to avoid excessive simulation times, we also constrain our
simulation range to a maximum transverse spatial frequency of f3, = 2.27.

Second, evanescent wave amplitude decay can introduce unwanted numerical artefacts to
the simulation. In our system, we define the incident evanescent wave components such that
their amplitude exponentially decays as they travel along the positive x direction. When the
decay constant is large, the incident field at the left simulation boundary can be many orders of
magnitude larger than that of the incident field at the right simulation boundary, with the field
at the lens being somewhere in between. In such cases, scattering off of the left PML interface
can dominate the scattered field. To mitigate this potential source of error, the left boundary
is placed near to the lens, thereby reducing the dynamic range of incident evanescent wave

components.

4.2 Evaluating Finite Width Superlens Spectral Transmission

4.2.1 Simulation and Processing Methods

With the simulation configured, we evaluate the spectral transmission characteristics of finite
width superlenses. To begin, we define the incident electromagnetic wave as a background field
in COMSOL Multiphysics, allowing the lens response to be isolated by directly measuring the

simulated scattered field data. To gather lens transmission data over both temporal and spatial
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frequency domains, we sweep the temporal frequency, @, = ®/®,,, and transverse spatial
frequency, B, = B/Bop, of the incident electromagnetic wave over a region of the evanescent
regime, {®w, € R | [0.73,1.14]}, {B, € R | [1,2.27]}. For each increment within this sweep,
we sample the complex scattered field data at 4001 equally spaced points placed along the
image plane between y = —w and y = w. In this manner, we collect one-dimensional data
representing the amplitude and phase of the transmitted field for each given incident spectral
component (see Fig. 4.2(b)).

Once the real-space field data has been gathered, we generate the spectral response of
the lens by converting to the spatial frequency domain using a fast Fourier transform (FFT).
To increase spatial frequency domain signal resolution, we zero-pad the field data prior to
applying this transformation, artificially boosting the number of spatial samples to 131072
points. To illustrate this step, we plot a sample real-space field signal and its corresponding
amplitude spectrum for a f3,; = 2 incident wave component transmitted through an arbitrary
finite width superlens in Figs. [4.2((a) and {.2](c), respectively. Examining Fig. 4.2(c), we see
that the maximum spectral peak of the transmitted spectrum is located at the transverse spatial
frequency of the incident wave, f3,;. The plotted spectral transmission response also shows
strong amplification of Fourier components other than that of the incident. After viewing the
image fields for a number of different incident waves, we observed that there most often appears
four main spectral peaks, centered around +J3,,; and +k, where ky is the spectral cut-off spatial
frequency.

To simplify our analysis of finite width superlens transmission, we approximate the image
plane spectrum by modelling its four main spectral peaks. Due to the finite extent of the
lens, it can only act on the incident wave over a finite region. Since the incident wave is
infinite in extent, we must therefore introduce a windowing function to our transmission model.
Here, we show that the convolution between each main spectral component and a rectangular

window function with a width equal to that of the lens can provide a good approximation for
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Figure 4.2: Top row: Sample simulation plots of the real (red) and imaginary (blue) com-
ponents of (a) the transmitted electric field measured at the image plane and (b) an approx-
imation of the transmitted electric field measured at the image plane. Bottom row: Sample
amplitude spectrum of (c) the simulated electric field as measured at the image plane, and
(d) an approximation of the four main spectral peaks of the simulated spectrum. All plots
are for a single-Drude lens with a thickness of d = A,,/(2v/27)) & 0.11A,,, corner radius of
r =0.45d ~ 0.051A,,. Vertical dashed lines indicate the locations of free-space cut off spatial
frequencies +ko, as well as the incident spectral component spatial frequency +p,; and the
negative incident spectral component spatial frequency —f,,;.
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the transmitted field spectrum. The lens defining window function can be expressed as

0, if|y|>w/2
Imodel (y) = 4.2)
1, if [y <w/2,

where the bounded transverse width, |y| < w/2 matches that of the lens. Performing a Fourier

transformation on eq. (4.2), we convert this lens model to the spatial frequency domain, gen-

erating a weighted sinc function of the form,

Todel(Bn) = w sinc (w%) , (4.3)

for each spectral component, where, 7,,,4.; corresponds to the modelled spectrum, and S, is
the normalized transverse spatial frequency of the considered spectral component. Applying
this transmission model to the +f3,; and +ky components, we generate four sinc functions that
appear centered at their respective normalized spatial frequencies. Comparing Fig. 4.2|c) and
4.2(d) we show how the superposition of these four convolved spectral components can be used
to model the simulated amplitude spectrum. Here, we observe that the spectral beamwidth of
each simulated component appears consistent with that of the modelled lens convolution. By
scaling the sinc functions to best fit our simulated spectrum data, we can approximate the height

of each component’s spectral transmission peak,

Tsim ~ Tmodel T57 (44)

where Ty, corresponds to the simulated transmitted spectrum, and 7 is the applied complex
multiplier. Here, the modifier 7; represents amplification of each individual spectral compo-
nent. We discretize Ty,,,4.; and Ty, into [M X 1] matrices consisting of M spectral points, then,
using a least squares algorithm to optimize for 7§ [S8]], we convert the simulated lens transmis-

sion response into complex numbers corresponding to each spectral component’s transmission,
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Ts = (TmodelTTmodel)_1 (TmodelTTsim)' (4-5)

4.2.2 Double-Drude Transmission Response

Applying the technique developed in Sec. to each of the £f3,; and +ko spectral compo-
nents for a range of incident waves allows us to characterize the lens transmission response.
In Fig. we plot the magnitude of the transmission coefficient, |T;|, corresponding to £,
and +kq spectral components over spatial and temporal frequency for a sample finite width,
matched double-Drude superlens. (See Figure caption for the geometry.) In each plot within
this Figure, we see high transmission regions, shown in red, that closely align with the over-
laid black curves representing the analytical surface plasmon resonances for an infinite width,
double-Drude lens. These high transmission regions indicate that the surface plasmon reso-
nances of a finite-width superlens are discretized along the resonant solutions for an infinite-
width superlens. Next, for the incident, 3,; component, we see a horizontally aligned near-unity
(0 dB) transmission region surrounding the matched frequency, ®,,. For the —f,;, +ko and
—ko spectral components, this horizontal frequency band shows low transmission, indicating
that the operating frequency should provide a good imaging response for the incident com-
ponent, with low amplification of unwanted additional spectral components. However, just
below the matched frequency, at @, ~ 0.96 we see a high transmission region for the three
non-incident component plots. Operation near this temporal frequency would risk generating
amplifying these components, generating artefacts that could obscure the image.

We now focus our investigation on transmission of the incident spectral component, +f3,,;.
We limit our investigation to this single component as it most clearly shows the resonances
of the lens. To study how lens geometry affects resonance, let us first consider the matched

double-Drude lens, defined by material parameters
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Figure 4.3: Plots in dB of the transmission of spectral components (a) +B,;, (b) —Bu,
(¢) +ko and (d) —ko through a sample double-Drude lens (@w,e = ®p,) with a thick-
ness of d = A,,/(2v27) = 0.114,, corner radius of r = 0.45d = 0.0514,,, and width of

w = 3yp/V/2 = 2.121,,. The overlaid black curves present the resonant surface plasmon
solutions for an infinitely wide superlens.
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In Fig. 4.4 we plot incident spectral component transmission through two double-Drude lens
geometries. Both lenses are defined by a thickness of d = A,,/(2v/27)) a2 0.112,,, and cor-
ner radius of r = 0.45d ~ 0.0514,,, and differ only in width. In Fig. a) we plot spec-
tral transmission through a lens of width w = 34, / V2~ 2.124,,, while in Fig. b) we
plot spectral transmission through a lens of width w = 5,,/v/2 ~ 3.53A,,. The chosen
lens thickness of d = A,,/(2v/27)) corresponds to k,d = 1, where k, = 2v/2m/A,p. This
lens thickness is chosen both to be consistent with dimensions used in superlens designs
[8, 139, 44]], and to highlight individual resonance branch characteristics as at lens thicknesses
above d = 3A,,/ (47m\/2) ~ 0.17A,,, the upper and lower resonance branches begin to merge,

the individual branches becoming indistinguishable.
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Figure 4.4: Plots in dB of the spectral transmission, log(|7;|), through double-Drude
lenses (@ye = Wpy) with a thickness of d = A,,/(2v27) ~ 0.114,,, corner radius of
0.45d =~ 0.0514,), and a) a width of w = 34,, = 2.124,,,, b) a width of w = 54,, = 3.534,,,.
Spectral transmission is calculated using the methods described in Sec. [3.5] over temporal
frequency (@, = ®/®,,) and transverse spatial frequency (8, = B/B,p). The overlaid black
curves present the resonant surface plasmon solutions for an infinitely wide superlens, while
the black and white markers locate the maxima and minima, respectively, of a one-dimensional
cavity with a length matching that of the lens width.

Observing the transmission plot for a w = 31,,/v/2 ~ 2.121,, wide lens in Fig. a),

56



we see distinct resonant mode peaks, indicated by the high field regions in red, whose maxima
closely align with the overlaid black curves representing analytical resonance dispersion for
an infinite width, double-Drude lens. This observed resonant mode discretization is consis-
tent with one-dimensional cavity model descriptions from prior finite width superlens studies
[39,134]. Under the cavity model description, partial standing surface waves are generated by
reflections at the lens corners. These standing waves attain an amplitude maximum when the
product of their transverse spatial frequency and the lens width is equal to an odd multiple
of a quarter the transverse wavelength, and an amplitude minimum when the product of their
transverse spatial frequency and the lens width is equal to an even multiple of a quarter the

transverse wavelength,

, r
ﬁ”T"PW = 771:, 4.7

where ¢ is the speed of light in vacuum and I' is a positive integer. Here, 1" specifies the
maximum and minimum locations, for I odd and I even, respectively.

At the operating points where (4.7) is satisfied for odd I" we expect to observe resonance
maxima in our spectral transmission plots. Conversely, at the operating points where
is satisfied for even I" we expect to see resonance minima. To observe how closely our finite
width lenses follow this one-dimensional cavity description, we plot the predicted transmission
maxima and minima locations as black and white markers, respectively, along the resonance
branches in Figl}.4] Observing these marker locations for Fig. f.4(a), we see that the predicted
maxima and minima locations closely align with the simulated spectral transmission modes
of the lens. Comparing the spectral transmission response of the w = 34,/ V2 & 2.122,)
wide lens in Fig. a) with that of the w = 54,,/v/2 ~ 3.531,, wide lens in Fig. b),
we see that increasing lens width result in a higher number of discrete resonance modes along
each branch. The cavity model captures this increase in modal density, with the spacing of the

predicted spectral maxima and minima similarly reducing along each resonance branch.
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We now look to observe the effects of corner radius on resonant mode discretization. In
Fig. we plot spectral transmission through two d = 4,/ (2v/27) 2 0.114,p, w = 5v/22,, ~
3.53A,p lenses. The lens in Fig. a) is given a corner radius of r = 0.45d ~ 0.051A4,,, and the
lens in Fig. {.5(b) is given a corner radius of r = 0.15d ~ 0.017. Comparing these two plots,
we see that the resonant modes of the Fig. .5(b) r = 0.15d ~ 0.017 lens are shifted down
in both spatial and temporal frequency from those of Fig a) r =0.45d ~ 0.0514,,, lens.
This shift in modal placement results in closer alignment of the simulated resonances with the
predicted maxima and minima locations from the one-dimensional cavity model. This result
indicates that reducing lens corner radius increases the effective length of the one-dimensional
cavity model for the lens. The sharper the lens corner, the closer the cavity model length is to
the physical lens width. The resonances of lenses with rounder corners follow a distribution

that better matches a shorter one-dimensional cavity.
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Figure 4.5: Plot in dB of the spectral transmission, log(|7;|) of double-Drude lenses
(Wpe = Wpy) with a thickness of d = A,/ (2v/27), width of w = 5v/2,, 2 3.534,,, and (a) a
corner radius of 0.45d ~ 0.0514,,, (b) a corner radius of 0.15d ~ 0.0174,,,. Spectral transmis-
sion is calculated using the methods described in Sec. [3.5] over both temporal frequency and
transverse spatial frequency. The overlaid black curves present the resonant surface plasmon
solutions for an infinitely wide superlens, while the black and white markers locate the maxima
and minima, respectively, of a one-dimensional cavity matching the lens width.
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4.2.3 Double-Drude Transmission Performance

To gain an understanding of how lens geometry affects imaging performance, we study spectral
transmission through a double-Drude lens operated at a normalized frequency of @, = 1. By
working at this perfect-lensing operating point, any deviation from a unity (0 dB) spectral
transmission response can be directly attributed to finite width lens effects. In Fig. [4.6] the
spectral transmission through three separate perfect lenses is plotted. All considered lenses are
again given a thickness of d = 4,/ (2v/27) 2 0.114,,, and differ only in lens width and corner
curvature radius.

For this comparison, we plot the response of a w = 3\/5&,1, ~ 2.12&01,, r=0.45d ~
0.0514,,, lens in blue, a w = 5\/51017 ~ 3.53A,p, r = 0.45d ~ 0.0514,), lens in red, and a
w= 5\/§7Lop ~ 3.53A0p, r = 0.15d ~ 0.0174,), lens in yellow. All three lenses can be seen to
display non-flat spectral transmission responses over the considered spatial frequency range.
Here, the surface wave interference responsible for discretizing the surface plasmon reso-
nances also adds transmission ripple to the perfect lens response. Comparing the transmission
profiles of the w = 3\/57%17 ~ 2.12A,p and w = 5\/5/101, ~ 3.53A,, lenses, we see that in-
creasing lens width generates more transmission fluctuation over the studied spatial frequency
range. This observation is consistent with the cavity model description, which predicts more
densely packed modes for longer one-dimensional cavities. In addition to transmission rip-
ple, the lenses also exhibit upward sloping spectral amplification responses that increases from
T;(B) ~ —1dB near free-space cut off towards the left of the plot, to T;(8) ~ 0dB at 3, = 2.3

visible towards the right of the plot.

59



Or _—
@ 02+ /a
vN /
W -04r
-0.6

——w = 3v2\,, 7 = 0.45d
08} ——w = 5v2\,,, 7 = 0.45d
w = 52\, 7 = 0.15d

_1 1 1 1 1 1 1
1 1.2 14 16 1.8 2 2.2

n

Figure 4.6: Spectral electric field transmission, log(|7;|) (dB) along the ®,, matched fre-
quency for the indicated double-Drude lens geometries. All lenses have thickness of
d = Aop/(2/27) 2 0.11A,), and differ only by width and corner curvature radius.

4.2.4 Single-Drude Lens Geometric Tuning

In their work, Aghanejad et al. observed that imaging artefacts could be avoided by adjust-
ing the transverse width of heterogeneous, DNG, metamaterial lenses to avoid the excitation
of resonant modes [39]. To expand on this work, we investigate the manner in which the
geometric tuning of finite width superlenses modifies surface plasmon resonance to improve
superlensing performance. To facilitate our analysis, we study field transmission through ho-
mogeneous, single-Drude lenses, defined by a dispersive permittivity and non-dispersive per-
meability. This homogeneous lens model provides a simpler response than that of the hetero-
geneous lens model used by Aghanejad et al. Additionally, as the single-Drude lens lacks a
matched, n = —1 frequency point, any chosen operating frequency will necessarily intersect
with a resonant branch (provided that the chosen operation frequency is below the maximum

resonant temporal frequency of the lens). This necessary resonance excitation helps to better
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showcase how geometric tuning can improve the superlens transmission response by reducing

resonant component amplification.
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Figure 4.7: Electric field spectral transmission, log(|7;|) (dB) along the ®,, matched fre-
quency for the indicated double-Drude lens geometries. All lenses have thickness of
d = Aop/(2v/27) 22 0.114,, and differ only by width and corner curvature radius.

In Fig. 4.7] we plot spectral transmission surfaces for three separate single-Drude lens ge-
ometries. All considered lenses are again defined by a thickness d = A,/ (2v/27) a2 0.111,),
but differ in both lens width and corner curvature radius. Here, Fig. [.7(a) plots the trans-
mission through a w = 3\/§7Lop ~ 2.12A,p, r = 0.45d ~ 0.051A,,, lens, Fig. b) plots the
transmission through a w = Sﬁlop ~ 3.53Ap, r = 0.45d ~ 0.0514,,, lens, and Fig. c)

plots the transmission through a w = 5\/5&017 ~ 3.53A0p, r = 0.15d =~ 0.0174,,, lens. Ob-
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serving each Fig. plot, we first note that the discrete resonant modes of all three lens
geometries, indicated by the high transmission regions in red, closely follow the overlaid black
curves representing the resonant surface plasmon dispersion solutions for an infinitely wide
lens. However, the nature of these resonances differ significantly between lens geometries.
The lower branch resonances of each lens can be seen to manifest as individual modes. While
these modes do become more densely packed over the lower resonance curve as lens width is
increased, they still remain visually distinct for all lens geometries. In comparison, the resonant
modes of the upper branch are much closer together, and appear to meld into a near-continuous
high transmission region for the wider, w = 5\/5101, lens geometries.

Corner radius curvature also has a strong impact on the upper branch resonance. Comparing
Figs. 4.7(a) and [4.7(b) to Fig. #.7(c), we see that the r = 0.45d ~ 0.0514,,, corner curvature
lenses have a distinct upper branch resonance mode, centered at @, ~ 0.97. To highlight the
dependence of this mode on corner curvature, we separately plot transmission through the d =
Aop/ (2\/§7r) ~0.114,,, w= 3v22, » ~2.12A,, lens for four separate corner curvatures in Fig.
4.8l Observing Figs. @.8|(a), (b), (c) and (d), we see that as corner-radius is decreased, so does
the distinct upper branch resonance mode appear to shift downwards in temporal frequency
along the resonance branch. Comparatively, the r = 0.50d =~ 0.056A,,, lens shows this mode at
o, =~ 0.96, whereas for the r = 0.35d ~ 0.0394,,, lens this mode appears at @, ~ 0.92.

We can use these observed geometric tuning effects to suppress resonant mode amplifica-
tion. In Figs. f{.9(a), #.9(b) and [4.9(c) we plot transmission surfaces through three separate
d = Aop/(2V/27) ~ 0.111,, single-Drude lenses geometries. For all three of these lens ge-
ometries, we examine spectral transmission along an operating frequency of @, = 0.974. This
chosen operating frequency is indicated by an overlaid dashed line on each transmission plot,
and a spectral transmission cross-section along this operating frequency is plotted adjacent to
each geometry in Figs. 4.9(b), 4.9(d) and }.9(f).

Examining the Fig. [4.9)transmission plots, we see that while all three lens geometries have
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an upper resonance branch crossing at @, = 0.974, the resulting spectral amplification from this
resonance crossing differs significantly between geometries. For the w =5 \/EPLOP ~ 3.53A0p,
r=0.15d =~ 0.017A,,, lens, the operating frequency directly cross a high transmission region
at B, ~ 1.2. This generates above-unity (0 dB) amplification of spectral components between
B, = 1.1 and B, = 1.4 as seen in Fig. [4.7(b). Increasing the radius of curvature of this lens to
r=0.45d ~ 0.0514,,, in Fig b) produces a distinct resonant mode at @, ~ 0.96. However,
despite this change in the upper branch resonance distribution, the operating frequency still
intersects with the high transmission region, resulting in above-unity amplification of spectral
components between 3, = 1.1 and f8, = 1.4. Finally, in Fig. [4.7(c) we reduce the width of the
r=0.45d =~ 0.0514,, lens to w = 3\/5101, ~ 2.122,p. This width reduction increases the size
of the low transmission region surrounding the distinct upper resonant mode at @, ~ 0.96 such
that the operating frequency no longer intersects with the high transmission region. As a result,

spectral amplification between 3, = 1.1 and f3, = 1.4 is greatly reduced, as indicated by Fig.

4.9(F).
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Figure 4.9: Spectral transmission plots (dB) for d = A,,/(2v27) = 0.114,, single—
Drude lenses with (a) a width of w = 5\/5101, ~ 3.534,, and corner curvature of
r = 0.15d ~ 0.0174,,, (c) a width of w = 5\/§7LO[, ~ 3.53A,, and corner curvature of
r = 0.45d ~ 0.051A,,, and (d) a width of w = 3\/§7LOP ~ 2.12A,, and corner curvature of
r =0.45d ~ 0.0514,),. The chosen operating frequency of ®, = 0.974 is plotted as an over-
laid, dashed horizontal line. Spectral transmission along the operating frequency is plotted in
(b) for the w = 5v/2Ap = 3.53 A, r = 0.15d = 0.017 A, (d) for the w = 5v/22,, ~ 3.532,,,
r =0.45d 2 0.051,, lens, and (f) for the w = 3v/24,,, = 2.124,,, r = 0.45d ~ 0.051A,, lens.
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4.3 Finite Width Lens Radiated Power Analysis

In addition to corner reflections, a finite transverse-width also introduces scattering effects. As
was discussed in Sec. surface plasmons travelling around bends can couple to free-space
as propagating waves, leaking power from the lens [41]]. In this section, we present a method to
quantify scattering from a finite width superlens as a function of @ and 3. We use this method

to evaluate the geometric dependence of superlens radiation characteristics.

4.3.1 Radiated Power Methods

The power radiated by a three-dimensional object can be calculated by integrating the Poynting
vector over a surface that fully encloses said object. For our two-dimensional simulation, this
2-D closed surface becomes a 1-D closed line that encircles the lens. An obvious location for
this lens-encircling boundary would be along the PML interface, located at the edge of the
simulation space. However, this is not the ideal boundary selection for our simulation, as along
the PML interface there exist surface plasmons generated by interactions between the PML
and the incident evanescent wave, the fields of which can indirectly impact the radiated power
calculation by adding error to the scattered field formulation. To reduce this source of error,
the lens-enclosing line is placed in between the lens and the PML boundary, providing distance
for the PML surface plasmon fields to decay before reaching the radiated power calculation.
To calculate radiated power, we measure the scattered-field Poynting vector along the lens-
bounding line and perform a closed-line integration of its dot product with the outward facing

normal vector of the bounding curve,

Py = jf Sdl-#,. (4.8)
)

Here, S = 0.5 ?R{E x H *} is the real component of the scattered-field Poynting vector, and 7}

is the normal vector (pointing in the outward direction) of the lens-bounding line. The result of
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this integration is a scalar measure of the power radiated by the lens for excitation by a given

incident spectral component.

— e — T L e e

e

g

X

Figure 4.10: Finite width lens simulation model showing the fictitious lens-enclosing line
(dashed) over which the scattered-field Poynting vector is integrated in order to calculate the
power radiated by the lens.

4.3.2 Radiated Power Response

We now compare the radiated power and transmission characteristics of finite width, matched
double-Drude superlenses (€, = ). In Fig. @ we plot both transmission (left) and radi-
ated power (right) surfaces for three separate d = A,,/(2v/27) ~ 0.114,,, double-Drude lens
geometries: a) w = 3\/§7Lop ~ 2.12A,p, r = 0.45d ~ 0.0514,),, b) w = 5\/§lop ~ 3.53A0p,
r=0.45d ~ 0.0514,p, and c) w = 5\/5/1017 ~3.53Ap, r = 0.15d = 0.0174,,,. Examining each
plot, we see that radiated power manifests discrete resonant modes whose placement and ap-
pearance closely match those generated for the transmission surfaces. At resonance, surface
plasmon amplitudes spike, generating strong fields that in turn radiate substantial power. Be-

tween resonances, the fields are weak, leading to low radiated power and resulting in a similar
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Figure 4.11: Side by side comparison of the spectral transmission, log(|7;|) (dB, left) and
radiated power, log(|P4q|) (dB, right) of finite width, d = A,,/(2v27) =~ 0.114,, thick
matched double-Drude lenses (g, = ;). Three separate lens widths and corner curva-
ture radii combinations are considered: a) w = 3v/2A,, = 2.124,,, r = 0.45d = 0.0511,,,
bw = 5v2A,p =~ 3.53A,p, r = 0.45d ~ 0.0514,, and c) w = 5v2A,, ~ 3.531,),
r=0.15d = 0.017
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distribution of modes.

Examining each radiated power plot, we also see the manifestation of a high radiated power
region, visible in Figs. {.11](a), . 11[(b) and @.T1}c) as a horizontal blue/green stripe. For the
W= 3\/§7L(,p ~ 2.12A0p, r = 0.45d ~ 0.0514,, and w = 5\/§7LOP ~ 3.53A0p, r = 0.45d ~
0.051A4,,, lenses, this region appears centered around @, ~ 0.96, while it is shifted down to
, ~ 0.87 for the w = 5\/510,, ~ 3.53A0p, r = 0.15d ~ 0.017A,,, lens. Close examination of
each corresponding transmission surface reveals similarly shaped |T'| ~ 0 dB regions that are
also visible as faint green stripes.

Let us further investigate this high transmission operating point by examining the radiated
power and transmission characteristics of single-Drude lenses with varied corner-curvature. In
Fig. we plot transmission (left) and radiated power (right) surfaces for single-Drude lenses
defined by a width w = 3v/24,,, = 2.124,,, thickness d = A,,/(2v/27) = 0.114,,, and radii of
(@) r =0.45d = 0.0514,, (b) r = 0.40d =~ 0.0454,),, (c) r = 0.35d ~ 0.0394,,. Comparing
first the Fig. a) transmission and radiation surfaces of a w = 3\/§7Lop ~ 212, 1 =
0.45d ~ 0.051A4,,, single-Drude lens to those that were plotted for a double-Drude lens of
the same geometry in Fig. [4.11a), we see the similar manifestation of horizontally aligned
high transmission/radiation region centered at @, ~ 0.97. However, for the single-Drude case
these transmission regions are not continuous, but instead appear as multiple, distinct resonant
modes. This agreement in the placement of these transmission/radiation peaks indicates a
strong corner-radius dependence, while variation over 8 indicate a material parameter/lens
width dependence. Observing Fig. [{.12(a), #.12(b) and {.12|c) we see that as the radius of
curvature is decreased, so is the position of the horizontally aligned high transmission/radiation
region pushed to lower temporal frequency.

Finally, in Fig. we compare radiated power to spectral transmission of the +ky compo-
nent through a double-Drude lens. If we recall from Sec. 4.2.1] there were four main spectral

components visible in the lens spectral transmission response: +f3,;; and +ko. Comparing the
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Figure 4.12: Side by side comparison of the spectral transmission, log(|7;|) (dB, left)
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w= 3\/53,01, ~ 2.12A,, single-Drude superlenses. From top to bottom results are plotted for
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transmission response of the +ko component in Fig[d.13a) to radiated power in Fig. @{.13[b),
we see that at @, ~ 0.96 there exists a frequency band over which both transmission and ra-
diated power are high. This indicates that the mechanism responsible for boosting radiated
power along this operating frequency is connected to high amplification of the 4k spectral
component.
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Figure 4.13: Side by side comparison of positive free-space cut-off transmission,
log(|Tio|) (dB, left) and radiated power, log(|Pyg|) (dB, right) of finite width,
d = dop/(2V27) = 0.11pp, w = 3v/22,, & 2.122,), 1 = 0.45d ~ 0.051A,, double-Drude
superlenses.
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Chapter 5

Conclusion

Future advancement of many contemporary light-based imaging and manufacturing techniques
requires the development of lenses that are able to surpass the diffraction limit. To meet this in-
dustrial need, superlenses that are capable of generating sub-wavelength resolution images are
under continued research. Superlensing relies on strong surface waves to amplify fine-detail
carrying incident evanescent waves over the extent of a lens. These high surface wave ampli-
tudes intensify minor electromagnetic interactions that are otherwise negligible in conventional
lensing systems. In this thesis, we investigated two separate surface wave interaction phenom-
ena to evaluate how they impact and may be used to enhance superlensing performance. First,
we examined how near-field reflections between optical components impact imaging perfor-
mance. Second, we present our method of investigating how modifying superlens width and
corner radius can change the characteristics of resonant mode excitation to improve the perfor-

mance of dispersive, homogeneous superlens slabs.

5.1 Summary of Evanescent Wave Simulation Guidelines

Special consideration must be given to the simulation of evanescent waves. In this thesis,
evanescent wave simulation was performed using COMSOL Multiphysics’ FEM-based, full-
wave frequency-domain solver. An incident evanescent wave was applied in the form of a
background field. As this evanescent wave was swept over a range of spatial and temporal
frequencies, the exponential decay was spatially offset to ensure that all spectral components
would have unity amplitude at the first lens interface. A simulation-space bounding PML was
employed to absorb scattered radiation. To eliminate interactions between the incident evanes-

cent wave and this PML, a total-field scattered-field formulation was used. Numerical noise
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introduced by the subtraction of high background evanescent fields from the total field was
minimized by carefully positioning the simulation-bounding PML. The PML had to be placed
far enough away from the lens to limit interactions with scattered evanescent waves, while
still being close enough to reduce the backward amplification of incident evanescent waves,
and thereby minimize numerical noise generated by the scattered-field subtraction. Radiated
power was calculated by integrating the scattered-field Poynting vector over a lens-enclosing
line. This integration boundary was carefully placed between the lens and the PML in order
to minimize numerical noise from high, non-radiative fields along the integration boundary.
Despite these precautions, an upper transverse spatial frequency limit of 3, = 2.27 was still
required, as the dynamic range of higher transverse spatial frequency components introduced

excessive numerical noise to the simulation.

5.2 Summary of Research

To evaluate how near-field interactions between imaging components can affect superlensing
performance, we studied transmission through a complete superlensing system. Using a 1-D
imaging model to facilitate our analysis, we centered an SNG slab superlens between matched
dielectric object and detector half-spaces, and evaluated spectral transmission over a range of
lens thicknesses and imaging distances. Our multi-layer system transmission analysis revealed
major differences in the transmission responses of ENG and MNG lenses. The MNG lens
displayed a greatly improved transmission response when object-detector interactions were
accounted for, maintaining higher, more uniform evanescent wave transmission over longer
imaging distances.

We hypothesized this improved transmission response to be a result of a secondary mecha-
nism for evanescent wave amplification outside the lens within the object-lens free-space cav-
ity. To isolate the effect of this resonance from the internal resonance of the slab, we examined

a three layer system consisting of a dielectric half-space and SNG half-space separated by a
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free-space gap. The transmission response of this three-layer system supported our hypothesis,
revealing a polarization dependent resonance condition whose additional amplification could
predict the amplification observed in our 1-D imaging system response. To complete the study,
we performed an imaging analysis to compare lossy ENG and MNG lensing performance. Our
results showed that an MNG lens within a dielectric imaging system has the most reliable imag-
ing performance, being able to resolve a three point source object field with a sub-wavelength
adjacent peak separation distance of 0.25A for loss tangents below 0.15. These results indi-
cate that object-detector interactions are not necessarily deleterious to lensing, but can in fact
improve imaging performance and robustness to loss by generating a secondary amplification
mechanism in the form of an external resonance.

We then investigated the impact that surface wave interactions with finite transverse-width
superlens geometry have on lensing performance. We developed a method to evaluate the fre-
quency characteristics of finite transverse width superlenses with respect to incident evanescent
plane waves of different transverse wave numbers. This was done using a full-wave simulation
package supplied by COMSOL multiphysics. Our 2-D lensing model consisted of a suplerlens
slab with finite thickness and finite width placed within free-space, and surrounded on all sides
by a PML to absorb scattered radiation. The lens was excited by a monochromatic plane wave
whose frequency and transverse wave number were swept over the evanescent regime.

To characterize superlens responses, we first examined spectral transmission through var-
ious lens geometries. For each incident Fourier component, the scattered electric field was
measured along the image plane, then converted to the spectral domain using an FFT. The
spectral response of the lens showed the primary transmission of the incident component, with
significant spectral peaks located at Tky and —f8,;. We demonstrated how the majority of the
transmission spectrum could be captured by decomposing the lens response into a superposi-
tion of these four main spectral peaks. We then focused on transmission of the +f,; compo-

nent, using Fourier modelling of the lens response to simplify analysis by extracting a single
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coefficient approximating its transmission.

Our generated incident spectral component transmission plots displayed discrete resonant
modes that closely followed the upper and lower branch dispersion solutions for an infinitely
wide superlens. Increasing lens width increased the density of resonant modes distributed along
the dispersion solutions in a manner consistent with the one dimensional cavity model. Chang-
ing lens corner curvature radius shifted the position of resonant modes, the modal placement of
lenses having larger corner radii being more consistent with a shorter effective one-dimensional
cavity length. By varying lens width and corner geometry, we demonstrated how an operating
frequency could be centered between resonant modes to reduce above-unity spectral amplifi-
cation at resonance.

Finally, by integrating the Poynting vector over a lens-encircling line, we evaluated the
power radiated by various superlens geometries. These radiated power plots proved consistent
with the prior generated transmission plots. The high fields generated by strong surface waves
at resonance were found to radiate substantial power, resulting resonant dispersion curves that
closely matched those of the transmission plots. The radiated power plots highlighted a corner
curvature dependent high field operating frequency that was consistent with high transmission

of non-incident spectral components.

5.3 Future Work

The work described in Chapter 3] of this thesis has laid a good foundation for the future study of
external resonance in superlensing systems. Integration of the described resonant amplification
mechanism with other loss compensation techniques should be investigated to further reduce
the impact of lens loss on imaging performance. In light of this work, the analysis of superlens
designs within complete imaging systems should consider how object-detector interactions
might be used to boost imaging performance. Multi-layer lens designs with alternating lens-

air-dielectric layers could also be investigated to further improve the overall amplification of
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incident evanescent components.

The work described in Chapter 4| of this thesis has raised a number of questions regard-
ing superlens performance improvement through geometric tuning. The temporal and spatial
frequency dependence of specific upper resonant modes on lens curvature radius was demon-
strated to be a useful parameter for avoiding the above-unity amplification of resonant Fourier
components. To provide a better understanding of this phenomenon, its underlying mecha-
nism should be explored. The 1-D cavity model that was used to predict finite-width super-
lens resonance should be expanded so that it accounts for corner curvature radius to provide
a more complete model. Finally, the methods described in this thesis should be applied to
more complicated lens models to evaluate how geometric tuning could improve the response

of contemporary superlens designs.
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